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Abstract: The present study investigates the interactions between eight glucosinolate hydrolysis
products (GHPs) sourced from broccoli by-products and the detoxifying enzymes of Botrytis cinerea,
namely eburicol 14-alpha-demethylase (CYP51) and glutathione-S-transferase (GST), through in silico
analysis. Additionally, in vitro assays were conducted to explore the impact of these compounds on
fungal growth. Our findings reveal that GHPs exhibit greater efficacy in inhibiting conidia germina-
tion compared to mycelium growth. Furthermore, the results demonstrate the antifungal activity
of glucosinolate hydrolysis products derived from various parts of the broccoli plant, including
inflorescences, leaves, and stems, against B. cinerea. Importantly, the results suggest that these hy-
drolysis products interact with the detoxifying enzymes of the fungus, potentially contributing to
their antifungal properties. Extracts rich in GHPs, particularly iberin and indole-GHPs, derived
from broccoli by-products emerge as promising candidates for biofungicidal applications, offering
a sustainable and novel approach to plant protection by harnessing bioactive compounds from
agricultural residues.

Keywords: broccoli; glucosinolates hydrolysis products; Botrytis cinerea; antifungal activity;
agricultural applications

1. Introduction

Plant diseases caused by fungi present significant challenges in agriculture, leading to
considerable losses in crop yield and quality [1–3]. Among these pathogens, Botrytis cinerea
is a common fungal phytopathogen that can damage a wide variety of crops due to its
ability to cause the “gray mold” condition, resulting in detrimental crop consequences [4].
The impact of this fungal phytopathogen is significant, causing substantial economic losses
in agricultural systems due to reduced crop yield and compromised quality [2,5]. Given
the destructive nature of B. cinerea, the necessity for effective antifungal strategies in crop
protection is very important to safeguard crop productivity and ensure food security [6].

In response to these challenges, plant-derived natural compounds are widely recog-
nized for their diverse biological activities, including antifungal properties [7,8].

Glucosinolates (GLS) are sulfur and nitrogen-containing secondary metabolites com-
monly found in the Brassicaceae family [9]. Their structure includes a molecule of α-D-
glucopyranose, linked to a hydroxylamine sulfate ester via a sulfur bridge, along with
a variable side chain derived from aliphatic (leucine, isoleucine, methionine, or valine),
aromatic (tyrosine or phenylalanine), or indolic (tryptophan) amino acids [10–12]. Over
200 types of GLS have been identified, and within a single species, more than 15 different
types have been reported [13,14]. These secondary metabolites are part of the plant’s
defense mechanism against biotic and abiotic stress [15].
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GLS, while initially non-bioactive, interacts with the enzyme β-thioglucosidase gluco-
hydrolase (E.C. 3.2.1.147), also known as myrosinase, upon plant tissue disruption. This
enzyme catalyzes the hydrolysis of the β-thioglucoside bond in GLS. When plant tissue is
damaged, this process leads to the formation of glucosinolate hydrolysis products (GHPs),
a range of biologically active compounds [16,17]. These include isothiocyanates, thio-
cyanates, nitriles, oxazolidine-2-thiones, and epithionitriles, which have demonstrated
efficacy against a range of pathogens and phytopathogens, including bacterial strains
like Escherichia coli and Staphylococcus aureus, as well as fungal strains such as Sclerotinia
sclerotiorum and Botrytis cinerea [4,18–20].

Incorporating phytochemical compounds as synergistic agents with biocides has
emerged as an effective method to combat multi-drug resistance in pathogens. Various plant
extracts, essential oils, and pure isolated compounds have shown potential in inhibiting
enzymes that contribute to resistance [21]. Glucosinolates (GLS), found in Brassicaceae,
including broccoli, are noteworthy due to their reactive hydrolysis products formed by
the enzyme myrosinase upon plant tissue disruption. These hydrolysis products include
isothiocyanates, nitriles, and other compounds with notable antifungal properties [22,23].

