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Abstract

Aims Trichoderma is a filamentous fungus ben-
eficial to crops and widely used as biofungicide. Its
mechanisms of action as a biological control agent
against phytopathogenic fungi include mycopara-
sitism and the induction of plant defense responses.
On the other hand, Sclerotinia sclerotiorum is an
important pathogen for Brassica crops, effectively
suppressed by Trichoderma. The aim of this work is
to determine whether 7. hamatum can release elici-
tors from the cell wall of S. sclerotiorum that activate
plant systemic defenses against the pathogen.
Methods Liquid fermentation of T. hamatum on S.
sclerotiorum mycelium was performed. In the result-
ing fungal filtrates, chitinase and p-endoglucanase
activities were quantified, along with the amounts of
glucosamine and glucan oligomers produced. These
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filtrates were subsequently applied to the roots of
broccoli plants (Brassica oleracea var. italica), which
were later foliar-infected with the pathogen. Lesions
produced were measured and different systemic
defensive responses were evaluated through hor-
monomics, glucosinolate profiling and non-targeted
metabolomics.

Results In fungal filtrates of 7. hamatum cultured
on S. sclerotiorum, chitinase (7.56-8.32 units/mL)
and p-endoglucanase (3.45 units/mL) activity was
determined. These filtrates also contained the highest
amounts of glucosamine (0.75 g/L) and glucan oligom-
ers (43.8 g/L). When applied to broccoli plants, the fil-
trates triggered a systemic defense response that was
effective against the pathogen. This response was medi-
ated by the hormones jasmonic acid, isopentenyladenine
and ethylene, leading to the accumulation of antifungal
compounds in the leaves, including glucobrassicin, nia-
cin and several fatty acids. This defensive induction was
not observed with glucosamine oligomers.

Conclusions Therefore, T. hamatum releases glu-
can oligomers from the cell wall of S. sclerotionum
which may act as potential elicitors of systemic plant
defenses.

Highlights

o T. hamatum releases oligomers from the S. sclero-
tiorum cell wall by enzymatic action.

e Glucan oligomers, but not glucosamine oligomers,
induce systemic plant resistance.

e Systemic resistance is mediated by ethylene/jas-
monic acid, a response to necrotrophs.
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e Reduced S. sclerotiorum-foliar infection is due to
an accumulation of glucobrassicin and niacin.

e Trichoderma is able to release plant defense elici-
tors from the pathogen cell wall.

Keywords f-glucanase - $-glucan - Ethylene and
jasmonic acid - Broccoli - Trichoderma

Introduction

Fungal-plant interactions are believed to have origi-
nated approximately 450-460 million years ago,
forming symbiotic relationships (with mycorrhi-
zal fungi and endophytic fungi) (Priyashantha et al.
2023). In contrast, the interaction between plants
and phytopathogenic fungi emerged later, initiating
a co-evolutionary arms race in which plants evolved
mechanisms to defend against pathogens, while fungi
developed strategies to evade plant defenses (Pri-
yashantha et al. 2023). In both symbiotic and phy-
topathogenic fungal interactions, a complex molecu-
lar dialogue is established, wherein both the plant
and the fungus recognize each other’s molecular sig-
nals and elicit corresponding physiological response.
Plants detect the presence of fungi through pattern
recognition receptors (PRRs) located on the plasma
membrane, which recognize pathogen-associated
molecular patterns (PAMPs) (from pathogen-cells)
or microbe-associated molecular patterns (MAMPs)
(from symbiotic-cells). This recognition triggers
local and systemic defense responses in the plant
(Priyashantha et al. 2023). These plant defenses are
also activated in response to mycorrhizal and endo-
phytic fungi. However, to facilitate colonization by
symbiotic fungi, plants must temporarily suppress
their immune responses (Almario et al. 2022). More-
over, plant immune responses can influence the type
of symbiotic relationships that are established. For
example, members of the Brassicaceae family are
unable to form effective mycorrhizal associations
due to the presence of glucosinolates (GSLs) in their
tissues, yet they can establish beneficial interactions
with various endophytic fungi (Poveda et al. 2022).
Pathogens also interact with the Brassicaceae fam-
ily, among which the fungus Sclerotinia sclerotiorum
stands out as one of the world’s most virulent and
widespread plant pathogen. This fungus causes the
so-called stem rot in brassicas, entering the plant
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through any of its aerial organ or via the soil. The
disease can cause severe losses in Brassica crops,
accounting for up to 80% of annual losses in global
oilseed rape production (Hossain et al. 2023; Shang
et al. 2024). To successfully infect brassicas, S. scle-
rotiorum must be able to overcome the plant’s con-
stitutive and inducible defenses. Therefore, a continu-
ous plant-fungus molecular recognition occurs (Chen
et al. 2023). Disease management strategies include
cultural practices (crop rotation, reducing plant den-
sity, burning crop residues or using irrigation to
increase rotting of sclerotia), plant resistance (resist-
ant cultivars or molecular breeding), chemical fungi-
cides (anilinopyrimidines, methyl benzimidazole car-
bamates or dicarboxamides) and the use of bacterial
(Bacillus spp. or Streptomyces spp.), fungal (Conio-
thyrium minitans or Trichoderma spp.) and/or myco-
virus biological control agents (BCAs) (O’Sullivan
etal., 2021).

One of the most widely studied and used BCAs in
agriculture is the fungal genus Trichoderma, which is
broadly distributed across diverse ecosystems and cli-
matic regions (Afzal et al. 2021). Species within this
genus have been recognized as effective biofertilizers,
due to their ability to promote plant growth through
nutrient solubilization and chelation (P, Fe, Mg, Mn),
production of phytohormones (auxins) and modula-
tion of the rhizospheric microbiota (Gupta 2020).
Certain Trichoderma species also enhance plant tol-
erance to abiotic stresses by mitigating oxidative
stress and altering gene expression, as well as through
direct mycoremediation on pollutants and heavy met-
als (dos Santos et al. 2022). However, the primary
agricultural interest of Trichoderma-based bioinocu-
lants lies in their role as BCA, accounting for up to
60% of the current biofungicides on the world market
(Kubiak et al. 2023). In recent years, their application
as bionematicides (TariqJaveed et al. 2021) and bioin-
secticides (Poveda 2021) has also gained increasing
attention.

The mechanisms of action involved in the action
as BCA of different Trichoderma species include
mycoparasitism, antibiosis, competition for space
and nutrients, and activation of plant defenses
(Guzman-Guzman et al. 2023). Specifically, myco-
parasitism is based on the ability of Trichoderma to
degrade the cell wall of phytopathogenic fungi and
extract nutrients from within. To achieve this, they
use cell wall-degrading enzymes (CWDEs), mainly
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chitinases, glucanases and proteases (Mukherjee
et al. 2022; Dutta et al. 2023). The key CWDEs
produced by Trichoderma to destroy the cell wall
of pathogenic fungi are endochitinase, p—1,3 glu-
canase and chitobiosidase (Wang et al., 2024; Shah-
bazi et al. 2025). The lytic action of these enzymes
releases oligomers (oligosaccharides and oligo-
peptides), from fungal walls, which are recognized
by Trichoderma, thereby triggering the upregula-
tion of additional antifungal genes (Karlsson et al.
2017). Through the mechanism known as antibiosis,
Trichoderma produces and releases various low-
molecular-weight volatile and diffusible compounds
with antimicrobial properties. These compounds
include azaphilones, butenolides, trichothecenes,
pyrones, lactones, polyketides or peptaibols (Mau-
rya et al. 2024). In addition, Trichoderma exhibits
rapid and robust growth on a variety of substrates,
enabling it to outcompete phytopathogens for space
and nutrients within the rhizosphere. This com-
petitive advantage is partly attributed to its effi-
cient nutrient acquisition strategies, such as iron
sequestration via siderophore production (Ame-
rio et al. 2024). Finally, Trichoderma can activate
both local and systemic plant defense mechanisms.
Recognition of microbe-associated molecular pat-
terns (MAMPs) from Trichoderma by the host
plant initiates a signaling cascade involving key
defense-related hormones, notably salicylic acid
(SA), jasmonic acid (JA), and/or ethylene (ET).
This signaling leads to the synthesis and accumula-
tion of various antimicrobial proteins and secondary
metabolites, enhancing the plant’s resistance to sub-
sequent pathogen attacks (Khan et al. 2023).

