
HAL Id: hal-04237977
https://hal.univ-antilles.fr/hal-04237977

Submitted on 11 Oct 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Biological and Chemical Characterization of Musa
paradisiaca Leachate

Isabelle Boulogne, Philippe Petit, Lucienne Desfontaines, Gaëlle Durambur,
Catherine Deborde, Cathleen Mirande-Ney, Quentin Arnaudin, Carole

Plasson, Julie Grivotte, Christophe Chamot, et al.

To cite this version:
Isabelle Boulogne, Philippe Petit, Lucienne Desfontaines, Gaëlle Durambur, Catherine Deborde, et
al.. Biological and Chemical Characterization of Musa paradisiaca Leachate. Biology, 2023, 12 (10),
pp.1326. �10.3390/biology12101326�. �hal-04237977�

https://hal.univ-antilles.fr/hal-04237977
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Citation: Boulogne, I.; Petit, P.;

Desfontaines, L.; Durambur, G.;

Deborde, C.; Mirande-Ney, C.;

Arnaudin, Q.; Plasson, C.; Grivotte, J.;

Chamot, C.; et al. Biological and

Chemical Characterization of Musa

paradisiaca Leachate. Biology 2023, 12,

1326. https://doi.org/10.3390/

biology12101326

Academic Editor: James White

Received: 3 September 2023

Revised: 7 October 2023

Accepted: 9 October 2023

Published: 11 October 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biology

Article

Biological and Chemical Characterization of Musa paradisiaca
Leachate
Isabelle Boulogne 1 , Philippe Petit 2 , Lucienne Desfontaines 3, Gaëlle Durambur 1, Catherine Deborde 4,5 ,
Cathleen Mirande-Ney 1 , Quentin Arnaudin 1, Carole Plasson 1, Julie Grivotte 1 , Christophe Chamot 6,
Sophie Bernard 1,6 and Gladys Loranger-Merciris 2,*

1 Université de Rouen Normandie, Normandie Univ, GlycoMEV UR 4358, SFR Normandie Végétal FED 4277,
Innovation Chimie Carnot, IRIB, GDR CNRS Chemobiologie, RMT BESTIM, F-76000 Rouen, France;
isabelle.boulogne@univ-rouen.fr (I.B.); gaelle.durambur@univ-rouen.fr (G.D.);
cathleen.mirandeney@gmail.com (C.M.-N.); quentin.arnaudin@inrae.fr (Q.A.);
carole.plasson@univ-rouen.fr (C.P.); julie.grivotte@laposte.net (J.G.); sophie.bernard@univ-rouen.fr (S.B.)

2 Université des Antilles, UMR ISYEB-MNHN-CNRS-Sorbonne Université-EPHE, UFR Sciences Exactes et
Naturelles, Campus de Fouillole, F-97157 Pointe-à-Pitre, Guadeloupe, France; philippe.petit@univ-antilles.fr

3 ASTRO Agrosystèmes Tropicaux, INRAE, F-97170 Petit-Bourg, Guadeloupe, France;
lucienne.desfontaines@inrae.fr

4 INRAE, PROBE Research Infrastructure, BIBS Facility, F-44300 Nantes, France; catherine.deborde@inrae.fr
5 INRAE, UR1268 BIA Biopolymères Interactions Assemblages F-44300 Nantes, France
6 Université de Rouen Normandie, Normandie Univ, INSERM, CNRS, HeRacLeS US 51 UAR 2026,

PRIMACEN, F-76000 Rouen, France; christophe.chamot@inserm.fr
* Correspondence: gladys.loranger@univ-antilles.fr; Tel.: +33-(590)-590-48-33-28

Simple Summary: There is a growing demand for molecules of natural origin for biocontrol and
biostimulation, given the current trend away from synthetic chemicals. Leachates extracted from
plantain stems, obtained after the biodegradation of plant material, were characterized to test their
potential role as fungicides, plant defense elicitors, and/or plant biostimulants. The plant extracts
induced a slight inhibition of fungal growth of an aggressive strain of Colletotrichum gloeosporioides,
responsible for anthracnose. Organic compounds such as cinnamic, ellagic, quinic, and fulvic
acids and indole alkaloids such as ellipticine, as well as minerals such as potassium, calcium, and
phosphorus, may be responsible for the inhibition of fungal growth. Jasmonic, benzoic, and salicylic
acids have also been found. These are known to play a role in plant defense and as biostimulants
in tomatoes. Indeed, foliar application of banana leachate induced overexpression of the LOXD,
PPOD, and Worky70-80 genes, which are involved in phenylpropanoid metabolism, jasmonic acid
biosynthesis, and salicylic acid metabolism, respectively. Leachate also activated root growth in
tomato seedlings. However, the main effect of leachate was observed in mature plants, where it
reduced leaf area and fresh weight, remodeled stem cell wall glycopolymers, and increased proline
dehydrogenase gene expression.

Abstract: There is a growing demand for molecules of natural origin for biocontrol and biostimu-
lation, given the current trend away from synthetic chemical products. Leachates extracted from
plantain stems were obtained after biodegradation of the plant material. To characterize the leachate,
quantitative determinations of nitrogen, carbon, phosphorus, and cations (K+, Ca2+, Mg2+, Na+),
Q2/4, Q2/6, and Q4/6 absorbance ratios, and metabolomic analysis were carried out. The potential
role of plantain leachates as fungicide, elicitor of plant defense, and/or plant biostimulant was
evaluated by agar well diffusion method, phenotypic, molecular, and imaging approaches. The
plant extracts induced a slight inhibition of fungal growth of an aggressive strain of Colletotrichum
gloeosporioides, which causes anthracnose. Organic compounds such as cinnamic, ellagic, quinic, and
fulvic acids and indole alkaloid such as ellipticine, along with some minerals such as potassium, cal-
cium, and phosphorus, may be responsible for the inhibition of fungal growth. In addition, jasmonic,
benzoic, and salicylic acids, which are known to play a role in plant defense and as biostimulants
in tomato, were detected in leachate extract. Indeed, foliar application of banana leachate induced
overexpression of LOXD, PPOD, and Worky70-80 genes, which are involved in phenylpropanoid
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metabolism, jasmonic acid biosynthesis, and salicylic acid metabolism, respectively. Leachate also
activated root growth in tomato seedlings. However, the main impact of the leachate was observed
on mature plants, where it caused a reduction in leaf area and fresh weight, the remodeling of stem
cell wall glycopolymers, and an increase in the expression of proline dehydrogenase.

Keywords: fungistatic activity; plant elicitor; fulvic acids; organic and inorganic salts; indole alkaloids;
PNPP; Basic Substance; SNUB; biostimulant

1. Introduction

The massive use of phytopharmaceutical products in conventional agricultural sys-
tems over several decades has led, among other things, to proven contamination of soil and
groundwater, with consequences for human health and consumer doubts about the quality
of agricultural food production [1,2]. For example, the strong suspicion of carcinogenicity
of the organochlorines used in the West Indian banana industry (chlordecone crisis) was a
wake-up call for French West Indians, who are now suspicious of synthetic agrochemicals
and, like other populations, are looking for guarantees of the safety of the agricultural
food they eat [3]. There is therefore a new demand, or at least a new focus, on agricultural
production methods. Thus, it is essential to promote sustainable agricultural systems, i.e.,
systems that can simultaneously provide food and a variety of ecosystem services [4,5].

In recent years, there has been a growing interest in natural preparations of low
concern (PNPPs). In France, these preparations are divided into two major categories:
Basic Substances (SB) with biocontrol activities and Natural Substances with Biostimulant
Use (SNUB) with biostimulant activities [6]. Basic Substances are substances of animal,
plant, or mineral origin used for food and feed, useful for plant protection and having
no immediate or delayed harmful effects on human or animal health or any unacceptable
effect on the environment. They may be used as fungicides, bactericides, insecticides,
acaricides, molluscicides, herbicides, nematicides, chemical mediators, or plant defense
elicitors. SNUB are non-formulated extracts that may be of animal, mineral, or plant origin.
When they are of plant origin, they are plants or algae of the French Pharmacopea or edible
parts of plants or algae used for food and feed, obtained by a process accessible to any
end user. The effects of these SNUBs applied to plants or their rhizosphere are to improve
nutritional efficiency, product quality, and/or tolerance to abiotic stresses [6–9].

Plant leachates or slurries are PNPPs based on plants and the bioactive compounds
released during degradation with living microbes. They have been described by several
authors as potential alternatives to replace synthetic phytopharmaceutics [10–12]. Inter-
estingly, although Musa paradisiaca rachis leachate is a traditional and well-known PNPP
treatment in South America and Cuba, very few studies have reported its biocontrol or
biostimulant activities [13]. In fact, only some papers have reported a nematicidal activity
on Pratylenchus coffeae and Radopholus similis [14,15], fungicidal activities [16–18], or yield
increase [19].

Thus, the present study focused on the leachate of Musa paradisiaca rachis, its chemical
characterization, and its use as a potential Basic Substance (antifungal and plant defense
elicitor) or SNUB (biostimulant).