The investigation of CYP51 and GST is strategically significant due to their crucial roles
in the detoxification mechanisms of B. cinerea. CYP51, also known as 14-alpha-demethylase
(EC 1.14.14.154), is involved in the biosynthesis of ergosterol, a vital component of fungal
cell membranes. Inhibiting this enzyme disrupts ergosterol production, compromising cell
membrane integrity and leading to fungal cell death. This enzyme has been reported as a
cause of resistance to several fungicides, including fenhexamid, pyrisoxazole, and tebu-
conazole [24–26]. Similarly, GST, also known as glutathione-S-transferase (EC 2.5.1.18) is
integral to the detoxification of reactive oxygen species and xenobiotics through conjugation
with glutathione. This enzyme plays a role in the resistance to fungicides such as captan,
chlorothalonil, and dicarboximides (Leroux et al., 2002). Targeting these enzymes with
glucosinolate hydrolysis products (GHPs) can effectively impair the fungus’s detoxification
mechanisms and enhance the antifungal efficacy.

A few studies have demonstrated the significant antifungal activity of ITCs, particu-
larly against Botrytis cinerea on strawberries [6]. Furthermore, a recent review highlights
various antimicrobial agents as alternatives to synthetic fungicides, which include essential
oils known for their effectiveness against numerous fungal pathogens, as well as plant ex-
tracts specifically used for the management of fungal rots in apples. The review also covers
a range of studies on natural compounds such as methyl jasmonate, gibberellins, kinetins,
auxins, and flavonoids, all demonstrating promising antifungal properties, thereby high-
lighting the broad potential of natural substances in agricultural disease management [3].
These studies highlight the remarkable inhibitory effects of plant-derived natural com-
pounds against various fungal species. For this reason, the implementation of effective
antifungal strategies utilizing GHPs can significantly contribute to disease management
and mitigate the detrimental impact of phytopathogens on several susceptible crops.

Cruciferous vegetables, particularly broccoli, are rich in glucosinolates [27–29]. How-
ever, the edible parts of broccoli, corresponding to the inflorescences or florets, account
for only 20–30% of the total biomass of the plant, while the remaining percentage consists
of plant by-products, such as leaves and stems [30]. Broccoli is one of the vegetables that
generates the most agro-industrial waste [31]. These by-products are often underutilized,
despite their potential for antifungal applications [32].

This work aims to investigate the antifungal activity of hydrolysis products derived
from glucosinolates found in broccoli inflorescences, leaves, and stems against B. cinerea.
To achieve this goal, the GHPs were first identified using GC-MS/MS. Subsequently,
molecular-docking simulations were performed to investigate the interactions between
GHPs and the fungus’s detoxifying enzymes (CYP51 and GST). Additionally, antifungal
activity assays were conducted using different concentrations of GHPs to evaluate the
growth of mycelium and conidial germination of B. cinerea. This research significantly
contributes to the development of effective antifungal strategies by demonstrating the
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potential application of GHPs as bioactive compounds. The findings of this study enhance
our understanding of the antifungal properties of these compounds, providing a solid
basis for the development of new and sustainable antifungal agents derived from broccoli
glucosinolates. The results hold promise for future advancements in innovative and
environmentally friendly solutions in the field of antifungal research.

2. Results
2.1. Identification of Glucosinolate Hydrolysis Products in Broccoli Inflorescences, Leaves, and
Stems Using GC-MS

In this study, Gas Chromatography-Mass Spectrometry (GC-MS) analysis of broccoli
revealed a unique distribution of glucosinolate hydrolysis products (GHPs) across its
inflorescences, leaves, and stems. Eight GHPs were identified, including 1-butene, 4-
isothiocyanato-indole, iberin nitrile, 5-methylindole, sulforaphane nitrile, iberin, 1H-indole-
3-acetonitrile, and 1H-indole-3-carboxaldehyde. In the leaves, all these compounds were
detected except for iberin nitrile. A comprehensive overview of each compound, including
their retention time and peak area (% of total), is detailed in Table 1.

Table 1. Identification of glucosinolates hydrolysis products (GHP) detected in broccoli inflorescences,
leaves, and stems by GC-MS with the corresponding retention times (tR) and peak areas (% of total).