Specifically, Trichoderma hamatum has been
recently studied in a specific review highlighting its
diverse functional capabilities, including plant growth
promotion, antimicrobial and antioxidant activity,
insecticidal and herbicidal properties, as well as its
potential for mycoremediation (Lodi et al. 2023). T.
hamatum H690 strain, used in this study, was previ-
ously described as a biofertilizer and agricultural
product quality improver in leafy brassica crops
(Velasco et al. 2021). Additionally, it has demon-
strated bioinsecticidal activity against the lepidop-
teran Spodoptera littoralis (Lana et al. 2023); and has
been proposed to function as an interplant signaling
mediator, facilitating communication between neigh-
boring plants (Poveda et al. 2023).

The mycoparasitic interaction between Trichoderma
and S. sclerotiorum has been described in several
works. Various Trichoderma species are able to myco-
parasitize both hyphae and sclerotia of S. sclerotiorum,
leading to their complete degradation. This antagonis-
tic activity is primarily mediated by the secretion of
CWDEs, including endochitinases, a-glucanases and
B-glucanases (Ojaghian et al. 2020; Tomah et al. 2024).

Elicitors are microbial molecules released by or
present in pathogens, called PAMPs, which are rec-
ognized by specific receptors on host plant cells,
triggering their defenses or PAMP-triggered immu-
nity (PTI). These elicitors include lipids, oligosac-
charides, peptides and proteins. Among the most
prominent PAMPs found in pathogenic fungi chitin/
chitosan, B-glucans or ergosterol (Abdul-Malik et al.
2020; Meena et al. 2022). Specifically, chitosan act
as an elicitor by enhancing nitric oxide production
and stimulating the activity of reactive oxygen spe-
cies (ROS)-scavenging enzymes in plant tissues
(Stasiriska-Jakubas et al., 2022). Similarly, p-glucans
can induce the accumulation of phytoalexins and/or
the deposition of callose (Frolova and Berestetskiy
2024).

In this context, the main objective of this work was
to determine whether 7. hamatum can release elici-
tor molecules from the cell wall of S. sclerotiorum
that activate plant systemic defenses. For this pur-
pose, co-cultivation experiments involving various
combinations of both fungi were conducted in liquid
fermentation systems. Chitinase and glucanase activi-
ties were measured in the resulting cultures, along
with the quantification of released oligomers. In broc-
coli plants, systemic defense responses against foliar
infection by S. sclerotiorum were evaluated through
hormonal profiling, GSLs analysis and non-targeted
metabolomics. Therefore, the work has been devel-
oped based on the hypothesis that 7. hamatum is
capable of degrading the cell wall of S. sclerotiorum
and releasing oligomers that function as elicitors of
systemic plant immunity.

Material and Methods
Fungal and plant material

T. hamatum H690 was previously isolated from
roots of kale (Brassica oleracea var. acephala) in a
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previous work with different local populations from
Galicia (Northwestern Spain) (Poveda et al. 2020).
S. sclerotiorum MBG-Ss2, collected from a naturally
infected plant of oilseed rape (Brassica napus) in an
experimental field of the Biological Mission of Gali-
cia (MBG, Northwestern Spain) (Madloo et al. 2021),
was used as a soil and aerial pathogenic fungus. Both
fungal strains were routinely grown on potato-dex-
trose-agar (PDA, Sigma-Aldrich, Madrid, Spain) in
the dark at 25 °C.

The plant used was the doubled haploid broccoli
line “Early Big” (B. oleracea var. italica), in order to
minimize variability in plant responses to the differ-
ent treatments. Seeds were obtained from the Bras-
sica germplasm bank of the MBG’s.

Fungal fermentation

The liquid culture of 7. hamatum and S. sclerotiorum
was performed following the methodology previously
described by Lana et al. (2023), with minor modi-
fications. The culture medium used was 50 mL of
potato dextrose broth medium (PDB, Sigma-Aldrich,
Madrid, Spain) on an orbital shaker at 150 rpm and
25 °C. Table 1 shows the different liquid fermenta-
tions carried out to obtain the extracts used as plant
treatments. All fermentations were carried out in 10
independent biological replicates and incubated for
72 h. After incubation, cultures were filtered through
sterile 0.2 um filters (Sigma-Aldrich, Madrid, Spain).

The resulting filtrates were stored at — 20 °C until fur-
ther use.

Chitinase and glucanase activity analysis

Chitinase and glucanase activity analysis was per-
formed on the different fungal filtrates. Chitinase
activity was quantified following the methodology
previously described by Lana et al. (2023). From each
set of 10 filtrates obtained per fungal fermentation,
50uL aliquots were used to measure chitinase enzyme
activity, using the commercial Chitinase Assay Kit
(Sigma-Aldrich, Madrid, Spain), which enables quan-
tification of endochitinase and exochitinase activities
(chitobiosidase and pB-N-acetylglucosaminidase). The
analysis is based on the enzymatic hydrolysis of dif-
ferent substrates at 4.8 pH, releasing p-nitrophenol,
which can be quantified colorimetrically at 405 nm
(Multiskan SkyHigh Microplate Spectrophotometer;
Thermo Fisher, Waltham, USA). The substrates used
were 4-Nitrophenyl N,N'-diacetyl-p-D-chitobioside
(chitobiosidase activity), 4-Nitrophenyl N-acetyl-
B-D-glucosaminidase  (p-N-acetylglucosaminidase
activity), and  4-Nitrophenyl  p-D-N,N’,N""-
triacetylchitotriose (endochitinase activity). Enzyme
activities are expressed as units/mL. All analyses
were performed in triplicate from the different fungal
filtrates.

B-Endoglucanase enzyme activity was measured
using a modified version of the method described by

Table 1 Different liquid fermentations carried out to obtain fungal extracts used as plant treatments

ACRONYM DESCRIPTION

PDB Culture medium only

PDB+Q Culture medium with 0.75 g (1,5% w/v) of chitin

PDB +Th Culture medium inoculated with 2.5 x 10° spores/mL of T. hama-
tum

PDB+Q+Th Culture medium with 0.75 g chitin, inoculated with T hamatum
spores (2.5x 10° spores/mL)

PDB +Ss Culture medium inoculated with a sclerotium of S. sclerotiorum

PDB +Ss+Th Culture medium with 0.75 g of PDB + Ss mycelium (after 72 h of
culture) washed, filtered and autoclaved” and re-washed, inocu-
lated with T. hamatum spores (2.5 10° spores/mL)

(PDB +Ss) + (PDB +Th) Filtered cultures of PDB + Ss and PDB + Th mixed 50/50

(PDB +Ss)+ (PDB +Q+Th) Filtered cultures of PDB + Ss and PDB + Q + Th mixed 50/50

Q: chitin from shrimp shells (Sigma-Aldrich, Madrid, Spain)

*The S. sclerotiorum mycelium is autoclaved so that 7. hamatum grows only on pathogen tissues, without the pathogen continuing to

grow
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Zantinge et al. (2002). The substrate used to measure
fungal p-endoglucanase activity was 0.2% azurine dye
co-valently cross-linked (AZCL)-hydroxyethyl-cellu-
lose (HE) (Megazyme, Ireland), dissolved in 25 mM
sodium acetate (pH 4.5), with 2% agar added. The
mixture was autoclaved and dispensed into 96-well
microplate wells. After solidification, 50 uL of the
10 different fungal filtrates were added to each well,
along with 25 mM sodium acetate (pH 4.5) to a final
volume of 350 pL. Microplates were incubated over-
night at room temperature. f-Endoglucanase activity
was determined by the release of a blue color from the
hydrolysis of AZCL-HE, which was quantified col-
orimetrically at 590 nm (Multiskan SkyHigh Micro-
plate Spectrophotometer; Thermo Fisher, Waltham,
USA). Enzyme activity was expressed in units/mL,
calculated using the formula: Units/mL =[(Absorb-
ance-0.02)/0.911]. All analyses were performed in
triplicate from the different fungal filtrates.