As models for this study, we chose Colletotrichum gloeosporioides (Penz) Sac., the causal
agent of anthracnose, which causes considerable damage to several tropical crops [20,21],
and tomato (Solanum lycopersicum L.), one of the best studied cultivated dicotyledonous
plants, with has important economic and nutritional values [22].

2. Materials and Methods
2.1. Leachate

Leachate was prepared according to the traditional method with small pieces of Musa
paradisiaca (French Plantain cultivar) rachis left to decompose in a closed vessel at laboratory
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temperature, pression, and humidity. The preparation was used after 2 months. The native
plantain rachis leachate was collected without any solid material and stored at 4 ◦C prior
to analysis. Freeze-dried leachate was prepared in Guadeloupe from 500 mL of liquid
leachate to obtain 60 g of powder (12% dry matter). The freeze-drying was used to find the
biological active concentration and standardize the procedure for the assays.

2.2. Chemical Analysis

Chemical analyses were performed directly on the liquid phase leachate and after
freeze-drying [23]. Total C and total N in the liquid phase and after freeze-drying were
determined using an element analyzer (NC 2100 Soil; CE Instruments, Milan, Italy). In 0.1 g
of freeze-drying leachate, total P, Ca, Mg, K, and Na were determined after mineralization
at 520 ◦C within one hour and digestion with 37% HCl then solubilized in 25 mL of 10%
(v/v) HCl. Total P was measured colorimetrically according to the method proposed
by Novozamsky et al. [24], using a spectrophotometer (Cary 100; Varian Inc., Grenoble,
France). Total Ca, Mg, K, and Na were measured by atomic absorption spectrophotometry
(AAFS 240; Varian Inc., Grenoble, France). We also analyzed soluble P, Ca, Mg, and Na
directly in liquid leachate and in lyophilized leachate after dissolution of 0.1 g of sample
in 25 mL of demineralized water, using the same method described above. Quantitative
determination of nitrate-N and ammonium-N was performed in liquid leachate and in 0.1 g
of freeze-dried leachate dissolved in 25 mL of demineralized water. The measurement was
carried out using a continuous-flow colorimeter (AutoAnalyzer 3; Bran+Luebbe, Le Mans,
France). The spectroscopic characterization of the humified organic material was carried
out with a spectrophotometer (Cary 100; Varian Inc.) at 280, 472, and 664 nm after 24 h
extraction of 0.1 g of freeze-dried leachate in 25 mL of 0.5 M NaOH and on liquid leachate
after dilution by 10. Absorbance ratios Q2/4 (e.g., A280/A472), Q2/6 (e.g., A280/A664),
and Q4/6 (e.g., A472/A664) were then calculated. All chemical determinations were
performed in duplicate.

2.3. Metabolomic Analysis

Metabolic profiling was achieved by performing liquid-state NMR on native plantain
rachis leachate, solid-state NMR on freeze-dried leachate, and by UHPLC-LTQ-Orbitrap
MS (liquid chromatography-mass spectrometry, LCMS) on native leachate. One millimeter
of native plantain rachis leachate was centrifuged at 10,000× g for 5 min, and 600 µL
of supernatant was transferred to a NMR tube, with 66 µL of D2O and with sodium
trimethylsilyl [2,2,3,3-d4] propionate (TSP, 0.01% final concentration in NMR tube for
chemical shift calibration). Liquid state NMR spectra were recorded at 500.162 MHz on a
Bruker Avance III spectrometer (Bruker, Wissembourg, France) and using an inverse ATMA
broadband 5 mm z-gradient probe at 300 K. A single-pulse sequence with presaturation
(zgpr) was used. A total of 512 scans of 64k data points each were acquired with a 90◦

pulse angle, a 6000 Hz spectral width, a 5.45 s acquisition time, and a 10 s recycle delay.
Apodisation (LB 0.2 Hz), zero-filling (X2), and Fourier transformation of Free Induction
Decay, phasing, chemical shift calibration, and global and local baseline correction of
spectra were carried out using TopSpin 3.6.2 (Bruker, Wissembourg, France). In addition,
1D 13C experiments and 2D experiments, 1H-1H homonuclear correlated spectroscopy
(COSY, TOCSY), 1H-13C heteronuclear single-quantum correlation (HSQC NUS), and 1H-
13C heteronuclear multiple bond correlation (HMBC NUS) experiments were performed to
assist in the resonance annotation.

Solid-state 1H/13C magic angle spinning (MAS) NMR experiments were performed
on a Bruker Advance NEO 400 MHz spectrometer by using a double resonance H/X
CP/MAS 4 mm probe. The sample was spun at room temperature (298 K) and at a rate of
12 kHz. The cross-polarization pulse sequence parameters were as follows: 2.5 µs proton
90◦ pulse, 1.5 ms contact time at 54 kHz, and 8 s recycle time. Results were obtained
after the accumulation of 2048 scans. The 13C NMR chemical shift was calibrated using
the carbonyl signal of glycine at 176.03 ppm, as an external standard. Apodisation (LB
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50 Hz), zero-filling (X2), and Fourier transformation of Free Induction Decay, phasing,
chemical shift calibration, and global baseline correction of spectra were carried out with
TopSpin 4.1.4.

Native plantain rachis leachate was subjected to untargeted metabolic profiling by
UHPLC-LTQ-Orbitrap MS (liquid chromatography-mass spectrometry (LCMS)) using an
Ultimate 3000 ultra-high-pressure liquid chromatography (UHPLC) system coupled to
an LTQ-Orbitrap Elite mass spectrometer interfaced with an electrospray ionization (ESI)
source (ThermoScientific, Bremen, Germany) operating in both negative and positive ion
modes as described in the literature [25,26].

2.4. M. paradisiaca Leachate as a Fungicide

Isolate Cg60 was selected from the INRAE culture collections of C. gloeosporioides from
the French West Indies on the basis of its degree of aggressiveness and rapid growth. The
strains were grown on potato dextrose agar medium in a controlled temperature chamber at
23–25 ◦C. Spores of seven-day old cultures were suspended in distilled water and adjusted
to concentrations of 2·106 to 107 conidia/mL using a hemocytometer [27].

An agar well diffusion method was used to screen for fungistatic activity [28,29]. C.
gloeosporioides inoculum (2 mL at 2·106 to 107/mL conidia/100 mL of medium) were placed
in LB agar medium 10 g·L−1 at 37 ◦C and were plated on Petri dishes (80 mm diameter).
Using a sterile borer, 6 wells of 2 mm diameter were punched on agar medium, which
contained conidia. Each well was filled with 150 µL of the solutions to be tested. Petri dishes
were incubated at 26 ◦C. Fungistop FL (a commercial preparation containing 500 g·L−1 of
chlorothalonil used against anthracnose; PHYTEUROP, Levallois-Perret, France) was used
as standard fungicidal agent, and sterile distilled water as negative control. Results were
recorded after 24 h and one week. Each condition was replicated 10 times. The diameter of
inhibition fungal growth was measured.

Four sterilization procedures were tested to prevent microbial contamination. Leachate
and controls (e.g., Fungistop FL and distilled water) were filtered on 0.2 µm Millipore
filters, supplemented with streptomycin at 200 µg·mL−1, autoclaved, or UV sterilized. The
fungistatic test with leachate after freeze-drying with streptomycin at 200 µg·mL−1 was
performed with 4 concentrations of freeze-dried leachate (0.5, 1, 2, and 5 mg·mL−1).

2.5. M. paradisiaca Leachate as a Plant Defense Elicitor

Solanum lycopersicum L. seeds (cv. St Pierre) were sterilized with ethanol and sodium
hypochlorite and cultivated on agar 1/2 MS medium at 24 ◦C (80–90% relative humidity
(RH), 16- to 8-h day/night cycle), in a growth chamber for 13 days. Three days after
germination, seedlings were treated with water or 5 mg·mL−1 (w/v) freeze-dried leachate.
Each condition was replicated in 4 independent biological replicates with 20 seedlings in
each replicate.