Peak GHP Compound
Name

Molecular
Formula

Molecular Weight
(g/mol) tR. (min)

Peak Area (% of Total)

Inflorescences Leaves Steams

1 1-butene, 4-
isothiocyanato- C5H7NS 113 9.29 4.03 1.19 4.92

2 Indole C8H7N 117 13.22 9.23 8.37 5.5
3 Iberin Nitrile C5H9NOS 131 13.98 4.39 n.d. 1 3.56
4 5-methylindole C9H9N 131 14.01 4.29 5.42 4.88

5 Sulforaphane
nitrile C6H11NOS 145 15.04 33.8 9.14 46.88

6 Iberin C5H9NOS2 163 15.74 7.08 54.39 14.85

7 1H-Indole-3-
acetonitrile C10H8N2 156 16.96 22.96 17.04 12.85

8 1H-Indole-3-
carboxaldehyde C9H7NO 145 17.02 14.22 4.45 6.56

1 n.d.: none detected.

These compounds were categorized into aliphatic and indolic groups, with aliphatic
GHPs including 1-butene, 4-isothiocyanate-indole, iberin nitrile, sulforaphane nitrile, and
iberin, and indolic GHPs including indole, 5-methylindole, 1H-indole-3-acetonitrile, and
1H-indole-3-carboxaldehyde.

2.2. Structural Modeling and Refinement of B. cinerea CYP51 and GST Enzymes

To evaluate the interaction of the previously identified eight GHPs in broccoli, studies
were conducted focusing on two B. cinerea enzymes, CYP51 and GST, which are reported
to be key components of the pathogen’s defense mechanism against fungicides and other
potentially toxic compounds.

In the current study, the three-dimensional structures of eburicol 14-alpha-demethylase
(CYP51) and glutathione-S-transferase (GST) enzymes were modeled due to the absence of
reported crystallographic structures to date. The structural three-dimensional models for
each enzyme were built using the Iterative Threading ASSEmbly Refinement (I-TASSER)
based on the reported sequence for CYP51 and GST. The CYP51 model showed a C-score of
1.04 and a TM-score of 0.86, indicative of a topology comprising 27 α-helices, 12 β-sheets,
and 34 turns. The GST model had a C-score of −0.86 and a TM-score of 0.61, featuring
12 α-helices, 4 β-sheets, and 18 turns.
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Additionally, in a comparative analysis of sequence identities, the Uniprot sequences
utilized for CYP51 (Uniprot Code: Q9P428) and GST (Uniprot Code: Q9HF89) showed up
to 68% and 48% identity, respectively, with the sequences employed by I-TASSER.

To confirm the structural stability and dynamic behavior of the CYP51 and GST
enzyme models, molecular dynamics simulations were carried out over 200 nanoseconds
(ns). Figure 1 depicts the molecular dynamics refinement for the backbone atoms of (A)
CYP51 and (B) GST models, focusing on the root mean square deviation (RMSD).
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simulation. RMSD is the root mean square deviation.

For CYP51, the RMSD values remained relatively stable during the simulation, oscil-
lating within a narrow range of 0.2 to 0.3 nanometers (nm). On the other hand, the GST
model exhibited more pronounced RMSD fluctuations, particularly within the initial 100 ns
of simulation. This was followed by a period of relative stability extending up to 180 ns,
with RMSD values ranging from 0.3 to 0.6 nm.

The productive phase, defined as the period during which the enzyme maintains its
optimal conformational state for catalytic activity, has been determined based on the RMSD
data obtained from the MD simulations [33]. For CYP51, the productive phase is observed
around 100 ns, where the RMSD values show minimal fluctuation and stabilize around
0.25 nm. In contrast, GST exhibits its productive phase around 150 ns, with RMSD values
stabilizing at approximately 0.55 nm. These findings align with previous studies that have
reported RMSD stability for complex biological macromolecules, such as enzymes with
cofactors [23,34–36]. The convergence observed in our 200 ns simulations, ranging from
0.3 to 0.6 nm (3–6 Å), is consistent with the reported range for similar systems [23,37]. The
Radius of Gyration (Rg) and Root Mean Square Fluctuation (RMSF) analyses for the GST
enzyme were performed to further validate the structural stability observed in the MD
simulations (Figure S1). The Rg plot indicates the compactness of the enzyme over the
simulation period, while the RMSF plot highlights the flexibility of individual residues.
These analyses are crucial in understanding the dynamic behavior of the enzyme and its
interactions with various substrates.