Chitin and glucan oligomers quantification

To quantify the chitin oligomers released in the vari-
ous fungal filtrates, a modified version of the method
described by Katano et al. (2016) was employed.
The substrate solution consisted of mixing 5 mL
of 0.1 mol/L sodium metasilicate (Na,SiO;), and
1.2 mol/L isodium molybdate dihydrate (Na,MoO,)
in water, with 3 mL of dimethyl sulfoxide (DMSO).
Subsequently, 1.5 mL 10 mol/L acetic acid in water
and 3.5 mL of water were added to the mixture, which
was then allowed to stand for 30 min. For the quan-
tification reaction, 200 pL of the prepared substrate
solution were added to each microwell, followed by
20 pL of the respective fungal filtrate. The amount of
chitin oligomers was expressed in g/L. glucosamine
by measuring absorbance at 750 nm (Multiskan Sky-
High Microplate Spectrophotometer; Thermo Fisher,
Waltham, USA). All analyses were performed in trip-
licate for each fungal filtrate.

On the other hand, glucan oligomer quantifica-
tion was carried out following the method described
by Kupetz et al. (2017). This methodology was based
on Congo red staining, using the Gluca-test rapid test
kit (R-biopharm, Germany). In 15 mL tubes, 200 pL
of each fungal filtrates were mixed with 3 mL of the
reaction solution provided in the kit. The mixture was
incubated for 30 min and distributed on a 96-well
microplate wells for absorbance measurement at

550 nm at (Multiskan SkyHigh Microplate Spectro-
photometer; Thermo Fisher, Waltham, USA). The
concentration of p-glucans was expressed in mg/L.
All measurements were performed in triplicate for
each fungal filtrate.

In planta assays

Broccoli plant growth and leaf infection were
assessed using a modified version of the methodol-
ogy described by Rodriguez et al. (2023), with modi-
fications. Broccoli seeds were surface sterilized by
shaking them in 70% ethanol solution for 15 min,
5% sodium hypochlorite solution for 5 min, and then
rinsing four times with autoclaved distilled water. The
sterilized seeds were sown in 0.5 L pots with peat
moss (Profi-Substract, Gramoflor, Valencia, Spain)
previously sterilized in an autoclave (twice, 24 h
apart) as culture substrate. Plants were maintained in
a greenhouse under the following conditions through-
out the experiment: 14 h photoperiod, ambient tem-
perature (12-30 °C), and relative humidity above
80%. No exogenous fertilizers were applied. Plants
were irrigated 2-3 times per week, based on visual
assessment of water needs, ensuring equal volumes of
water were applied to all plants.

When the plants had developed their third true
leaf, they were treated with the six different fungal
filtrates by applying 1 mL of each filtrate directly
to the main root using a pipette tip. Fifteen plants
were treated with each fungal filtrate. The assay was
repeated three times.

Forty-eight hours after application of the fungal
filtrates, foliar infection with S. sclerotiorum was
performed on the middle portion of the third true
leaf of each plant. For inoculation, 6 mm agar plugs
were excised from the actively growing edge of fun-
gal colonies cultured on Petri dishes. Leaf infection
was conducted by applying 5 pl of sterile agarose as
"a glue" for the fungal plug to each leaf and placing
the fungal mycelium in contact with the leaf surface.
Seventy-two hours post-infection, photographs were
taken to assess lesion development, and plant samples
were collected for biochemical analysis.

Lesion area of each leaf was quantified using
Image] software (US National Institutes of Health,
Bethesda, U.S.A.). For biochemical analysis, tissue
samples were collected separately from the infected
leaf and the remaining aerial parts of the plant. All
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plant material was immediately frozen in liquid
nitrogen and stored at —80°C until processing. Sub-
sequently, this plant material was freeze-dried and
pulverized.

Hormone profiling

Hormonal analysis was performed on five pooled
samples, each comprising the aerial parts of three
plants infected with S. sclerotioum (Ss) and previously
root-inoculated with either PDB or PDB+Ss+Th
treatments. For the study of the hormonal profile of
the samples, the methodology previously described
by Albacete et al. (2008) was used, with some modi-
fications. A total of 0.05 g of powdered plant mate-
rial was incubated for 30 min at 4 °C in 1 mL of cold
(=20 °C) extraction solution consisting of methanol/
water (80/20, vol/vol). Following incubation, the mix-
ture was centrifuged at 20,000 x g for 15 min at 4 °C
to separate the solids. A second extraction was then
performed under the same conditions using an addi-
tional 1 mL of extraction solution. The combined
supernatants were passed through Sep-Pak Plus C18
cartridges (which had been pre-conditioned with
3 mL of extraction buffer) to remove lipids and pig-
ments. The resulting supernatants were evaporated
under vacuum at 40 °C. The residue was re-dissolved
in 1 mL of methanol/water (20/80, vol/vol) solution
using an ultrasonic bath. The reconstituted samples
were then filtered through 13-mm Millex filters with
a 0.22-pm nylon membrane (Millipore, Bedford, MA)
and transferred to opaque microcentrifuge tubes. A
10 pL aliquot of the filtered extract was injected into
an Accela Series UHPLC system (ThermoFisher Sci-
entific, Waltham, MA) coupled to an Exactive mass
spectrometer (ThermoFisher Scientific, Waltham,
MA) via a heated electrospray ionization (HESI)
interface. Mass spectra were acquired using Xcali-
bur software version 2.2 (ThermoFisher Scientific,
Waltham, MA). Quantification of hormones was
carried out using calibration curves generated for
each compound at concentrations of 1, 10, 50, and
100 pg/L, and corrected with 10 pg/L deuterated
internal standards. Recovery rates ranged between 92
and 95%.

For chromatographic separation, 8 pl of each sam-
ple, previously dissolved in mobile phase A, was
injected into a Zorbax SB-C18 HPLC column (5 pm,
150%x0.5 mm; Agilent Technologies, Santa Clara,
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CA, USA). The column was maintained at a constant
temperature of 40 °C, and separation was performed
at a flow rate of 10 pl/min. Chromatographic separa-
tion utilized mobile phase A (water/acetonitrile/formic
acid in a 94.9:5:0.1 ratio, v/v) and mobile phase B
(water/acetonitrile/formic acid in a 10:89.9:0.1 ratio,
v/v). The elution program began with 100% A for
5 min, followed by a linear gradient increasing B from
0 to 6% over 10 min. This was continued by a second
gradient from 6 to 100% B over 5 min, with a final
hold at 100% B for 5 additional minutes. Prior to each
analysis, the column was re-equilibrated with the ini-
tial mobile phase composition for 30 min. Detection
was performed at 280 nm using a DAD detector mod-
ule (Agilent Technologies, Santa Clara, CA, USA).

GSLs analysis

The GSLs profile was analyzed in the fifteen S. scle-
rotiorum-infected leaves of plants previously treated
at the root level with various fungal filtrates. GSLs
analysis was performed on the freeze-dried and pow-
dered plant material, following the methodology pre-
viously described by Poveda et al. (2021), with minor
modifications.

Quantification of GSLs was performed using an Ultra
High Performance Liquid Chromatograph (UHPLC)
Nexera LC-30AD from Shimadzu Corporation (Kyoto,
Japan). This system was fitted with a Nexera SIL-30AC
injector and a SPDM20A UV/VIS photodiode array
detector, both from Shimadzu. For the analysis, an X
Select® HSS T3 UHPLC column (2.5 pum particle size,
2.1 mm inner diameter, and 100 mm in length) was uti-
lized, provided by Waters Corporation in Milford, MA,
USA, along with a VanGuard pre-column. The oven
temperature was maintained at 35°C, and the GSLs were
quantified at a wavelength of 229 nm.