Gene expression analysis was performed on total RNAs extracted from 13-day-old
seedlings grown under control (water) or leachate-spray conditions (5 mg·mL−1 freeze-
dried leachate) using the Macherey Nagel NucleoSpin RNA Plant kit. The reverse transcrip-
tion was performed from 1 µg of total RNAs using the High-Capacity cDNA Reverse Tran-
scription Kit. The reaction mix was prepared in a 96-well reaction plate using the Fast SYBR
Green Master Mix (Applied Biosystems) in a final volume of 13 µL with 200 nM of each
primer and 3 µL of cDNA template. The selected genes were amplified using real-time PCR:
LOXD (forward primer 5′ CGGAGAGTCGTGTCGAGA 3′, reverse primer 5′ TTAAGC-
CTGGAGGTTGAGAATG 3′), PAL-5 (forward primer 5′CGGTGTGACTACTGGATTTGG
3′, reverse primer 5′ CTGCCCTTGTTGCTGAATGT 3′), PPO-D (forward primer 5′ GGCT-
TAGGAGGTCTTTATGGTG 3′, reverse primer 5′ ATCAGGAGGTGGTGTAGGAG 3′), Pti-5
(forward primer 5′ ATTCGCGATTCGGCTAGACATGGT 3′, reverse primer 5′ AGTAGTGC-
CTTAGCACCTCGCATT 3′), Worky28 (forward primer 5′ ACAGATGCAGCTACCTCATC-
CTCA 3′, reverse primer 5′ GTGCTCAAAGCCTCATGGTTCTTG 3′), Worky70-80 (forward
primer 5′ GGGCCAGATCGAGGAAGTTG 3′, reverse primer 5′ GCCCATATTTTCTCCATG-
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CACA 3′). Two others genes were used as reference: Ef1 (forward primer 5′ GGAACTTGA-
GAAGGAGCCTAAG 3′, reverse primer 5′ CAACACCGACAGCAACAGTCT 3′) and PHD
(forward primer 5′ ATTCGTGGCTGCTCTCTGTC 3′, reverse primer 5′ CCCTGTCACG-
GCTTCAAAGA 3′). Primers were designed using (1) a BLAST of the homology transcript
sequences of two other plant species (Arabidopsis thaliana and Populus trichocarpa) on the
tomato genome; (2) the use of NCBI’s Primer-BLAST tool; and then (3) produced by Kaneka
Eurogentec SA.

Quantitative real-time PCR was performed using the CFX96 real-time system (Bio-
Rad). The following parameters were used: 20 s at 95 ◦C then 40 cycles of 5 s at 95 ◦C,
20 s at 60 ◦C followed by the melt-curve analysis: 15 s at 95 ◦C, 6 min at 60 ◦C, and 15 s
at 95 ◦C. Data were analyzed using the CFX Maestro software (Bio-Rad, Hercules, CA,
USA). Relative expression was normalized using the 2−∆∆Cq method to Ef1 and PHD as
reference genes using GENorm analysis (provided in CFX Maestro software 2.3 version).

2.6. M. paradisiaca Leachate as a Biostimulant

For the in vitro assay, S. lycopersicum L. seeds (cv. St Pierre) were sterilized with
ethanol and sodium hypochlorite and grown on agar 1

2 MS medium at 24 ◦C (80–90%
relative humidity (RH), 16- to 8-h day/night cycle), in a growth chamber. Seedlings were
treated with water or freeze-dried leachate (5 mg·mL−1 (w/v)) three days after germination
and transferred on agar-gelled media, infused 16 h with 50% PEG6000 seven days later to
simulate osmotic stress. Harvesting was performed after a total of 13 days. Each condition
was replicated in 3 independent biological replicates with 90 seedlings in each replicate.
Indicators of biostimulatory activity in the in vitro assay are (1) measurements of aerial
and root parts, (2) fresh and dry biomass, (3) water content, (4) measurement of destructive
chlorophyll content, (5) gene expression analysis, and (6) cell wall imaging.

For the phytotron assay, seeds were sterilized with ethanol and sodium hypochlo-
rite and cultivated on Jiffy Growblock at 24 ◦C (60% relative humidity (RH), 16- to 8-h
day/night cycle), in a Strader® Phytotron for 45 days with irradiance provided by LEDs
with growth/flowering spectrum AP67. The plants were foliar sprayed twice with water or
leachate (5 mg·mL−1 (w/v) of freeze-dried leachate) 17 and 24 days after sowing. Drought
stress was applied 31 days after sowing for a period of 14 days at FC25% (e.g., with a
water application restriction of 75% of the substrate field capacity). Harvesting took place
45 days after sowing. Each condition was replicated in 4 independent biological replicates
with 15 plants in each replicate. Indicators to demonstrate biostimulatory activities in
the phytotron assay are (1) aerial parts, leaf surface and stem diameter measurements,
(2) fresh and dry biomass, (3) aerial parts water content, (4) non-destructive and destructive
chlorophyll content measurements, (5) gene expression analysis, and (6) cell wall imaging.

(1) For the in vitro assay, aerial and root parts were measured after photography
using the ImageJ software (1.54f version, NIH). For the phytotron assay, aerial parts were
measured with a measuring tape, stem diameter with an electronic caliper, and leaf surface
after scanning using the ImageJ software.

(2) In both assays, fresh and dry biomasses were obtained by weighing on a balance
before and after drying at 60 ◦C for 7 days.

(3) Water content in seedlings or in aerial parts was calculated by subtracting dry mass
from fresh mass.

(4) For both assays, destructive measurements of chlorophyll content were carried
out using the Arnon method. First, 150 mg of fresh aerial parts of seedling or leaves of
mature plants were homogenized in 80% acetone, centrifuged, and the absorbance of the
supernatant was read at 645 nm and 663 nm against the blank. The amount of chlorophyll
present in the sample was calculated using Arnon’s formula: Chl a (mg·g−1) = [(12.7 ×
A663) − (2.6 × A645)] × mL acetone/mg leaf tissue; Chl b (mg·g−1) = [(22.9 × A645) −
(4.68 × A663)] ×mL acetone/mg leaf tissue; Total Chl = Chl a + Chl b. For the phytotron
assay, non-destructive measurements were made on the youngest fully expanded leaves
using a chlorophyll meter (SPAD-502, Minolta, Japan).
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(5) Gene expression analysis was performed on total RNAs extracted from 13-day-old
seedlings for the in vitro assay and from leaves of 45-day-old plants for the phytotron assay using
the same methodology as described in Section 2.5. The genes selected were: P5CS (forward primer
5′ TGATGGAAGATTAGCACTTGGAA 3′, reverse primer 5′ CAACACCTACAGCACCA-
GAA 3′), ProDH (forward primer 5′ TCGTGCGCGGAGTTTATGAT 3′, reverse primer 5′

GGTTGCAGCAAGTTTTCCTGA 3′), and AREB1 (forward primer 5′ GGACTTGGGAAGAG-
CAATGGA 3′, reverse primer 5′ AGCTCCATAGTATAGGCCTGCT 3′). The reference genes
were also Ef1 and PHD.

(6) Cell wall imaging was performed using resin embedding and immunofluorescence
labeling. For this purpose, 0.5 cm long sections were collected from the stem just below the
hypocotyl of the 13-day-old seedling for the in vitro assay, and from the stem cross-section
below the youngest fully expanded leaves for the phytotron assay. Sections from three
seedlings or plants for each condition were processed at 4 ◦C using an electron microscopy
tissue processor (EM-TP, Leica microsystems) as follows. Samples were fixed for 1 h 30 in
1% paraformaldehyde and 1% glutaraldehyde mixture (v/v) in 0.1 M sodium cacodylate
buffer solution (pH 7.2) and washed (4 × 5 min) in ultrapure water. The samples were then
dehydrated in an ethanol series (30%, 50%, 70%, and 2 × 100%) 2 h each and embedded in
LRW resin through a LRW-ethanol series (25%, 50%, 75%, and 100%), 24 h each. Finally,
the samples were embedded (6 × 24 h) in LRW resin complemented with the UV catalyst
benzoin methyl ether (0.5% w/v) and polymerized with UV light for 48 h at 4 ◦C. Sections
from resin blocks (2 µm; EM UC6 Leica microsystems) were collected on 10 well slides
previously coated with poly-L-lysine (0.01% v/v). Resin sections were blocked for 30 min
in PBS-Tween 20 0.1% (w/v)) supplemented with 3% of BSA (bovine serum albumin) and
NGS 1/20 (normal goat serum, v/v). Sections were washed in PBS-T + 1% BSA (5 × 5 min)
and incubated overnight at 4 ◦C in a wet chamber with the primary antibody (see list
in Table S1, Plant probes). After washing in PBS-T + 1% BSA (5 × 5 min), sections were
incubated for 2 h at 25 ◦C in a humid chamber with a rat or mouse secondary antibody
coupled to Alexa 488 (d: 1/200, In Vitrogen). Finally, sections were washed in PBS-T + 1%
BSA (5 × 5 min) and mQ water (2 × 5 min). Fluorescence on sections was observed using a
macroscope Axiozoom Zeiss, with a filter set 38 HE (BP 470/40 BP 525/50), an exposure
time of 400 ms, a range of 50 µm, slides: 11, intervals: 5 µm. Negative controls were
performed by omitting the primary antibody.

2.7. Image Analysis and Statistical Tests

For in vitro assay images, fluorescence measurements were performed on the region of
interest (ROI) containing all the tissues of the stem and used to obtain a mean of fluorescence
intensity value of the ROI. For phytotron assay images, fluorescence measurements were
performed on four zones containing different tissues of the stem (zone 1: epidermis +
peridermis + collenchyma; zone 2: cortical parenchyma; zone 3: sclerenchyma + xylem +
phloem; zone 4: medullar parenchyma) (Figure S1). To automate the measurements, an
ImageJ macro was developed (Supplemental data). It manages the opening of an image, the
projection of average intensity along the Z axis, and the retrieval and saving of intensities
along a line in a results table. Z-average projection is used to smooth out cutting effects, as
each point on the line is itself an average of a user-defined orthogonal segment.