The refined models of CYP51 and GST displayed slight differences in topology com-
pared to the initial models proposed by I-TASSER. The CYP51 refined model (Figure 2A) dis-
played a topology with 32 α-helices, 10 β-sheets, and 40 turns. The GST model (Figure 2B)
featured 12 α-helices, 3 β-sheets, and 22 turns. The 3D models of CYP51 and GST were fur-
ther evaluated using QMEAN, SAVESv6.0 (ERRAT, VERIFY3D, PROCHECK), ProSA, and
PDBsum. The results for CYP51 are as follows: a QMEANDisCo Global score of 0.77 ± 0.05;
an ERRAT Overall Quality Factor of 94.2797; a VERIFY3D pass rate of 85.45%; PROCHECK
showing 6 errors, 1 warning, and 1 pass; a ProSA Z-Score of −9.27; and a PDBsum Overall
G-Factor of −0.33. For GST, the results are as follows: a QMEANDisCo Global score of
0.66 ± 0.05; an ERRAT Overall Quality Factor of 82.9268; a VERIFY3D pass rate of 91.34%;
PROCHECK showing 7 errors and 2 warnings; a ProSA Z-Score of −4.08; and a PDBsum
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Overall G-Factor of −0.66. Despite these positive evaluations, molecular dynamics (MD)
simulations were performed to relax the bonds and refine the structures of both models.
Detailed figures are provided in the Supplementary Materials (Table S1). CYP51 and GST
models were deposited in the Protein Model Data Base (PMDB) with the access codes
PM0084614 and PM0084615, respectively (https://bioinformatics.cineca.it/PMDB/ ac-
cessed on 6 March 2023). These refined models were used for molecular-docking simulations.
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2.3. Molecular Interactions of GHPs with B. cinerea CYP51 and GST Enzymes

Molecular-docking simulations were conducted to elucidate the interactions of Botrytis
cinerea’s detoxifying enzymes, CYP51 and GST, with the previously identified glucosinolate
hydrolysis products (GHPs). Table 2 shows the results of these docking simulations,
detailing the affinity energy values (in kcal/mol) as determined using the Autodock Vina
program. The table categorizes the data into substrates, inhibitors, and the eight specific
GHPs previously determined, each evaluated for its interaction with the CYP51 and GST
enzymes of Botrytis cinerea.

In this study, glutathione and obtusifoliol were utilized as reference substrates for
identifying the binding sites on GST and CYP51 enzymes, respectively [38,39]. In the case of
CYP51, the heme B group was included as a cofactor before ligand simulations, considering
its essential role in the activity of CYP51 [40]. This approach facilitated the molecular-
docking simulations. Additionally, these substrates served as baselines for comparing the
affinity energies of diverse ligands, encompassing a range of inhibitors and GHPs.

For inhibitory interaction reference, diniconazole, limonene, triadimefon, and vanillin
were simulated. These molecules have been reported as inhibitors for enzymes in or-
ganisms that share similarities with the enzymes studied, such as Penicillium digitatum
for CYP51 [41] and Phanerochaete chrysosporium for GST [40,42]. Additionally, inter-
actions with carbendazim and tebuconazole, components of the commercially available
ANASAC® fungicide used for the control of various fungal diseases, as well as fluconazole,
a broad-spectrum antifungal used in medicine, were simulated.

https://bioinformatics.cineca.it/PMDB/
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Table 2. Affinity energy values (kcal/mol) determined from the Autodock Vina program, for substrates, inhibitors, and eight glucosinolate hydrolysis products
(GHPs) interacting with Botrytis cinerea CYP51 and GST enzymes.

Ligand Type Ligand Name
Affinity Energy (kcal/mol) Interacting Residues

CYP51 GST CYP51 GST

Substrates
Glutathione - −6.7 N16; K19; R56; I57; F73; S75; G120;

Q121
Obtusifoliol −3.5 - E119; E120; D137; P139

Inhibitors

Carbendazim −6.7 −6.6 Y136; H311; S312; S313; C467; P508 N16; K19; I57; Q119; G120; N123;
W178; I181

Diniconazole −4.6 −6.8 Y122; V135; Y136; A308; S312; I374; R379; F460;
G461; A462; H465; R466; C467; P508

T12; N16; K19; I38; I57; G120; N123;
W178

Fluconazole −8.3 −8.2 Y122; Y136; S312; I374; P459; F460; A462; H465;
R466; C467; P508 N16; I38; R56; I57; G120; N123; P128