Separation was achieved using the aqueous ace-
tonitrile method. Identification of individual GSLs
was based on comparison of retention times and UV
spectra against standards from Phytoplan Diehm
& Neuberger GmbH (Heidelberg, Germany). Cali-
bration equations for each GSL were established
using a minimum of five data points: glucoiberin
(GIB) (y=99397x; R?=0.950), glucoraphanin
(GRA) (y=352910x; R?>=0.999), glucobrassicin
(GBS) (y=869483x; R2:O.988), neoglucobrassicin
(NEOGBS) (y=342954x; R2=0.997), and methoxy-
glucobrassicin (MEOGBS) (y =398645x; R?=0.980).
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Metabolomic analysis

Untargeted metabolomics analysis of S. sclerotiorum-
infected leaves was conducted following the method-
ology previously described by Poveda et al. (2021),
with minor modifications. A 50 mg sample of freeze-
dried powder was dissolved in 500 mL of 80% metha-
nol in water and sonicated for 15 min. The mixture
was then centrifuged for 10 min at 16,000x g and
room temperature. The resulting supernatant was then
filtered through a 0.20 pm PTFE micropore mem-
brane and stored in vials for subsequent analysis.

Metabolomic profiling was performed using ultra-
high-performance liquid chromatography (UPLC)
coupled with electrospray ionization quadrupole time-
of-flight mass spectrometry (UPLC-Q-TOF-MS/MS).
The system consisted of a Thermo Dionex Ultimate
3000 LC system (Thermo Fisher Scientific, Waltham,
MA, USA) and a Bruker Compact™ mass spec-
trometer with a heated electrospray ionization (ESI)
source. Chromatographic separation was achieved on
a2.1x100 mm 1.7 um Intensity Solo 2 C18 column
(Bruker Daltonics, Billerica, MA, USA).

The mobile phase consisted of 0.1% formic acid
in water (solvent A) and acetonitrile (solvent B) in a
binary gradient. The gradient profile was as follows: 3%
B for 0—4 min, increasing from 3 to 25% B from 4 to
16 min, from 25 to 80% B between 16 and 25 min, from
80 to 100% B from 25 to 30 min, holding 100% B until
32 min, then decreasing from 100 to 3% B from 32 to
33 min, and finally holding 3% B until 36 min. The flow
rate was 0.4 mL/min, the injection volume was 5 pL,
and the column temperature was maintained at 35 °C.

Mass spectrometry data were acquired over an m/z
range of 50-1200 in both positive and negative elec-
trospray ionization (ESI) modes, using the following
parameters: gas flow of 9 L/min, nebulizer pressure at
38 psi, dry gas flow of 9 L/min, and a dry temperature
of 220 °C. The capillary and end plate offset volt-
ages were adjusted to 4500 V and 500 V, respectively.
External calibration of the instrument was performed
using a 1 mM sodium formate/acetate solution in
isopropanol/water (50/50) with 0.2% formic acid,
directly infused into the source.

To ensure system stability, three consecu-
tive injections of chloramphenicol (ESI- mode;
ART=0.02 min; Am/z=0.002) and triphenyl phos-
phate (ESI+mode; ART=0.02 min; Am/z=0.001)
were carried out before sample injections. Calibration

solution injections were performed at the beginning
of each run, and all spectra were recalibrated before
statistical analysis.

MS/MS fragmentation was carried out based on
the accurate mass and retention time (RT) previously
determined, using different collision energy ramps
ranging from 15 to 50 eV to induce fragmentation.
Peak alignment and detection were carried out using
the T-Rex 3D algorithm in the MetaboScape 4.0 soft-
ware (Bruker Daltonics, Billerica, MA, USA).

Tentative compound identification was performed
based on accurate mass metabolites listed in various
publicly accessible databases, including METLIN,
KEGG, Pubchem, HMDB, and the Plant Metabolic
Network. Furthermore, partial structural identifica-
tion of key metabolites was further refined by com-
paring their MS/MS fragmentation patterns with
those of reference compounds available in the afore-
mentioned databases.

Statistical analysis

Statistical analyses were performed using Statistix 8.0
software. Data normality and homoscedasticity were
assessed using the Shapiro—Wilk test (P<0.05). A
Student’s t-test was used to compare means (lesions
area and GSLs content), with statistically significant
differences indicated by a single asterisk (P <0.05).
One-way ANOVA using Tukey’s multiple range test
was used for pairwise comparisons (enzymatic activ-
ity, and oligomers quantity); different letters indicate
significant differences (P <0.05).

Statistical analysis of the metabolomic data was
conducted using the online platform Metaboanalyst
(Chong et al. 2019). To eliminate non-informative
variables, the interquartile range (IQR) filter was
applied. Additionally, Pareto variance scaling was
utilized to adjust for offsets and to equalize the sig-
nificance of both high- and low-abundance ions. The
resulting three-dimensional matrix (comprising peak
indices, samples and variables) was subjected to fur-
ther statistical evaluation. A two-sample t-test was
performed with a FDR value of <0.05 to identify
differentially expressed metabolites. Furthermore, a
partial least squares discriminant analysis (PLS-DA)
was employed to explore and visualize the pattern of
metabolite variation among treatments. The PLS-DA
model was assessed via cross-validation, using R? and
Q? metrics, which estimate the model’s explanatory
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power and predictive accuracy, respectively. For each
treatment comparison, features with a variable impor-
tance in projection (VIP) score>2 in the PLS-DA
model were selected and considered the most influen-
tial features. Finally, features with a VIP score >2 and
a FDR value threshold < 0.05 were retained.

Results
Elicitor release by T. hamatum

Chitinase and p-glucanase enzymatic activities were
assessed in the different filtrates obtained from liquid
fermentation (Fig. 1). Chitinase activity was detected
exclusively in the cultures where T. hamatum was
present. Of these, cultures in which T. hamatum was

grown in the presence of chitin or S. sclerotiorum
mycelium reported the significantly higher chitobi-
osidase activity (9.6 and 8.3 units/mL, respectively),
B-N-acetylglucosaminidase (8.4 and 7.6 units/mL,
respectively) and endochitinase (6.6 and 7.8 units/
mL, respectively), compared to the other 7. hama-
tum filtrates (chitobiosidase: 2.4—4.9 units/mL; p-N-
acetylglucosaminidase: 2.7-5.4 units/mL; endochi-
tinase: 1.1-3.4 units/mL) (Fig. 1a).

B-Glucanase activity was quantified in all culture
filtrates containing either 7. hamatum or S. sclerotio-
rum. However, in the case of S. sclerotiorum alone,
no significant differences were observed compared
to control filtrates without fungal presence. All cul-
tures with 7. hamatum reported p-glucanase activity,
being significantly higher than that of the 7. hamatum
culture on S. sclerotiorum mycelium (3.5 units/mL),
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Fig. 1 Chitinase (a) and p-glucanase (b) activity of different
fungal filtrates. Endochitinase and exochitinase (chitobiosidase
and B-N-acetylglucosaminidase) activities were analyzed (a).
PDB: culture medium; Q: chitin; T: Trichoderma; Ss: S. scle-
rotiorum. Data are the mean of 30 measurements (10 filtered in
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triplicate) with the corresponding standard deviation. Tukey’s
test was performed between filtrates; different letters represent
significant differences (P <0.05). Information on each of the
treatments can be found in Table 1
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compared to 7. hamatum growing alone (1.9 units/
mL) or in contact with chitin (1.6 units/mL) (Fig. 1b).
On the other hand, the chitin and glucan oligom-
ers present in these filtrates were quantified (Fig. 2).
With respect to chitin oligomers, only cultures with
T. hamatum and chitin or T. hamatum and S. scle-
rotiorum mycelium reported significant differences
(0.6-0.8 glucosamine g/L) compared to the rest of the
filtrates (Fig. 2a). In contrast, for p-glucan quantifi-
cation, only the culture of 7. hamatum grown on S.
sclerotiorum mycelium showed a significant increase
(44 mg/L) compared to all other filtrates (Fig. 2b).