Data were analyzed by non-parametric analyses using the Kruskal–Wallis test with
multiple comparisons of the Dunn method and the Mann–Whitney test using XLSTAT®

software 2021.3.1.

3. Results and Discussion
3.1. Chemical Composition of Leachate

Chemical analyses of the liquid leachate showed that the three major elements were
potassium (33.61% MS), phosphorus (0.51% MS), and calcium (0.39% MS) (Table 1). These
elements were found in solution and were therefore not associated with any organic matter.
On the other hand, magnesium and sodium were present in small amounts.
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Table 1. Quantitative determination of total nitrogen and nitrogen forms, total carbon, phosphorus,
potassium, calcium, magnesium, and sodium in g/% dried weight for liquid and freeze-dried
leachate.

Dried
Weight N C P K Ca Mg Na N-NH4 N-NO3

Liquid leachate 1.09 0.008 0.30 0.51 33.61 0.39 0.009 0.031 0.041 0.00

Freeze-drying
leachate - 0.731 16.04 0.06 29.57 0.07 0.00 0.14 0.12 0.00

For freeze-dried leachate, Table 1 showed that the most important element remained
potassium with 29.57%. Nitrogen and carbon are the other two. In contrast to the liquid
leachate, phosphorus decreased in freeze-dried leachate and became 0.06%.

Absorbance ratios for the liquid leachate were 6.60, 23, and 3.50 for Q2/Q4, Q2/Q6,
and Q4/Q6, respectively. Freeze-dried leachate had a lower absorbance (6.60, 43.42, and
6.40, respectively) (Table 2).

Table 2. Spectroscopic characterization of humified organic materials for liquid and freeze-dried
leachate at 280, 472, and 664 nm and absorbance ratios (Q2/4 = A280/A472, Q2/6 = A280/A664, and
Q4/6 = A472/A664). OD: optical density.

OD 664 OD 472 OD 280 Q2/4 Q2/6 Q4/6

Liquid leachate 3.56 12.50 82.50 6.60 23 3.50

Freeze-drying
leachate 0.12 0.76 6.06 6.60 43.42 6.40

The Q2/4 reflects the proportion between lignins and quinones (material at the very
beginning stage of transformation) and the organic matter at the beginning of humification.
Q2/6 is the ratio between non-humified and highly humified material. Finally, the Q4/6
ratio indicates the relationship between material at the beginning of humification and highly
humified material with a high degree of aromatic condensation [30,31]. Furthermore, a low
Q4/6 ratio indicates a high degree of humification [30] and fulvic acids are mostly involved
when it is higher than 5 [32]. Thus, our leachate is composed of non-humified and highly
humified material due to its high Q2/6 ratio. In addition, its low level of Q4/6 ratio less
than 5 indicates that fulvic acids are mostly involved. This is in line with the literature on
Musa paradisiaca leachate, which indicates its significant fulvic acid content [33].

In terms of chemical analysis, we showed that potassium was the most important
element in the Musa parasidiaca leachate. Velez and Zapata [33] also reported a high
concentration of this alkali metal in their fulvic acids extracted from M. parasidiaca rachis.

In addition to potassium, phosphorus and calcium were also notable soluble elements
in our liquid leachate. This result was in line with another study, which dealt with the
effect of leachates from rachis of several Musa species (Cavendish and Plantain cultivars) on
Mycosphaerella fijiensis (causal agent of Black sigatoka). They showed that Cavendish and
Plantain leachates contained phosphorus (0.24 to 0.61%), potassium (218 to 8169 mg·L−1),
and calcium (13.25 to 652.5 mg·L−1) [34]. In our leachate, we obtained results in the
same concentration range as those previously obtained with 0.51%, 3664 mg·L−1, and
42.48 mg·L−1, respectively, for the same elements.

3.2. Metabolomic Analysis

Analysis of native plantain rachis leachate by 1H liquid-state NMR revealed the
presence of an intense and large singlet at 1.92 ppm (HSQC cross peak 24.8 ppm) and a
series of small resonances, including a doublet at 0.91 (HSQC cross peak 24.5 ppm), a triplet
at 1.06 ppm (HSQC cross peak 13 ppm), a singlet at 1.07, a quadruplet at 2.18 ppm (HSQC
cross peak 33.3 ppm), a quintuplet at 2.39 ppm, singlets at 3.36, 3.43, and 3.54 ppm, and
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characteristic resonances of aromatic protons, five multiplets at 7.88, 7.56, 7.49, 7.31, and
7.39 ppm, and two doublets at 6.82 and 7.14 ppm (Figure S2a).

The TOCSY cross peaks at 6.87/7.06 ppm confirm a C-C bond for the latter two
doublets. Comparison of the leachate 1H NMR spectrum with the benzoic acid one obtained
in deuterated phosphate buffer solution (200 mM, apparent pH 6.0) at 500 MHz showed
similar NMR patterns and intensity ratios between the benzoic acid signals and the three
multiplets observed at 7.88, 7.56, and 7.49 ppm (Figure S2b).

The 13C liquid-state NMR spectrum showed three main resonances, a thin one at 26.1,
a large one at 165.0 ppm, and a thin one at 184.3 ppm. The HMBC spectrum confirmed the
presence of acetyl-group (HMBC cross peak 26.2/185 ppm) (Figure S2c).

The dry matter content of the native plantain rachis leachate was 12%. The analysis of
this freeze-dried leachate powder by solid-state 1H/13C MAS NMR revealed at least two
mobile components at 161 and 41.5 ppm and several rigid components, with different types
of chemical structures putatively annotated according to Preston et al. [35]. The mobile
component at 161 ppm is probably due to polyphenolic compounds (Figure S2d). NMR
metabolomic analysis also revealed that both native and freeze-dried leachate were rich in
polyphenolic and carboxylic acid derivatives, which was in full accordance with untargeted
profiling LCMS experiments. Raw LCMS data were processed using in-house optimized
parameters yielding 1200 metabolomic signals [25]. We then conducted a tentative annota-
tion of the nine metabolic compounds that may explain the targeted activities. A putative
prediction of compounds indicated molecules implicated in plant defense, plant growth
metabolism, tolerance to abiotic stress, and antioxidant and antimicrobial activities [36–38].
Indeed, cinnamic acid, ellagic acid, quinic acid, ellipticin, chalcones, retrochalcones, and
fulvic acids along with jasmonic, benzoic, and salicylic acids were annotated. It is thus
reasonable to first explore the potential fungistatic effect of our leachate.

3.3. M. paradisiaca Leachate as a Fungistatic Agent

As axenic conditions are required to correctly screen fungistatic activity, the diameter
of inhibition of C. gloeosporioides growth was measured on the leachate prepared according
to four procedures of sterilization. Our results showed that liquid leachate without steril-
ization inhibited fungal growth compared to water control after 24 h. Moreover, among the
sterilization procedures, only the sterilization procedure with streptomycin (antibacterial
which inhibits protein synthesis) still maintained an effect on the fungus. After 7 days, all
the leachates lost their ability to reduce fungal growth (Table 3).

Table 3. Effect of the four procedures of sterilization and controls on growth of C. gloeosporioides after
24 h and 7 days. + represents the inhibition of the fungus growth and − the lack of inhibition.

No Sterilization With Streptomycin
(200 µg·mL−1)

Sterilization
with 0.2 µm Filter Autoclaved UV Sterilization

24 h 7 days 24 h 7 days 24 h 7 days 24 h 7 days 24 h 7 days

Liquid leachate + − + − − − − − − −

Fungistop FL + + + + + + − − + +

Distilled water − − − − − − − − − −

Following this result, a further fungistatic test was carried out using leachate supple-
mented with streptomycin at 200 µg·mL−1. Four concentrations (0.5, 1, 2, and 5 mg·mL−1)
of freeze-dried leachate were used. Our results showed that freeze-dried leachate added
with streptomycin (at 0.5, 1, 2, and 5 mg·mL−1) inhibited fungal growth compared to sterile
water control after 24 h (Figure 1). However, the growth inhibition of Fungistop FL was
more important than the inhibition of the leachate. After one week, the growth inhibition
of Fungistop FL persisted through the time while the fungi recolonized the inhibition zones
of the leachates.
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Figure 1. Diameter of inhibition zone of C. gloeosporioides in mm for freeze-dried leachate at 0.5, 1, 2,
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the Kruskal–Wallis Test with Dunn’s multiple comparison test.

Regarding sterilization procedures, Contreras-Blancas et al. [39] showed that leachate
produced by composting organic wastes with earthworms had an antifungal activity against
Colletotrichum gloeosporioides and that sterilization of this leachate strongly reduced the
inhibitory effect. We also saw the same effect on our leachate, which was less effective
after the addition of streptomycin and which had no more effect after sterilization by
UV, microfiltration unit, or autoclaving. Our biopesticide based on microorganisms or
their bioactive compounds could be inhibited by any sterilization process. The loss of
fungistatic activity of the lixiviate after sterilization by 0.22 µm filtration could be explained
by retention of microorganisms, but also by adsorption losses of chemical compounds
on membrane filters, both with fungistatic activity. Some compounds, such as salicylic
acid and benzoic acid, were reported to have significant adsorption losses on membrane
filters [40].