Limonene −6.1 −5.2 Y122; Y136; S312; R379; A462; H465; P508 I38; N123

Tebuconazole −7.0 −7.2 Y122; L125; Y136; F234; I374; S376; F460; G461;
A462; R466; L507; P508

T14; K19; I38; R56; I57; P58; G120;
N123; H124; W178

Triadimefon −6.4 −6.3 V135; Y136; A308; S312; I374; I377; F460; G461;
A462; R466; C467; P508 T12; T14; I38; NT123; PT128

Vanillin −5.8 −5.3 Y122; S312; R379; A462; P508 T14; I38; Q121; Y128

GHPs

3-Indoleacetonitrile −6.4 −6.4 V135; Y136; A462; H465; R466; C467; P508 T14; N16; N123; Y128; Y184
4-(Methylsulfinyl) butane nitrile −4.3 −4.2 S312 T12; I38; Y128

6-Methyl-1H-indole −5.5 −5.3 Y136; S312; I374; R379; HT65; R466 I38; S39; N123; Y128
Iberin −4.1 −3.8 Y122; F460 I57; NT1T23; HT124
Indole −5.7 −5.2 Y122; Y136; I374; S376; A462; L507; P508 K19; G120; N123; W178

Indole-3-carboxaldehyde −6.2 −5.7 Y136; S312; I374; F460; A462; P508 I38; N123
3-Butenyl isothiocyanate −4.0 −3.7 Y122; R379; L507 I38; G120; N123

5-(Methylsulfinyl) pentanenitrile −4.7 −4.2 Y122; S312; I374; F460 T12; N123; Y128
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In this study, fluconazole, along with carbendazim and tebuconazole, exhibited the most
negative affinity energies. These findings indicate a robust inhibitory potential against the
target enzymes. Fluconazole displayed notably negative affinity energies of −8.3 kcal/mol
for CYP51 and −8.2 kcal/mol for GST, underscoring its strong inhibitory efficacy.

On the other hand, indolic GHPs, notably 3-Indoleacetonitrile, have exhibited sub-
stantial stability in their interactions with both CYP51 and GST enzymes of Botrytis cinerea.
This stability is evidenced by an affinity energy of −6.4 kcal/mol, closely comparable to
the affinity energy of glutathione (−6.7 kcal/mol). Similar stability profiles are observed
with indolic GHPs like indole-3-carboxaldehyde, 6-methyl-1H-indole, and indole.

Analyzing the interacting residues for both CYP51 and GST enzymes with various
ligands, including substrates, inhibitors, and GHPs, highlights key residues integral to
enzyme functionality and ligand binding. In CYP51, the residues Y136, S312, and P508
are frequently involved in interactions across all ligand categories, suggesting their critical
role in substrate recognition, binding, and inhibitor interaction. Additionally, residues
Y122, P460, and A462 are also identified in CYP51 as contributing to the motifs and
putative substrate recognition sites, as described in previous studies [43,44]. Similarly, in
GST, the residues I38 and N123 are repeatedly involved in ligand interactions, indicating
their importance in stabilizing enzyme–ligand complexes. Figure 3 illustrates the three-
dimensional interactions between CYP51 and GST enzymes with indole GHPs, revealing the
conformational details of the binding sites and the interaction with the previous residues.
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Figure 3. Three-dimensional representations of enzyme–ligand interactions for both CYP51 and GST
enzymes. (A) CYP51_3-Indoleacetonitrile, (B) CYP51_Indole-3-Carboxaldehyde, and (C) CYP51_6-
Methyl-1H-Indole. In these, the CYP51 enzyme is shown in blue, ligands in orange, and Heme
B as a cofactor in green. (D) GST_3-Indoleacetonitrile, (E) GST_Indole-3-Carboxaldehyde, and
(F) GST_6-Methyl-1H-Indole, where GST is visualized in blue and ligands in orange. The models
were visualized using VMD software (version 1.9.3).
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2.4. In Vitro Antifungal Activity of GHPs against Botrytis cinerea: Mycelial Growth and Conidial
Germination Inhibition

The in vitro antifungal activity of GHPs was investigated against B. cinerea. This study
focused on evaluating the inhibitory effects of GHPs on two key developmental stages of
the fungus: mycelial growth and conidial germination.