Lesions produced by S. sclerotiorum on broccoli
leaves

After the application of the different fungal filtrates
on plant roots, the possible activation of systemic
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Fig. 2 Glucosamine (a) and p-glucans (b) quantified on dif-
ferent fungal filtrates. PDB: culture medium; Q: chitin; T:
Trichoderma; Ss: S. sclerotiorum. Data are the mean of 30
measurements (10 filtered in triplicate) with the correspond-

PDB+Q+Th

PDB+Q+Th

defenses by foliar infection with S. sclerotiorum was
determined (Fig. 3). Only the treatment of plants
with the fungal filtrates obtained from the interaction
between 7. hamatum and S. sclerotiorum mycelium
(PDB +Ss+Th treatment) significantly reduced the
area of foliar lesions caused by the pathogen (0.76
mm?), compared to the control treatment (PDB treat-
ment) (1.81 mm?). The treatment with the filtrates
obtained from 7. hamatum grown alone led to a sig-
nificant increase in the lesions area (2.92 mmz), com-
pared to the control. No significant differences were
observed in the other treatments when compared to
the control (Fig. 3b).

Hormonal plant defense response

To elucidate the potential biochemical mechanisms
involved in the activation of systemic defenses in

T

= -

PDB+Ss PDB+Ss+Th (PDB+Ss)+(PDB+Th) (PDB+Ss)+(PDB+Q+Th)

i I'_I_ll_‘_|

PDB+Ss PDB+Ss+Th (PDB+Ss)+(PDB+Th) (PDB+Ss)+(PDB+Q+Th)

ing standard deviation. Tukey’s test was performed between
filtrates; different letters represent significant differences
(P <0.05). Information on each of the treatments can be found
in Table 1
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Fig. 3 Lesions caused in broccoli leaves by S. sclerotiorum
(a) and quantification of lesion area (mm?) (b). PDB: culture
medium; Q: chitin; T: Trichoderma; Ss: S. sclerotiorum. Data
are the mean of 15 leaves for each condition, with the corre-
sponding standard deviation. One-way analysis of variance

broccoli plants against S. sclerotiorum after root
application of the different fungal filtrates, a hor-
mone, GSLs profile and non-target metabolomic
study was performed on the aerial part and infected
leaves. Hormone analysis reported no significant dif-
ferences in the levels of gibberellins (GAs), cytokinin
(trans-zeatin [tZ] and zeatin riboside [ZR]), auxins
(indole-3-acetic acid [IAA], 2-oxindole-3-acetic acid
[OxIAA], indole-3-acetyl-aspartate [IAA-Asp] and
indole-3-acetyl alanine [IAA-Ala]), ethylene (ET),
salicylic acid (SA) and abscisic acid (ABA), among
plants root inoculated with PDB compared to the fil-
trates from the growth of T. hamatum on S. sclero-
tiorum mycelium (Table 2). Among growth-related
hormones, a significant increase in systemic accumu-
lation of the cytokinin isopentenyladenine (iP) was
recorded in plants treated with 7. hamatum filtrates
growing on the pathogen (888.12 ng/g), compared
to treatment with PDB filtrates (248.37 ng/g). With
respect to stress-related hormones, significant differ-
ences were reported in the accumulation of jasmonic
acid (JA), with higher accumulation in plants treated
with 7. hamatum filtrates growing on the mycelium

@ Springer
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(ANOVA) was performed, followed by Student’s t-test. The
asterisk indicates significant differences between the different
treatments and the PDB control treatment (P <0.05). Informa-
tion on each of the treatments can be found in Table 1. The
scale black bars on leave-pictures represent 1 cm in length

of the pathogen and PDB (990.32 ng/g), compared to
PDB filtrates (827.78 ng/g). Furthermore, although
no significant differences were reported (P=0.057)
the mean ET content in plants treated with the differ-
ent filtrates was distant (694.57 ng/g for PDB filtrates,
and 1931.49 ng/g for filtrates from 7. hamatum grow-
ing on S. sclerotiorum) (Table 2).

Metabolomic plant defense response

GSLs profiling was conducted in broccoli leaves
infected with S. sclerotiorum. No significant differ-
ences were reported between plants treated with the
PDB filtrates, compared to the filtrate of 7. hamatum
growing on S. sclerotiorum mycelium, with respect
to the total and specific aliphatic GSLs glucoiberin
(GIB) and glucotrophanin (GRA), nor the specific
indole GSLs 4-methoxyglucobrassicin and neoglu-
cobrassicin (Fig. 4). However, plants treated with
T. hamatum filtrate growing on the mycelium of the
pathogen accumulated significantly higher levels of
total GSLs (3.85 and 2.57 nm/mg, respectively), total
indole GSLs (2.32 and 1.5 nm/mg, respectively) and



Plant Soil

i
d 0-6. PD
47 an Wlth
BS) (1. treated a-
icin (G plants ere an
ass1 to S W are
obr. red ode: omp
ific oluc mpa ion m ds ¢ ither
cific gl ), €O th io etho ith ei
spe ctively 4). in botl tical m ted w dem-
spe ig. ired tatis trea lots s
re (F uired s ts ep ups,
filtrates ta va_ ariate f plan A SCOT 0 gro 0%
dai 1tiv. S O S-D. e tw 50%
o The ine mu rofile PL n th over A
g using ic p . The ctweel for S-D
22 lyzed etabOIOTSSJrThinaﬁon tc)countlrlll%/ the PII{2>Q2
kX ; m B iscrim a ally, d is
S = ) the PD scr nts er an hi
0 it By 2 , PDB Ord clear di ompone 5). Gegbo'.s ation. In tdi-
g 2 s g i g strate first 2 ¢ e (Fig. when -valid ined, in te
o : 22 p: = on h the lVarlanCd robust te cross re obtai indlcah
= = 2z — Vi wit! ta € ria we ts T
S 3 ﬂ'l xS e to lder rop .93 resu s+
-:z EI £ g % of thl is cons T an appd R*>0 These PDB+Shigher
S % S % o g mode ined afte 0.84 an pOWer. DB and features tially
= :g - - = = btal 2> . . e P h € ten!
S = £ 0 E is obta aQ dictiv s of PL wit s po 90
E < :| B § nalysls9 Od pre. proﬁle VIP llst pound Otal Of. g
E & = g‘) 2 a ing go tabolic re, the he Com n. At 1d, belnf
£ < 5 D E Catt the mf Therefo select t infectl(~)S thfeshotion' 0
E 2 2 3 o 0 tha istinct. d to to thi aral ion in
g & 2 g o s istin use nse ove sep tio
8 i + E 3 are d 2 were the reSp(S)Cores ?lb groupsconcentraing on
2 e g s an in P the g1 her row
= Z 3 =] 3 th ed i dv for hig te g
= |y = 2 ) 5 involv s ha ible dat filtra 0
= Z |« I 5 2 o n und onsi foun um ioned t
i 22 = ‘% %) compoain respres were T. hamat as asslgtnmalSS
A 3 @ S m. tu.he' la w ac ifi-
«n e on & = the 7 fea ith ¢ ium. mu € ex . tifi
:-E > - e gg s these, 3 ated w celium ular fOrd on th nd iden la
E S *o'tl 2 A ‘Fa lants tre rum my molec s base ompou fOrmu-S
HoH s i ible. a i ive c i
= g 8 B g 2 P clerotio ssible, tabolite tative olecular on th
- 2 Y Tz EE g S. s hen po 37 me n. Ten the m Based pound
m 5|2 N 2§ & Wi se teern. d on . omy in
A = PN = s .S f the ic pa ase ttern ien ¢ mai
A =) & 2 £ 2 h o isotopic d b . pa assig The N
S S = R=i acl O & n ) . a
g : : |4 ¢ : g z end the 1SS pefformmentatlOputatlveg*able 3)and derlévo
2 > & { B a a. . . U,
EIRHEE g 3 87 % or e B bolites [P e 0
S EI 4 Nh % g [¢ d MS . Weref 37 metaﬁe d Wel‘eds (lyso PE ]6‘d s’
5] © o = = = an h’ Wi fo) . ti lipi lyso ci
3 2 g =i == ac ut den holip d ly: A
£ o 35 E pro 240 ites i osphot an fatty c-
g N 3 D 7 ap es to etaboli eropph: 2, 18:3, turated Ikyl gly
8 = g e s < o0 nam f m lyc 18:2, sa id) or al rol).
k= % £ S:ﬁ £ group o ch as (% 18:1, G 18:3)’- acid) n-glyce ic-
g g2 § = = su 8:0, M o1C 1)-s hen
2 g = E% g‘ tiVeg’ 17:0, 1rolipids t(adec9yllllexade§};xyethyll))nona
~ — - 5 S 1] 0, ce -0C . T -
: e =103 = " 2), glyxy11E(2°Rhydroxé\1(21yydroxyfth¥oylch°r
N z 2 2 2 : IO! - - m1 he
3 29 <33 P -hyd -O-(2R s -2 a et
S z €4 s 3 g2 (138 hi;erS (1 lamide and N-( ides (Pﬁed’ 108 hyll
3 g TE |z S8 5 iyl et altanid d fatyamides ( hlorophyll
> 3 “ > 5 © ifferent -trienmde) o re also and C-hydroxy
o = le 9 8 g o Z Di 15 ienami ere a in) 7 3).
= >~ - < <r| 2 < o = 127 1ena . e) w 1aC A’ ble
= © 33 3 =S a 0sa-9, 12-tr Icholin ins (n rbide ite) (Ta
: i Ee oo e atabolite
E 2 |7 i ine and dertves (5 phyllc
L 18 o L G dcior
~ g 2| & 5= 8 wi Is 0 d re
2] [3e) ? 3 SO! . an
£ el ERE £ o for
5 £ N g < S 5 Ehlorophy i knOWnlant
= < il = = ]
2k R it i
S A H — o ° ies ic an
H Q 2 ion cC 1c
; & g 5 £¢ & iscussio ma sp system
@ | ool R Dis ichoder both
e Z | 22 o = h Tric tivate
2022 £z &;ﬁi g Ithough toac
B 2 o4 Z S o A ir ability
ge 2 g2 %3‘:’5:5 their a
5% |2 T2 zZ 3
i E AR =
= D . =
HE A 5% 3
22 ‘ & £
g <e g8
= o
S g
=