Regarding the fungistatic effect, Dekker and Medlen [41] showed in their patent the
same effect of fulvic acids on Aspergillus niger and Candida albicans. Our leachate with its
fulvic acids contents probably have the same fungistatic effect on this C. gloeosporioides
strain, which explains its temporary inhibition. This lack of persistent activity could be a
positive characteristic from the perspective of biodegradability and ecological suitability.
Moreover, Glare et al. [11] pointed out that the application of biopesticides based on living
microbes and their bioactive compounds rarely has an effect for more than a few days. The
observed fungistatic effect may also be related to the presence of cinnamic acid, ellagic acid,
quinic acid, ellipticin, chalcones, and retrochalcones, which are known to exhibit antifungal
activities [42–47].

Lastly, Lemar et al. [48] showed that fresh garlic extract was more effective than freeze-
dried garlic extract on morphology and inhibition of fungus growth. Our finding was the
same with the freeze-dried leachate, which was less effective than liquid leachate. The
microbiota of the leachate is unknown, and it can be assumed that some of them with
antifungal activity might be sensitive to freeze-drying and be inactivated. Since the leachate
has only fungistatic activity, we decided to investigate the indirect effect on fungal diseases
through possible stimulation of plant defense mechanisms. Indeed, Deliopoulos et al. [49]
indicated that inorganic salt could be useful in integrated fungal disease management by
stimulating dehydration of fungal spores, inhibition of sporulation or mycelium growth, or
by stimulating plant defense mechanisms.
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3.4. M. paradisiaca Leachate as a Plant Defense Elicitor

Following the previous results, we used the freeze-dried leachate at 5 mg·mL−1 to
investigate gene expression analysis of six key genes in plant defense in tomato: LOXD
(a lipoxygenase D in jasmonic acid pathway), PAL5 (Phenylalanine ammonia-lyase in
phenylpropanoid pathway), PPO-D (a polyphenol oxidase D in phenylpropanoid pathway),
Pti-5 (a pattern-triggered immunity marker), and Worky28 and Worky70-80 (respectively Pti
marker and transcription factor defense response—salicylic acid related).

Leachate appears to have plant defense elicitor activity by inducing overexpression of
LOXD (2.80-fold compared to control water), PPOD (6.34-fold compared to control water),
and Worky70-80 (1.54-fold compared to control water), which are involved in phenyl-
propanoid metabolic pathways, jasmonic acid biosynthesis, and salicylic acid metabolism,
respectively (Table 4).

Table 4. Gene expression analysis after treatments with freeze-dried leachate at 5 mg·mL−1 and
water (Control). Genes are expressed by fold change with in bold and asterisk those significantly
expressed (≤−1.5 or FC ≥ 1.5; p-value ≤ 0.05).

LOX-D PAL5 PPO-D Pti-5 Worky28 Worky70-80

Leachate vs.
Control (water) 2.80 * 1.37 6.34 * 1.45 −1.30 1.54 *

It appears that no elicitor effect of Musa leachate on tomato has been reported in the
literature to date. However, our results are consistent with a previous study where anaer-
obic fermentation of manure and plant waste (containing humic substances) stimulated
salicylic and jasmonic pathways in banana cultivar [50]. Another study showed that fulvic
acid regulates phenylpropanoid metabolism in grapefruit [51].

As mentioned above, according to European regulations, biocontrol activities are
different from biostimulant activities. However, physiologically, there are similar responses
of plants to humic substances in case of biotic or abiotic stress [52]. Furthermore, there are a
number of examples showing the potential of humic and fulvic acid based biostimulants to
improve abiotic stress tolerance in plants [7]. Therefore, it seemed advisable to test the effect
of the leachate as a biostimulant that could potentially improve abiotic stress tolerance.

3.5. M. paradisiaca Leachate as a Biostimulant

The potential improvement of abiotic stress tolerance was evaluated in vitro and in
phytotron assays on tomato seedlings and mature plants grown under severe drought
stress after foliar treatment with freeze-dried leachate at 5 mg·mL−1 using phenological,
tissular, and molecular tools.

Regarding phenological tools, our results showed that leachate induced a decrease
in root length in tomato seedlings, which correlated with an increase in aerial parts/root
parts, but an increase in root growth rate (Figure 2A). It is well known that in drought
stress, the root length was increased [53]. Thus, the reduction of root length is a positive
effect of application of the leachate as a biostimulant indicating a reduction of the stress
perceived by the plant.

In mature plants, only decreases in leaf area and fresh weight were observed
(Figure 2B).

For the tissular tool, we investigated the immunolocalization of plant glycopolymers
epitopes, as there is clearly a close relationship between cell wall glycomolecules and abiotic
stress [54]. Indeed, drought stress affects cell wall composition in terms of pectins, hemicel-
luloses, and hydroxyproline rich glycoproteins (HRGP) [55,56]. Thus, our results showed
that under drought stress conditions, application of Musa leachate induces remodeling of
glycopolymers labeling only in mature tomato stems. Indeed, we observed an increase
of pectin (LM5), hemicellulose (LM15), and HRGP (JIM13) in the peripheral zone of the
stem (epidermis, peridermis, and collenchyma). Interestingly, for the same JIM13 labeling,
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we obtained a decrease in cortical parenchyma. However, some other studies on AGP
localization in tomato reported that there is a regulation of AGPs at the organ, tissue, and
cellular levels [57].
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Figure 2. Effect of leachate application on tomato seedlings in in vitro assay (A) and mature plants in
phytotron assay (B) growing under drought stress. The color squares differ significantly based on
the Mann–Whitney Test. In green, a significant increase compared to the control; in red, a significant
decrease compared to the control; in gray, not significant. Percentages in squares correspond to
leachate-induced increase or decrease compared to the control (water). Values on the right correspond
to the different measurements and the p-value according to the Mann–Whitney Test. For the in vitro
assay, each condition was replicated in three independent biological replicates with 90 seedlings in
each replicate. For phytotron assay, each condition was replicated in four independent biological
replicates with 15 plants in each replicate. ns: not significant.

In the vascular system zone (sclerenchyma, xylem, and phloem), the leachate seemed
to induce an increase in other types of pectins (homogalacturonans) and HRGP (extensins).
Finally, we did not observe any cell wall remodeling as a result of leachate application
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in the medulla of mature tomato stems or in tomato seedlings (Figure 3, Supplemental
Figures S3 and S4).
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Figure 3. Effect of leachate application under drought stress on cell wall imaging in in vitro and
phytotron assays. The color squares differ significantly based on the Mann–Whitney Test. In green, a
significant increase compared to the control; in red a significant decrease compared to the control;
in gray, not significant. Percentages in squares correspond to leachate-induced increase or decrease
in glycopolymers epitopes detection. (Z1) zone 1: epidermis + peridermis + collenchyma; (Z2)
zone 2: cortical parenchyma; (Z3) zone 3: sclerenchyma + xylem + phloem; (Z4) zone 4: medullar
parenchyma. Each condition was replicated was replicated in three independent biological replicates.
ns: not significant.

Regarding the molecular tool, we investigated the gene expression analysis of three
key genes in drought stress metabolism in tomato: P5CS (a delta-1-pyrroline-5-carboxylate
synthase involved in proline synthesis), ProDH (a proline dehydrogenase involved in pro-
line catabolism), and AREB1 (ABA-responsive element binding protein 1, a transcriptional
activator involved in drought stress tolerance).

Our results showed that the leachate increases the expression of proline dehydrogenase
gene only in mature plants in drought stress condition (Table 5).

Table 5. Gene expression analysis after treatments with freeze-dried leachate at 5 mg·mL−1 and
water (Control) for in vitro and phytotron assay. Genes are expressed by fold change with in bold
and asterisked those significantly expressed (≤−1.5 or FC ≥ 1.5; p-value ≤ 0.05).

P5CS ProDH AREB1

Leachate vs. Control (water) (in vitro) 1.4 1.35 −1.15
Leachate vs. Control (water) (phytotron) −1.25 4.45 * 1.13

Our results clearly showed that foliar application of M. paradisiaca leachate induced
a biostimulant effect in stimulating drought stress tolerance in tomato seedlings and
mature plants. In young plants, the leachate only induced a reduction in root length and a
stimulation in root growth rate compared to control plants under drought stress. Previous
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studies also observed that when applied to young plants, humic substances appear to have
a greater effect on roots than on the aboveground parts of plants [58]. The effect of the
leachate was mainly on mature plants, causing a reduction in leaf area and fresh weight,
remodeling of plant cell wall glycopolymers, and an increase in the expression of proline
dehydrogenase gene.