Figure 4 depicts a comparative study of mycelial growth inhibition induced by stan-
dard fungicides and GHPs against the fungal strain Botrytis cinerea. The images represent
Petri dishes observed 72 h after the central inoculation of the pathogen onto potato dex-
trose agar (PDA) medium, with the application of standard fungicides or GHPs at the
periphery of the plates. From left to right, the first row illustrates the effects of Fluconazole,
a commercial fungicide (ANASAC®), Vanillin, and Limonene, while the second and the
third rows show the inhibitory patterns of GHPs (Iberin, 6-Methyl-1H-indole, Indole, 3-
Indoleacetonitrile, 3-Butenyl isothiocyanate, Indole-3-carboxaldehyde, 5-(Methylsulfinyl)
pentanenitrile, and 4-(Methylsulfinyl) butanenitrile). Each compound’s efficacy is visually
evident through the variation in mycelial coverage, with clear zones indicating strong
inhibition. The control plate (top left) displays full mycelial coverage, providing a baseline
for comparison.
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Figure 4. Comparative Analysis of Mycelial Growth Inhibition at 72 Hours. B. cinerea (strain CCCT
21.01) was centrally inoculated on PDA plates, with inhibitors or GHPs placed at the periphery.
Zones of mycelial growth inhibition, shown as clear halos, were measured against a control with no
inhibitors applied.

Notably, Fluconazole, a widely recognized antifungal agent, and commercial fungicide
shows significant mycelial suppression, serving as a comparative standard for the efficacy
of GHPs. Natural compounds, such as Vanillin and Limonene, demonstrated modest
inhibitory halos against mycelial expansion. In contrast, the GHPs uniformly revealed
mycelial growth inhibition compared to the control. Specifically, the GHP Iberin led
to the most pronounced inhibition, while Indole-3-carboxaldehyde displayed the least
inhibitory effect.

Finally, investigating the antifungal potential of GHPs, the conidial germination assay
was performed under controlled conditions. Figure 5 shows optical microscopy analysis of
conidial germination at 72 h post-inoculation, magnified 100 times (100×) to capture the
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details of fungal propagation. The treatments, including standard fungicides and GHPs,
were studied to evaluate their inhibitory effects on the germination process.
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Figure 5. Optical microscopy view of conidial germination on PDA after 72 h of incubation at a
magnification of 100×. The image shows the inhibitory growth percentage of different inhibitors or
GHPs on conidial development.

Optical microscopy analysis reveals that fluconazole, vanillin, and limonene inhibit
conidial germination, whereas commercial fungicide allows hyphae formation and spore
germination. In contrast, the eight tested GHPs suppress germination without hyphae
formation, and some even induce cellular disruption, as evidenced in 6-methyl-1h-indole,
Indole, and 3-Indoleacetonitrile. Notably, 5-(Methylsulfinyl) pentanenitrile, despite not per-
mitting conidial germination, maintains conidial integrity, indicating a potent germination
inhibition without causing degradation.

Additionally, spectrophotometric analysis was performed by measuring the optical
density (OD) at 600 nm to estimate the germination and biomass growth of B. cinerea
spores in liquid culture. Corroboration of the optical microscopy analyses, fluconazole,
indole, 3-butenyl isothiocyanate, and 4-(methylsulfinyl) butanenitrile demonstrated an
initial increase in absorbance for up to 12 h, after which the levels remained constant and
ultimately lower than the control at 72 h. Moreover, decreases in absorbance over time were
observed with commercial fungicides, vanillin, limonene, 5-(methylsulfinyl) pentanenitrile,
iberin, and 6-methyl-1H-indole. These observations suggest cytological alterations, such as
cytoplasmic granulation, retraction, and mycelial contraction, leading to the absorbance
decrease [45].

3. Discussion

The identification of eight distinct GHPs in different tissues of broccoli via GC-MS
analysis expands our understanding of the complex biochemical profiles of cruciferous
vegetables and their potential roles in plant defense mechanisms. The characterization
of these compounds into aliphatic and indolic groups highlights their varied chemical
structures and potential roles in plant physiology and defense mechanisms. Sulforaphane
nitrile was notably identified as the predominant GHP in the inflorescences and stems,
suggesting its major role in the plant’s defense strategy against pathogens, as supported
by its significant representation in peak area percentage. This aligns with previous re-
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search indicating glucoraphanin as the most abundant glucosinolate in broccoli, further
emphasizing the defensive importance of its hydrolysis products [23,31].