inger
&\ Spr



Plant Soil

4.5
3.5
2.5

1.5

< ull A A

GSLs content (nmol/mg DW)

FE i

S MEOHGBS

*

NEOGBS AL-GSLs IN-GSLs TOT-GSLs

@OPDB M@PDB+Ss+Th

Fig. 4 Mean of individual GSL content detected in broccoli
leaves: glucoiberin (GIB), glucoraphanin (GRA), glucobras-
sicin (GBS), 4-methoxyglucobrassicin (MEOHGBS), neoglu-
cobrassicin (NEOGBS), and mean of grouped aliphatic (AL-
GSL), indole (IN-GSL) and total (Tot-GSL) glucosinolate
content in broccoli leaves collected from conventional (CONV)
and organic (ORG) fields. PDB: culture medium; Th: Tricho-

defense responses through colonization of the root
apoplast (Khan et al. 2023), other possible indirect
mechanisms by interacting with pathogens could be
involved in its defense-inducing capacity in plants.
The working hypothesis of this study was that T.
hamatum could release oligomers from the cell wall
of the pathogen S. sclerotiorum, which could act as
elicitors of plant defense responses. These oligomers
would likely include fragments of chitin and/or glu-
cans, the main structural components of the S. sclero-
tiorum cell wall (Liu and Free 2016).

After T. hamatum was grown in contact with S.
sclerotiorum mycelium was reported an increase in
chitinase and B-glucanase enzyme activity by Tricho-
derma, along with the release of glucosamine and
B-glucan oligomers into the liquid culture medium.
Both chitinase activity and release of glucosamine
oligomers were also reported when growing 7. hama-
tum on commercial chitin. However, only fungal fil-
trates from 7. hamatum grown on S. sclerotiorum
were able to effectively induce systemic defenses
against foliar infection by the pathogen. These results

@ Springer

derma; Ss: S. sclerotiorum. Data are the mean of 15 leaves
for each condition, with the corresponding standard devia-
tion. One-way analysis of variance (ANOVA) was performed,
followed by Student’s t-test. The asterisk indicates significant
differences between the treatments PDB and PDB+Ss+Th
(P <0.05). Information on each of the treatments can be found
in Table 1

suggest that the B-glucans released from the S. scle-
rotiorum cell wall by T. hamatum B-glucanases could
act as elicitors of plant systemic defenses, unlike glu-
cosamines released by chitinase activity. In this sense,
the B-glucans derived from the fungal cell walls have
been previously described as effective elicitors of sys-
temic defensive defenses (Perrot et al. 2022; Riseh
et al. 2023), as have glucosamines (Chaliha et al.
2018, 2020).

Although it would be expected that filtering the
culture medium of Trichoderma with commercial
chitin would induce systemic defenses in plants,
given that it is rich in chitin oligomers, no signifi-
cant differences were observed compared to control
plants. Further research is needed to elucidate the
molecular and physiological mechanisms under-
lying this lack of systemic defense activation. It
is also noteworthy that treatment with filtrates
obtained from 7. hamatum growing on PDB caused
significantly greater leaf damage by the pathogen.
This effect may be explained by the recognition of
Trichoderma filtrates by the roots, leading to the
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Fig. 5 Score-plot of the
two principal components

Scores Plot

from a PLS-DA analysis of
untargeted metabolomics.
The two treatments used in
the analysis were PDB and
PDB + Ss + Th. Information
on each of the treatments
can be found in Table 1.
PDB: culture medium; Th:
Trichoderma; Ss: S. sclero-
tiorum. Fifteen biological
replicates (leaves) were
analyzed per treatment

Component 2 ( 18.1 %)
5000
1
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PDB+Ss+Th
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activation of localized root defenses at the expense
of systemic responses. It is possible that the
enhancement of root defenses in response to Tricho-
derma exposure redirects the plant’s defensive
resources, thereby impairing the systemic activa-
tion of defenses against foliar pathogens. However,
an in-depth study is required to discern the mecha-
nism involved in the lack of activation of systemic
defenses in the specific case of 7. hamatum filtrates.

The main CWDEs that Trichoderma uses in myco-
parasitism are chitinases. Although p-glucanases have
been suggested to play fundamental roles in specific
fungal interactions, their contribution to mycoparasit-
ism is often considered redundant (Mukherjee et al.
2022). However, in the specific case of Trichoderma
mycoparasitism against S. sclerotiorum, p-glucanases
have been reported to play a key role in this mecha-
nism of action, both on the mycelium (Troian et al.
2014) and sclerotia (Geraldine et al. 2013) of the
pathogen. Therefore, 7. hamatum could release
p-glucan oligomers through its mycoparasitic activ-
ity, which would act as root elicitors of systemic plant
defenses. Nonetheless, this mechanism of action may

I I I I I

-2000 0 2000 4000 6000

Component 1 ( 32.5 %)

not be relevant in interactions with other pathogens
where Trichoderma does not rely on p-glucanase pro-
duction for its antagonistic action.

Both glucans and glucosamines have been widely
described as effective elicitors of plant defenses
(Guarnizo et al. 2020; Poveda and Diez-Méndez
2023). However, glucosamine-rich fungal filtrates
obtained from T. hamatum growth on commercial
chitin did not enhance the systemic plant defense
response against foliar infections caused by S. scle-
rotiorum. In contrast, only fungal filtrates rich in
glucans (44 mg/L) and glucosamines (0.8 g/L),
derived from T. hamatum grown on S. sclerotiorum
mycelium, were able to reduce systemic infection.
These results suggest that only glucans released
from the pathogen’s cell wall by 7. hamatum could
act as effective elicitors.