It has been reported that one of the strategies of drought resistant tomato cultivars
could be to have a significantly reduced leaf area in order to reduce the evaporative leaf
surface [59]. Therefore, it can be assumed that leachate induced an increase in drought
resistance and consequently a reduction in leaf area (correlated with a reduction in aerial
fresh weight) in tomato.

Little is known about the effect of humic substances on cell wall remodeling. However,
a previous transmission electron microscopy (TEM) study showed that untreated wheat
xylem vessels had thinner cell walls compared to those treated with humic substances,
which could have a relevant effect on water conductivity and nutrient flux intensity [60].
Furthermore, it is known that there is an increase in pectic polymers (rhamnogalacturonan I
and homogalacturonans) [61], xyloglucan [62], or AGPs [55] in drought-tolerant cultivars or
species compared to susceptible ones. Extensins are also thought to be involved in drought
stress tolerance by cross-linking with the other cell wall components to increase the tensile
strength of plant cells [63]. Again, the results suggest that leachate application was able to
induce drought tolerance mechanisms.

Finally, it is known that accumulation of proline (by overexpression of P5CS and
suppression of ProDH) improves tolerance to drought stress in various plants [64]. However,
since proline is toxic to plants, once the stress is relieved, ProDH is activated to degrade the
stored proline [65]. Thus, our surprising result for ProDH overexpression may indicate that
the leachate allowed the tomato plants to recover sufficiently from the water shortage to
activate ProDH gene.

Regarding the metabolomic profiling obtained, both jasmonic acid and salicylic acid
were annotated. In abiotic stress, jasmonic acid is usually involved in physiological and
molecular responses. A recent study showed that exogenous application of jasmonic acid
has a regulatory effect on plants [66]. Moreover, jasmonic acid does not play an independent
regulatory role, but works in a complex signaling network with other phytohormone
signaling pathways and has synergistic effects with salicylic acid in the process of resisting
environmental stress [66–68]. Another study showed that the exogenous application of
benzoic acid, which is a precursor of salicylic acid, induced the formation of the latter [69].

4. Conclusions

Our study contributes significantly to the knowledge on Musa sp. rachis leachate
as biocontrol and biostimulant method. Like previous studies, our work showed that M.
paradisiaca leachate contains humic and fulvic acids and a high concentration of potassium,
as well as cinnamic acid, ellagic acid, quinic acid, ellipticin, jasmonic acid, benzoic acid,
salicylic acid, chalcones, and retrochalcones. We first observed a slight in vitro fungistatic
activity (against an aggressive strain of C. gloeosporioides) of the preparation. Subsequently,
other investigations performed seemed to indicate that the reduction of disease observed
in the field after treatment with this traditional natural preparation of low concern was
rather due to the stimulation of plant defense mechanisms and drought stress tolerance.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/biology12101326/s1, Table S1: Monoclonal antibodies used in immunocyto-
chemical characterization of glycopolymers in tomato seedlings and plants under control and drought
stress. Figure S1: Region of interest (ROI) defined for pictures from in vitro and phytotron assays.
(a) In vitro assay: cross section of 13-day-old stem tomato seedling. The defined ROI contains all the
tissues. (b) Phytotron assay: cross section of 45-day-old stem tomato plant. Figure S2: Characteriza-
tion of plantain rachis leachate by liquid-state and solid-state NMR. (a) native plantain rachis leachate
by 1H liquid-state NMR spectrum at 500 MHz. Zoom X8; (b) Zoom in aromatic region. Comparison
with 1H NMR spectrum of benzoic acid (commercial compound) in D2O pH 6.0 at 500 MHz; (c) 13C
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NMR spectrum of native plantain rachis leachate at 500 MHz; (d) Solid-state 1H/13C MAS NMR
spectrum of freeze-dried leachate at 400 MHz. Supplemental data: ImageJ macro developed for
fluorescence measurements. Figure S3: Significant immunocytochemical characterization of aerial
parts of tomato plant after treatments with leachate and water (according to the Mann–Whitney
test). LM20, LM5, LM15, JIM13, and LM1: primary antibodies against glycopolymers epitopes.
Figure S4: Effect of leachate application under drought stress on cell wall imaging in in vitro and
phytotron assays. Values (in arbitrary unit) in squares correspond to leachate or control induced
increase or decrease in glycopolymers epitopes detection. The p-value is referred according to the
Mann–Whitney Test. The color squares differ significantly based on the Mann–Whitney Test. In green,
a significant increase compared to the control; in red, a significant decrease compared to the control;
in gray, not significant. (Z1) zone 1: epidermis + peridermis + collenchyma; (Z2) zone 2: cortical
parenchyma; (Z3) zone 3: sclerenchyma + xylem + phloem; (Z4) zone 4: medullar parenchyma. Each
condition was replicated was replicated in three independent biological replicates. ND: not detected.
References [70–80] are cited in the supplementary materials.
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28. Iscan, G.; Kirimer, N.; Kürkcüoglu, M.; Başer, H.C.; Demirci, F. Antimicrobial screening of Mentha piperita essential oils. J. Agric.
Food Chem. 2002, 50, 3943–3946. [CrossRef] [PubMed]

29. Boyanova, L. Activity of Bulgarian propolis against 94 Helicobacter pylori strains in vitro by agar-well diffusion, agar dilution and
disc diffusion methods. J. Med. Microbiol. 2005, 54, 481–483. [CrossRef]

30. Zbytniewski, R.; Kosobucki, P.; Kowalkowski, T.; Buszewski, B. The comparison study of compost and natural organic matter
samples. Environ. Sci. Pollut. Res. 2002, 9, 68–74. [CrossRef]

31. Albrecht, R.; Le Petit, J.; Terrom, G.; Périssol, C. Comparison between UV spectroscopy and nirs to assess humification process
during sewage sludge and green wastes co-composting. Bioresour. Technol. 2011, 102, 4495–4500. [CrossRef] [PubMed]

32. Swift, R.S. Organic matter characterization. In Methods of Soil Analysis. Part 3-Chemical Methods; Sparks, D., Page, A., Helmke, P.,
Loeppert, R., Soltanpour, P., Tabatabai, M., Johnston, C., Sumner, M., Eds.; SSSA Book Series; Soil Science Society of America, Inc.:
Madison, WI, USA; American Society of Agronomy, Inc.: Madison, WI, USA, 1996; pp. 1011–1069. [CrossRef]

33. Velez, J.E.; Zapata, J.C. Fulvic acid applications for the management of diseases caused by Mycosphaerella spp. InfoMusa 2005, 14,
15–17.

34. Ortiz Bastidas, M.F. Evaluación de la Actividad de los Lixiviados de Raquis de Banano (Musa AAA), Plátano (Musa AAB), y
Banano Orito (Musa AA) Sobre el Agente Causal de la Sigatoka Negra (Mycosphaerella fijiensis) en Condiciones In vitro. Master’s
Thesis, Ingeniero Agropecuaria, Escuela Superior Politécnica del Litoral, Guayaquil, Ecuador, 2009.

https://doi.org/10.1002/9781119357254.ch1
https://doi.org/10.1007/s10526-005-1035-1
https://doi.org/10.1016/j.tibtech.2012.01.003
https://doi.org/10.1016/j.scienta.2013.04.024
https://doi.org/10.14198/cdbio.2017.53.01
https://doi.org/10.33687/phytopath.007.03.2735
https://doi.org/10.33687/phytopath.011.02.4278
https://doi.org/10.24275/rmiq/Bio707
https://doi.org/10.1007/s10681-010-0338-1
https://doi.org/10.1007/s12033-012-9496-9
https://www.nass.usda.gov/Surveys/Guide_to_NASS_Surveys/Vegetables/index.php
https://doi.org/10.1071/SR13031
https://doi.org/10.1080/00103628309367359
https://doi.org/10.3390/metabo10030096
https://doi.org/10.1111/nph.18095
https://www.ncbi.nlm.nih.gov/pubmed/35288949
https://doi.org/10.1007/s10658-012-9986-4
https://doi.org/10.1021/jf011476k
https://www.ncbi.nlm.nih.gov/pubmed/12083863
https://doi.org/10.1099/jmm.0.45880-0
https://doi.org/10.1007/BF02987429
https://doi.org/10.1016/j.biortech.2010.12.053
https://www.ncbi.nlm.nih.gov/pubmed/21239169
https://doi.org/10.2136/sssabookser5.3.c35


Biology 2023, 12, 1326 16 of 17

35. Preston, C.M.; Nault, J.R.; Trofymow, J.A. Chemical changes during 6 years of decomposition of 11 litters in some canadian
forest sites. Part 2. 13C abundance, solid-state 13C NMR spectroscopy and the meaning of lignin. Ecosystems 2009, 12, 1078–1102.
Available online: http://www.jstor.org/stable/25622867 (accessed on 3 September 2023). [CrossRef]

36. Lima, M.D.C.; de Sousa, C.P.; Fernandez-Prada, C.; Harel, J.; Dubreuil, J.D.; de Souza, E.L. A review of the current evidence of
fruit phenolic compounds as potential antimicrobials against pathogenic bacteria. Microb. Pathog. 2019, 130, 259–270. [CrossRef]