It is notable that no strictly aromatic GHPs were found in the analysis, underscoring
the distinct composition of glucosinolate breakdown products in broccoli [46,47]. These
findings highlight the distinct biochemical properties, the diverse biological activities,
and potential applications of these GHPs in agricultural applications [48,49]. Their use
as natural biocontrol agents offers the potential for eco-friendly and economical crop
protection strategies. These eight GHPs could play a crucial role in controlling fungal
infections, particularly against the phytopathogenic Botrytis cinerea [4].

The strategic selection of 14-alpha-demethylase (CYP51, EC 1.14.14.154) and glutathione-
S-transferase (GST, EC 2.5.1.18) in our docking studies highlights their pivotal roles in the
detoxification processes of B. cinerea. CYP51 is involved in the biosynthesis of ergosterol, a
vital component of fungal cell membranes. Inhibiting this enzyme disrupts cell membrane
integrity, leading to fungal cell death [1]. Similarly, GST is integral to the detoxification of
reactive oxygen species and xenobiotics through conjugation with glutathione [2]. Targeting
these enzymes with glucosinolate hydrolysis products (GHPs) leverages their detoxifying
functions to develop effective antifungal strategies. Our molecular-docking studies revealed
significant interactions between GHPs and these enzymes, with indolic GHPs showing
substantial stability, particularly involving residues Y136 in CYP51 and N123 in GST. This
suggests their potential as competitive inhibitors, aligning with observed antifungal activity
against B. cinerea [3,4].

The successful modeling of CYP51 and GST enzymes using the I-TASSER approach
was significant, especially given the lower sequence identities with known structures.
This suggests that the modeling approach employed by I-TASSER was primarily ab ini-
tio threading rather than homology-based modeling, a technique typically reserved for
instances where sequence identities fall below the 70% threshold [50]. The QMEANDisCo
Global score of 0.77 ± 0.05 for CYP51, along with the ERRAT Overall Quality Factor of
94.2797, indicates a high-quality model. Despite these positive evaluations, PROCHECK
analysis revealed six errors. Therefore, to further improve the model, molecular-dynamics
(MD) simulations were performed to relax the bonds and refine the structure. Similarly,
the GST model, with a QMEANDisCo Global score of 0.66 ± 0.05 and ERRAT Overall
Quality Factor of 82.9268, demonstrated moderate quality. Given the seven errors and
two warnings identified by PROCHECK, MD simulations were conducted to enhance the
model by relaxing the bonds and refining the structure.

The stability and variability in the RMSD values observed during the molecular-
dynamics simulations highlight the structural integrity and dynamic nature of these en-
zyme models. The determination of productive phases is crucial for understanding the
structural stability and dynamic behavior of enzymes. Our 200 ns MD simulations demon-
strated convergence in the range of 0.3 to 0.6 nm (3–6 Å), which is within the reported
range for complex biological macromolecules, such as enzymes with cofactors. For CYP51,
the relative stability in RMSD suggests a robust structure, which aligns well with pre-
viously reported structures, suggesting a similarity between the simulated and original
structures [51,52]. In contrast, the fluctuating RMSD of the GST model during the initial
simulation phases suggests a flexible enzyme structure, which might affect its interaction
with various substrates and inhibitors, highlighting its potential vulnerability or adaptabil-
ity in response to environmental stresses [53]. For instance, microsecond simulations of
CYP2D6 variants did not achieve significant RMSD stability, indicating that even extended
simulation times do not always result in complete stability [34]. This lack of stability can be
attributed to the structural flexibility and dynamic nature of its active site. GST enzymes
are known to interact with multiple substrates and undergo significant conformational
changes, leading to RMSD fluctuations [54,55]. These findings are consistent with reports
on the behavior of apo and holo enzyme complexes in MD simulations, where the presence
or absence of substrates or cofactors significantly impacts enzyme stability [56,57]. Our
findings suggest that the productive phases for CYP51 and GST are within the expected
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range for complex enzymatic structures. The deposition of these models into the PMDB
and their subsequent use in molecular-docking studies aim to advance our understanding
of how these enzymes interact with glucosinolate hydrolysis products.