In the treatments carried out, we used live patho-
gen filtrates (PDB + Ss) as a control to detect the pos-
sible effects that compounds produced by S. sclero-
tiorum may have on the activation of plant defenses.
However, when studying the effect of elicitors pos-
sibly released from the pathogen’s cell wall by

@ Springer
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Table 3 Tentative identification of major metabolites with a llog2 (FC)I>1 in plants treated with PDB + Ss+Th compared with

plants treated with PDB. Metabolites are sorted by ionization mode

Mass

P value VIP score Rt (sec)

Tonization mz

Formula

MSMS

Putative name

592.26886 0.0477 9.3931

495.33139

363.31401

517.31694

519.33287

453.28606

453.28606

608.26372

335.28265

341.32972
608.2633

521.34861

146.03674
196.11008

0.0244

0.0303

0.0390

0.0367

0.0329

0.0330

0.0236

0.0127

0.0530
0.0044

0.0088

0.0010
0.0010

7.2851

6.2917

6.1904

5.0311

4.2181

3.0324

3.5917

3.5458

3.4954
3.4418

3.2206

3.0918
3..356

1798.17

1499.34

1392.6

1420.43

1463.42

1486.5

1412.44

1746.02

1343.78

1443.82
1726.61

1518.93

628.2
925.96

M+H

M+H

M+H

M+H

M+H

M+H

M+Na

M+H

M+H

M+H
M+H

M+H

M+H
M+H

593.2761

496.3399

364.3213

518.3243

520.34

454.293

476.2774

609.2708

336.2899

342.337
609.2706

522.3556

147.044
197.1175

C35H36N405

Cy4HsoNO,P

C23H41 NOZ

CaeHysNO,P

C,¢HsoNO,P

CyH,NOsP

CyH,NOsP

C35H36N 406

C,H3NO,

C2 1H43N02
C34H400 10

C26H521\IO7P

C9H602
Cl 1H1603

533.251,
565.276,
575.261

184.073,
104.106,
86.096,
124.999,
478.326

305.245,
55.054,
67.054,
81.069,
93.069, 95.09

184.073,
104.106,
86.096,
124.999

184.073,
104.107,
86.096,
337.273

313.272,
282.272,
62.06, 57.071,
71.085

335.257,
304.262,
62.061,
95.085, 81.07

591.256,
531.236,
559.23,
550.253

277.214,
67.053,
79.053,
93.069, 99.043

283.261, 57.07

591.256,
531.236,
559.23,
550.253

184.072,
104.106,
86.096, 504.34

91.054, 105.07,
133.1, 67.054,
79.054

Pheophorbide A

LysoPC(16:0)

(9Z,12Z7,15Z)-N-(2-hydrox-
yethyl)henicosa-9,12,15-
trienamide

LysoPC(18:3(9Z,12Z,15Z))

LysoPC(18:2(9Z,12Z))

LysoPE(16:0/0:0)

LysoPE(16:0/0:0)

7-hydroxychlorophyllide a

(6Z,9Z,127)-N-(2-hydrox-
yethyl)nonadeca-6,9,12-
trienamide

Palmitoylcholine

LysoPC(18:1(11Z))
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Table 3 (continued)

Mass

P value VIP score Rt (sec)

Ionization mz

Formula

MSMS

Putative name

352.26114

500.15315

137.04788
523.36404

541.33768
784.47347

812.50483

477.28642

509.34877

563.32198
365.32954

495.33312

722.37192

448.06082

122.04758

517.31719

0.0060 3.0202

0.2132  3.0085

0.0010
0.0078

29171
2.8683

0.0258
0.0706

2.8155
2.7732

0.0223  2.7635

0.0010 2.7614

0.0349 2.7372

0.0010
0.0358

2.4627
2.3671

0.0246  2.3489

0.0119 2.3089

0.0010 2.2762

0.0011 2.2591

0.0390 2.1881

1402.93

1123.8

60.53
1599.96

1499.04
1711.96

1766.82

1453.28

1530.07

1420.39
1421.38

1483.97

1403.03

544.21

90.46

1408.91

M+H

M+H

M+H
M+H

M-H
M+H

M+H

M+H

M+H

M-H
M+H

M+H

M-H

M-H

M+H

M+Na

353.2688

501.1604

138.0552
524.3714

540.3304
785.4807

813.5121

478.2933

510.3556

562.3147
366.3368

496.3401

721.3646

447.0535

123.0549

540.304

C2 1 H3604

C22H280 13

C,H,NO,
CaeHs4NO,P

C,sH5,NOyP
CysHegO1y

C42H72N20 13

Cy3HyNOZP

C,sH5,NO,P

CysHyNoOg
Cy3HyNO,

C25H46N503P

C34H5806

Cl 6H20N20952

CHgN,O

CaeHysNO,P

67.504, 79.503,
81.07, 95.085,
107.085,
121.1

177.054,
85.028,
127.039,
145.028,
195.065

184.072,
104.106,
86.196,
506.358

507.252,
184.072,
519.288,
491.257

519.292,
535.286,
335.257

337.271, 62.06,
95.085,
81.069,
306.277

184.072,
104.106,
86.095

307.261,
55.054,
67.054,
69.061,
81.065, 95.09

184.072,
104.106,
86.096,
124.999

397.136,
277.218,
415.146,
119.035,
89.025

96.961, 74.992,
259.015,
195.036

80.049, 53.039,
78.033, 96.044

481.23,
104.107,
146.982,
335.259

MG(18:3(9Z,12Z,157)/0:0/0:0

LysoPC(18:0)

LysoPE(18:2(9Z,127)/0:0)

LysoPC(17:0)

Linoleoylcholine

LysoPC(16:0)

Glucobrassicin

Niacin

LysoPC(18:3(9Z,127,157))
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Table 3 (continued)

Mass P value VIPscore Rt (sec) Ionization mz

Formula

MSMS Putative name

352.26147 0.0010 2.1799 147225 M+H

626.27421 0.0089 2.1522 1458.12 M+H

624.2623 0.0216 2.1369
294.21961 0.0109 2.1224

1730.94 M+H
1548.74 M+ Na

565.33719 0.0349 2.0844
332.29275 0.0005 2.0615

1463.45 M-H

1689.15 M+Na 355.282

532.28818 0.0010 2.0476 1399.06 M-H

3532689 C,H,0,

627.2815 C35H38N407 567.259,

625.2696
317.2087

C38H4106P -
C18H3003

564.3299

531.2809 C,H,,0,,

67.054, 81.07,
95.085,
107.085,
297.277

MG(18:3(9Z,127,15Z7)/0:0/0:0)
red chlorophyll catabolite(2 —)
545.401

13S-hydroxy-11E-octadec-
9-ynoic acid

62.06, 67.053,
81.069,
93.069,
107.085

C,Hs,NOP - -
C19H400;4

57.07, 69.069,
83.085,
97.101,
111.116

249.186, -

44.998,
161.046

1-O-(2R-hydroxy-hexadecyl)-
sn-glycerol

Trichoderma in this work, we grew 7. hamatum on
autoclaved S. sclerotiorum mycelium (PDB + Ss+Th
treatment). The autoclaving of the pathogen myce-
lium itself could cause the release of elicitors (such
as glucans and glucosamines). For this reason, after
autoclaving the mycelium, it was washed to remove
possible elicitors and/or compounds released by the
S. sclerotiorum mycelium during autoclaving. This
procedure allows us to eliminate from the study the
possible effect produced by these potential elicitors
released by autoclaving. In this regard, future studies
should characterize the possible compounds and mol-
ecules released from the cell walls of S. sclerotiorum
during the autoclaving of its mycelium.