37. Kumar, S.; Abedin, M.M.; Singh, A.K.; Das, S. Role of phenolic compounds in plant-defensive mechanisms. In Plant Phenolics in
Sustainable Agriculture; Lone, R., Shuab, R., Kamili, A., Eds.; Springer Nature: Singapore, 2020; pp. 517–532. [CrossRef]

38. Naikoo, M.I.; Dar, M.I.; Raghib, F.; Jaleel, H.; Ahmad, B.; Raina, A.; Khan, F.A.; Naushin, F. Role and regulation of plants phenolics
in abiotic stress tolerance: An overview. In Plant Signaling Molecules; Khan, M.I., Reddy, P.S., Ferrante, A., Khan, N.A., Eds.;
Woodhead Publishing: Sawston, UK, 2019; pp. 157–168. [CrossRef]

39. Contreras-Blancas, E.; Ruíz-Valdiviezo, V.M.; Santoyo-Tepole, F.; Luna-Guido, M.; Meza-Gordillo, R.; Dendooven, L.; Gutiérrez-
Miceli, F.A. Evaluation of worm-bed leachate as an antifungal agent against pathogenic fungus, Colletotrichum gloeosporioides.
Compost Sci. Util. 2014, 22, 23–32. [CrossRef]

40. Carlson, M.; Thompson, R.D. Analyte loss due to membrane filter adsorption as determined by high-performance liquid
chromatography. J. Chromatogr. Sci. 2000, 38, 77–83. [CrossRef] [PubMed]

41. Dekker, J.; Medlen, C.E. Fulvic Acid and Its Use in the Treatment of Various Conditions. Available online: http://www.google.
com/patents/US6569900 (accessed on 25 August 2023).

42. Wang, Y.; Sun, Y.; Wang, J.; Zhou, M.; Wang, M.; Feng, J. Antifungal activity and action mechanism of the natural product
cinnamic acid against Sclerotinia sclerotiorum. Plant Dis. 2019, 103, 944–950. [CrossRef] [PubMed]

43. Lima, T.C.; Ferreira, A.R.; Silva, D.F.; Lima, E.O.; de Sousa, D.P. Antifungal activity of cinnamic acid and benzoic acid esters
against Candida albicans strains. Nat. Prod. Res. 2018, 32, 572–575. [CrossRef]

44. Behiry, S.I.; Okla, M.K.; Alamri, S.A.; EL-Hefny, M.; Salem, M.Z.M.; Alaraidh, I.A.; Ali, H.M.; Al-Ghtani, S.M.; Monroy, J.C.;
Salem, A.Z.M. Antifungal and antibacterial activities of Musa paradisiaca L. peel extract: HPLC analysis of phenolic and flavonoid
contents. Processes 2019, 7, 215. [CrossRef]

45. Lu, L.; Zhao, Y.; Yi, G.; Li, M.; Liao, L.; Yang, C.; Cho, C.; Zhang, B.; Zhu, J.; Zou, K.; et al. Quinic acid: A potential antibiofilm
agent against clinical resistant Pseudomonas aeruginosa. Chin. Med. 2021, 16, 72. [CrossRef]

46. Mackrill, J.J.; Kehoe, R.A.; Zheng, L.; McKee, M.M.; O’Sullivan, E.C.; Doyle, B.M.; McCarthy, F.O. Inhibitory properties of
aldehydes and related compounds against Phytophthora infestans—Identification of a new lead. Pathogens 2020, 9, 542. [CrossRef]

47. McKee, M.L.; Zheng, L.; O’Sullivan, E.C.; Kehoe, R.A.; Doyle Prestwich, B.M.; Mackrill, J.J.; McCarthy, F.O. Synthesis and
evaluation of novel ellipticines and derivatives as inhibitors of Phytophthora infestans. Pathogens 2020, 9, 558. [CrossRef]

48. Lemar, K.; Turner, M.; Lloyd, D. Garlic (Allium sativum) as an anti-Candida agent: A comparison of the efficacy of fresh garlic and
freeze-dried extracts. J. Appl. Microbiol. 2002, 93, 398–405. [CrossRef]

49. Deliopoulos, T.; Kettlewell, P.S.; Hare, M.C. Fungal disease suppression by inorganic salts: A review. Crop Prot. 2010, 29,
1059–1075. [CrossRef]

50. Chavez-Navarrete, T.; Sanchez-Timm, L.; Pacheco-Coello, R.; Baisakh, N.; Santos-Ordóñez, E. Identification of differential-
expressed genes in banana-biostimulant interaction using suppression subtractive hybridization. Agronomy 2023, 13, 415.
[CrossRef]

51. Xu, D.; Deng, Y.; Xi, P.; Yu, G.; Wang, Q.; Zeng, Q.; Jiang, Z.; Gao, L. Fulvic acid-induced disease resistance to Botrytis cinerea in
table grapes may be mediated by regulating phenylpropanoid metabolism. Food Chem. 2019, 286, 226–233. [CrossRef]

52. Lamar, R.T. Possible role for electron shuttling capacity in elicitation of PB activity of humic substances on plant growth
enhancement. In The Chemical Biology of Plant Biostimulants; Geelen, D., Xu, L., Eds.; John Wiley & Sons Ltd.: Hoboken, NJ, USA,
2020; pp. 97–121. [CrossRef]

53. Farooq, M.; Wahid, A.; Kobayashi, N.; Fujita, D.; Basra, S.M.A. Plant drought stress: Effects, mechanisms and management. Agron.
Sustain. Dev. 2009, 29, 185–212. [CrossRef]

54. Ezquer, I.; Salameh, I.; Colombo, L.; Kalaitzis, P. Plant cell walls tackling climate change: Biotechnological strategies to improve
crop adaptations and photosynthesis in response to global warming. Plants 2020, 9, 212. [CrossRef] [PubMed]

55. Carreras, A.; Bernard, S.; Durambur, G.; Gügi, B.; Loutelier, C.; Pawlak, B.; Boulogne, I.; Vicré, M.; Goffner, D.; Follet-Gueye,
M.L. In vitro characterization of root extracellular trap and exudates of three Sahelian woody plant species. Planta 2020, 251, 19.
[CrossRef] [PubMed]

56. Busont, O.; Durambur, G.; Bernard, S.; Plasson, C.; Joudiou, C.; Baude, L.; Chefdor, F.; Depierreux, C.; Héricourt, F.; Larcher, M.;
et al. Black poplar (Populus nigra L.) root extracellular trap, structural and molecular remodeling in response to osmotic stress.
Cells 2023, 12, 858. [CrossRef]

57. Gao, M.; Showalter, A.M. Immunolocalization of LeAGP-1, a modular arabinogalactan-protein, reveals its developmentally
regulated expression in tomato. Planta 2000, 210, 865–874. [CrossRef]

58. Chen, Y.; Aviad, T. Effects of humic substances on plant growth. In Humic Substances in Soil and Crop Sciences: Selected Readings;
MacCarthy, P., Clapp, C.E., Malcolm, R.L.P., Bloom, R., Eds.; ASA, CSSA, and SSSA Books: Madison, WI, USA, 1990; pp. 161–186.
[CrossRef]

59. Thirumalaikumar, V.P.; Devkar, V.; Mehterov, N.; Ali, S.; Ozgur, R.; Turkan, I.; Mueller-Roeber, B.; Balazadeh, S. NAC transcription
factor JUNGBRUNNEN 1 enhances drought tolerance in tomato. Plant Biotechnol. J. 2018, 16, 354–366. [CrossRef]

http://www.jstor.org/stable/25622867
https://doi.org/10.1007/s10021-009-9267-z
https://doi.org/10.1016/j.micpath.2019.03.025
https://doi.org/10.1007/978-981-15-4890-1_22
https://doi.org/10.1016/B978-0-12-816451-8.00009-5
https://doi.org/10.1080/1065657X.2013.870944
https://doi.org/10.1093/chromsci/38.2.77
https://www.ncbi.nlm.nih.gov/pubmed/10677837
http://www.google.com/patents/US6569900
http://www.google.com/patents/US6569900
https://doi.org/10.1094/PDIS-08-18-1355-RE
https://www.ncbi.nlm.nih.gov/pubmed/30895869
https://doi.org/10.1080/14786419.2017.1317776
https://doi.org/10.3390/pr7040215
https://doi.org/10.1186/s13020-021-00481-8
https://doi.org/10.3390/pathogens9070542
https://doi.org/10.3390/pathogens9070558
https://doi.org/10.1046/j.1365-2672.2002.01707.x
https://doi.org/10.1016/j.cropro.2010.05.011
https://doi.org/10.3390/agronomy13020415
https://doi.org/10.1016/j.foodchem.2019.02.015
https://doi.org/10.1002/9781119357254.ch4
https://doi.org/10.1051/agro:2008021
https://doi.org/10.3390/plants9020212
https://www.ncbi.nlm.nih.gov/pubmed/32041306
https://doi.org/10.1007/s00425-019-03302-3
https://www.ncbi.nlm.nih.gov/pubmed/31781905
https://doi.org/10.3390/cells12060858
https://doi.org/10.1007/s004250050691
https://doi.org/10.2136/1990.humicsubstances.c7
https://doi.org/10.1111/pbi.12776


Biology 2023, 12, 1326 17 of 17

60. Nardi, S.; Schiavon, M.; Francioso, O. Chemical structure and biological activity of humic substances define their role as plant
growth promoters. Molecules 2021, 26, 2256. [CrossRef]

61. Tenhaken, R. Cell wall remodeling under abiotic stress. Front. Plant Sci. 2015, 5, 771. [CrossRef] [PubMed]
62. Piro, G.; Leucci, M.R.; Waldron, K.; Dalessandro, G. Exposure to water stress causes changes in the biosynthesis of cell wall

polysaccharides in roots of wheat cultivars varying in drought tolerance. Plant Sci. 2003, 165, 559–569. [CrossRef]
63. Lamport, D.T.; Kieliszewski, M.J.; Chen, Y.; Cannon, M.C. Role of the extensin superfamily in primary cell wall architecture. Plant

Physiol. 2011, 156, 11–19. [CrossRef]
64. Seki, M.; Umezawa, T.; Urano, K.; Shinozaki, K. Regulatory metabolic networks in drought stress responses. Curr. Opin. Plant

Biol. 2007, 10, 296–302. [CrossRef] [PubMed]
65. Zouari, M.; Hassena, A.B.; Trabelsi, L.; Rouina, B.B.; Decou, R.; Labrousse, P. Exogenous proline-mediated abiotic stress tolerance

in plants: Possible mechanisms. In Osmoprotectant-Mediated Abiotic Stress Tolerance in Plants: Recent Advances and Future Perspectives;
Hossain, M.A., Kumar, V., Burritt, D.J., Fujita, M., Mäkelä, P.S.A., Eds.; Springer International Publishing: Cham, Switzerland,
2019; pp. 99–121. [CrossRef]

66. Wang, J.; Song, L.; Gong, X.; Xu, J.; Li, M. Functions of jasmonic acid in plant regulation and response to abiotic stress. Int. J. Mol.
Sci. 2020, 21, 1446. [CrossRef] [PubMed]

67. Yang, J.; Duan, G.H.; Li, C.Q.; Liu, L.; Han, G.Y.; Zhang, Y.L.; Wang, C.M. The crosstalks between jasmonic acid and other plant
hormone signaling highlight the involvement of jasmonic acid as a core component in plant response to biotic and abiotic stresses.
Front. Plant Sci. 2019, 10, 1349. [CrossRef]

68. Ku, Y.S.; Sintaha, M.; Cheung, M.Y.; Lam, H.M. Plant hormone signaling crosstalks between biotic and abiotic stress responses.
Int. J. Mol. Sci. 2018, 19, 3206. [CrossRef]

69. Nehela, Y.; Taha, N.A.; Elzaawely, A.A.; Xuan, T.D.; Amin, M.A.; Ahmed, M.E.; El-Nagar, A. Benzoic acid and its hydroxylated
derivatives suppress early blight of tomato (Alternaria solani) via the induction of salicylic acid biosynthesis and enzymatic and
nonenzymatic antioxidant defense machinery. J. Fungi 2021, 7, 663. [CrossRef]

70. Verhertbruggen, Y.; Marcus, S.E.; Haeger, A.; Ordaz-Ortiz, J.J.; Knox, J.P. An extended set of monoclonal antibodies to pectic
homogalacturonan. Carbohydr. Res. 2009, 344, 1858–1862. [CrossRef]

71. Jones, L.; Seymour, G.B.; Knox, J.P. Localization of pectic galactan in tomato cell walls using a monoclonal antibody specific to (1
[->] 4)-β-D-Galactan. Plant Physiol. 1997, 113, 1405–1412. [CrossRef]

72. Willats, W.G.; Marcus, S.E.; Knox, J.P. Generation of a monoclonal antibody specific to (1→5)-α-l-arabinan. Carbohydr. Res. 1998,
308, 149–152. [CrossRef]

73. Willats, W.G.; McCartney, L.; Steele-King, C.G.; Marcus, S.E.; Mort, A.; Huisman, M.; van Alebeek, G.J.; Shols, H.A.; Voragen,
A.G.J.; Le Goff, A.; et al. A xylogalacturonan epitope is specifically associated with plant cell detachment. Planta 2004, 218,
673–681. [CrossRef] [PubMed]

74. Marcus, S.E.; Verhertbruggen, Y.; Hervé, C.; Ordaz-Ortiz, J.J.; Farkas, V.; Pedersen, H.L.; Willats, W.G.; Knox, J.P. Pectic
homogalacturonan masks abundant sets of xyloglucan epitopes in plant cell walls. BMC Plant Biol. 2008, 8, 60. [CrossRef]
[PubMed]

75. Pedersen, H.L.; Fangel, J.U.; McCleary, B.; Ruzanski, C.; Rydahl, M.G.; Ralet, M.C.; Farkas, V.; von Schantz, L.; Marcus, S.E.;
Andersen, M.C.; et al. Versatile high resolution oligosaccharide microarrays for plant glycobiology and cell wall research. J. Biol.
Chem. 2012, 287, 39429–39438. [CrossRef] [PubMed]

76. McCartney, L.; Marcus, S.E.; Knox, J.P. Monoclonal antibodies to plant cell wall xylans and arabinoxylans. J. Histochem. Cytochem.
2005, 53, 543–546. [CrossRef]

77. Marcus, S.E.; Blake, A.W.; Benians, T.A.; Lee, K.J.; Poyser, C.; Donaldson, L.; Leroux, O.; Rogowski, A.; Petersen, H.L.; Boraston,
A.; et al. Restricted access of proteins to mannan polysaccharides in intact plant cell walls. Plant J. 2010, 64, 191–203. [CrossRef]

78. Knox, J.P.; Linstead, P.J.; Cooper, J.P.C.; Roberts, K. Developmentally regulated epitopes of cell surface arabinogalactan proteins
and their relation to root tissue pattern formation. Plant J. 1991, 1, 317–326. [CrossRef]

79. Yates, E.A.; Valdor, J.F.; Haslam, S.M.; Morris, H.R.; Dell, A.; Mackie, W.; Knox, J.P. Characterization of carbohydrate structural
features recognized by anti-arabinogalactan-protein monoclonal antibodies. Glycobiology 1996, 6, 131–139. [CrossRef]

80. Smallwood, M.; Martin, H.; Knox, J.P. An epitope of rice threonine-and hydroxyproline-rich glycoprotein is common to cell wall
and hydrophobic plasma-membrane glycoproteins. Planta 1995, 196, 510–522. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/molecules26082256
https://doi.org/10.3389/fpls.2014.00771
https://www.ncbi.nlm.nih.gov/pubmed/25709610
https://doi.org/10.1016/S0168-9452(03)00215-2
https://doi.org/10.1104/pp.110.169011
https://doi.org/10.1016/j.pbi.2007.04.014
https://www.ncbi.nlm.nih.gov/pubmed/17468040
https://doi.org/10.1007/978-3-030-27423-8_4
https://doi.org/10.3390/ijms21041446
https://www.ncbi.nlm.nih.gov/pubmed/32093336
https://doi.org/10.3389/fpls.2019.01349
https://doi.org/10.3390/ijms19103206
https://doi.org/10.3390/jof7080663
https://doi.org/10.1016/j.carres.2008.11.010
https://doi.org/10.1104/pp.113.4.1405
https://doi.org/10.1016/S0008-6215(98)00070-6
https://doi.org/10.1007/s00425-003-1147-8
https://www.ncbi.nlm.nih.gov/pubmed/14618325
https://doi.org/10.1186/1471-2229-8-60
https://www.ncbi.nlm.nih.gov/pubmed/18498625
https://doi.org/10.1074/jbc.M112.396598
https://www.ncbi.nlm.nih.gov/pubmed/22988248
https://doi.org/10.1369/jhc.4B6578.2005
https://doi.org/10.1111/j.1365-313X.2010.04319.x
https://doi.org/10.1046/j.1365-313X.1991.t01-9-00999.x
https://doi.org/10.1093/glycob/6.2.131
https://doi.org/10.1007/BF00203651

	Introduction 
	Materials and Methods 
	Leachate 
	Chemical Analysis 
	Metabolomic Analysis 
	M. paradisiaca Leachate as a Fungicide 
	M. paradisiaca Leachate as a Plant Defense Elicitor 
	M. paradisiaca Leachate as a Biostimulant 
	Image Analysis and Statistical Tests 

	Results and Discussion 
	Chemical Composition of Leachate 
	Metabolomic Analysis 
	M. paradisiaca Leachate as a Fungistatic Agent 
	M. paradisiaca Leachate as a Plant Defense Elicitor 
	M. paradisiaca Leachate as a Biostimulant 

	Conclusions 
	References