It is important to emphasize that, beyond the quan-
titative analyses of enzyme activity (chitinases and
B-glucanases) and the oligomers detected, other uni-
dentified molecules with potential elicitor activity
may also be present. These could include additional
oligomers as well as fungal secondary metabolites.
The fungal cell wall is mainly composed of glucans
and chitin, however, other fungal oligomers could
be released in our assays and could contribute to the
activation of plant defenses (Ruiz-Herrera and Ortiz-
Castellanos 2019). Future work involving the isola-
tion and characterization of specific oligomers are
needed to determine the specificity of these fungal

@ Springer

compounds in triggering plant defense responses, as
well as to elucidate the molecular mechanisms under-
lying fungal recognition by the plant.

In order to determine the mechanisms involved
in the systemic defenses activated by S. sclerotio-
rum cell wall oligomers, a multi-omics approach was
employed, including hormone profiling, GSL analysis
and non-targeted metabolomics. Hormonomic analy-
sis reported that root recognition of these oligomers
by broccoli plants induced a systemic accumula-
tion of JA, iP and ET hormones. JA and ET mediate
plant defensive responses against necrotrophic patho-
gens (Macioszek et al. 2023), such as S. sclerotiorum
(Poveda et al. 2023). On the other hand, iP has been
described as a hormone involved in the activation of
systemic plant defenses against biotrophic/hemibio-
trophic pathogens (Honig et al. 2023; Liang et al.
2024). Therefore, these findings suggest that pathogen
oligomers released by 7. hamatum would induce the
activation of systemic plant defenses against necro-
trophic and biotrophic/hemibiotrophic pathogens,
although no significant differences were reported with
respect to systemic SA accumulation. Nevertheless,
fungal secondary metabolites released by S. sclerotio-
rum when attacked by Trichoderma could also be act-
ing as elicitors of plant systemic hormones signal, an
aspect that needs further study.
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The reduced S. sclerotiorum infection observed on
broccoli leaves following root treatment with patho-
gen-derived oligomers was associated with increased
accumulation of the GSL GBS. This metabolite has
been widely described as a potent antifungal against
several necrotrophic fungi (Saharan et al. 2021;
Aghajanzadeh et al. 2023; Rodriguez et al., 2023),
including S. sclerotiorum (Teng et al. 2021a, 2021b).

Along with this GSL, non-targeted metabolomics
analysis identified other metabolites differentially
accumulated in leaves that were more resistant to the
pathogen, following root inoculation with the oligom-
ers. Among them, niacin was detected, a compound
previously reported to possess antifungal against necro-
trophic pathogens, such as Botrytis cinerea (Hong et al.
2016) or Sclerospora graminicola (Pushpalatha et al.
2007). However, its antifungal effect against S. sclero-
tiorum has not been previously described, making this
study a potential first report in that context. Further
research using the isolated metabolite is required to
confirm its antimicrobial properties against this patho-
gen. In addition, several fatty acids were identified that
may contribute to the enhanced defensive capacity
observed in plants exposed to S. sclerotiorum. A wide
variety of fatty acids have been described as signal
molecules in the activation of plant defenses against
pathogens (Kachroo et al., 2009; Lim et al. 2017). Spe-
cifically, various fatty acids have been described as
signal molecules involved in the defense of cruciferous
plants, such as Brassica napus, against foliar infection
by S. sclerotiorum (Liu et al. 2022). The remaining
metabolites identified in leaves with reduced pathogen
infection would not be related to effective systemic
resistance against S. sclerotiorum, as they have not
yet been reported as antifungal and/or plant defense-
related compounds. However, future studies involv-
ing individual metabolites are needed to confirm the
absence of antifungal activity.

Therefore, this work proposes a possible novel
mechanism of action that complements the well-
established modes of Trichoderma. This novel mech-
anism would involve the co-action of two already
known mechanisms: mycoparasitism and the induc-
tion of plant defenses. Through the lytic action of the
mycoparasitic CWDEs, Trichoderma would release
oligomers, specifically glucans, from the cell wall of
the pathogenic fungus. These oligomers could then
be recognized by root cells as elicitors, triggering the
induction of systemic plant defenses.

Study limitations

This study represents the first approach to propose a
novel mechanism of action as a BCA developed by
Trichoderma. Despite the different results reported in
the various analyses, both in vitro and in planta, there
are important aspects that must be addressed in future
research to fully understand and validate this possible
new mechanism of action.

Once the ability of glucan oligomer filtrates to
induce systemic plant defenses has been confirmed,
future research should prioritize dose-response stud-
ies. Additionally, these studies should be extended to
other crops to facilitate the development of commer-
cially viable agricultural formulations based on these
potential elicitors.

As discussed above, although fungal culture fil-
trates enriched in glucan oligomers have been shown
to induce systemic plant defenses, these filtrates may
also contain many other different molecular compo-
nents, such as enzymes, metabolites, and/or other oli-
gomers. Future research should aim to directly verify
whether glucan oligomers are the primary elicitors
responsible for this newly proposed mechanism of
action. As a first step, a study should be conducted
in which purified oligomers isolated from the fil-
trates, along with their commercial equivalents, are
applied directly to the roots. These oligomers would
be derived from both glucans and chitin, to enable
a specific comparison of their respective effects on
plant defense responses. Moreover, the role of glu-
can oligomers as elicitors could be validated using 7.
hamatum knock-out mutants deficient in their produc-
tion. However, this approach may be limited by the
essential structural role these polysaccharides play in
fungal cell wall integrity and overall viability.

In addition to the molecular approaches already
employed, the elicitor effect of glucan oligomers
released from the cell walls of the pathogenic fungus
should be validated at the molecular level. This aspect
could be addressed in future work through a direct
study of the activation of PRRs in root cells. In addi-
tion, specific molecular responses in these cells, such
as the ROS burst, should also be examined.

This study examined the interaction between T.
hamatum and the pathogen S. sclerotiorum. Future
research should explore additional interaction com-
binations, including different Trichoderma species
and strains, as well as other phytopathogenic fungi.
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Furthermore, given that Trichoderma also exhib-
its parasitic activity against oomycetes and the eggs
and juveniles of nematodes, these lines of investiga-
tion should be extended to encompass these pathogen
groups as well.

Finally, this work has yielded additional notewor-
thy findings that warrant further investigation. Despite
the large number of studies confirming Trichoderma’s
ability to induce systemic plant defenses, 7. hamatum
filtrates grown solely on PDB and applied to the roots
caused a “negative effect” on foliar defenses against
the pathogen. Future research should focus on the
biochemical characterization of these filtrates in order
to identify the possible compounds involved in these
plant responses. Moreover, it is essential to elucidate
the underlying mechanisms within the plant, specifi-
cally, which signaling pathways are being activated
and inhibited and what happens at the local and sys-
temic levels.

Conclusions

As conclusions, 7. hamatum could release oligom-
ers from the cell wall of S. sclerotiorum, which could
be perceived by plant roots and subsequently trigger
systemic defense responses. Specifically, glucan oli-
gomers could induce systemic defenses against necro-
trophic and/or biotrophic/hemibiotrophic pathogens
mediated by JA/ET and or iP. This defense activation
is associated with the foliar accumulation of antifun-
gal metabolites, such as GBS and niacin and several
fatty acids. Nevertheless, further studies are neces-
sary to rule out the potential elicitor activity of other
fungal wall oligomers and/or secondary metabolites.
This study not only proposes a potential new
mechanism of action for Trichoderma, but also paves
the way for the development of novel biofungicides
based on cell wall oligomers from phytopathogenic
fungi. While further research is necessary to fully
explore this emerging area, the identification of spe-
cific oligomers capable of triggering plant defense
responses could provide the foundation for the for-
mulation of effective commercial products based on
these elicitor molecules. The large-scale production
of such elicitors may be achieved through fungal fer-
mentation techniques, as demonstrated in this study,
by cultivating Trichoderma on the mycelium of path-
ogenic fungi using industrial liquid-phase bioreactors.

@ Springer

These novel biofungicides could be readily applied in
agricultural settings via existing irrigation and/or fer-
tigation systems.
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