The successful application of I-TASSER to model these structures and the subsequent
validation through molecular dynamics simulations provide a promising methodological
framework for further research. Furthermore, the docking studies reveal the intricate
interactions between GHPs and fungal enzymes, with indolic GHPs showing substantial
stability in their interactions. The analysis of interacting residues, especially the recurring
involvement of Y136 in CYP51 and N123 in GST, with GHPs, underscore their potential
as targets for enzyme modulation [42]. This observation is particularly significant as it
suggests that indolic GHPs could serve as competitive inhibitors, a hypothesis that aligns
with their observed antifungal activity against B. cinerea.

In this study, the antifungal activity of GHPs against B. cinerea was demonstrated
through both in silico and in vitro experiments. Molecular-docking simulations revealed
significant interactions between GHPs and the detoxifying enzymes, suggesting their
potential as competitive inhibitors. The in vitro assays further confirmed the antifungal
efficacy of these compounds, indicating their promise as eco-friendly crop protection agents.

Future research should focus on elucidating the detailed mechanisms of action of
GHPs and assessing their efficacy and safety in field conditions.

4. Materials and Methods
4.1. Plant Materials

Broccoli inflorescences, leaves, and stems were obtained from a local market and
immediately transported to the laboratory. Upon arrival, the samples were treated with
liquid nitrogen to freeze them. Subsequently, the samples were stored at −80 ◦C until
further analysis.

4.2. Preparation, Extraction and Analysis of Glucosinolate Hydrolysis Products (GHPs)

One gram of plant material (leaf, stem, or inflorescence) previously pulverized with
liquid nitrogen was weighed and placed in a 100 mL glass flask. Then, 50 mL of 100 mM
sodium phosphate buffer (pH 7), supplemented with 0.01 mM iron (II) sulfate (FeSO4), was
added. The solution was incubated in a thermostatically controlled bath at 25 ◦C for 1 h
to facilitate the hydrolysis of glucosinolates [58,59]. After the incubation period, 50 mL
of dichloromethane was added to the sample, and vigorous agitation was maintained for
30 min to facilitate the extraction of GHPs from the plant tissue. The sample was then
subjected to phase separation using a separatory funnel, where the organic phase, rich
in GHPs, was collected and filtered through vacuum filtration to remove plant debris.
Subsequently, the extract was concentrated to complete dryness using rotary evaporation,
and then resuspended in 1 mL of HPLC-grade dichloromethane and filtered using a 0.22 µm
PVDF syringe filter to remove any particulate matter or impurities [60].

Finally, GHPs were analyzed using Gas Chromatography-Mass Spectrometry/Mass
Spectrometry (GC-MS/MS) on a Perkin Elmer Clarus 680 system, coupled with a mass
spectrometry detector Clarus SQ 8T (PerkinElmer, Waltham, MA, USA). The analysis was
performed using an Agilent HP-5MS column (30 m × 0.25 mm × 0.25 µm) with specific
analytical conditions (Agilent Technologies, Santa Clara, CA, USA). The temperature
program for the analysis was based on the method described in the literature [23,61].
Initially, the column temperature was set at 35 ◦C for 3 min, followed by an increase to
280 ◦C at a rate of 12 ◦C per minute, then further increased to 310 ◦C at a rate of 30 ◦C per
minute and held for 3 min. The injector and detector temperatures were set at 200 ◦C and
300 ◦C, respectively. Helium was used as the carrier gas at a flow rate of 25 mL per minute.
The GHPs were identified by analyzing their mass spectra and retention times, using the
NIST database for compound identification (Figure S2).
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4.3. In Silico Analysis of GHP Interactions with B. cinerea Enzymes

To investigate the molecular mechanism underlying the antifungal activity of GHPs
against B. cinerea, molecular interaction simulations were performed using AutoDock
Vina. These simulations specifically focused on the interactions between the GHPs and
two detoxifying enzymes of B. cinerea, namely eburicol 14-alpha-demethylase (CYP51 (EC
1.14.14.154)) and glutathione-S-transferase (GST (EC 2.5.1.18)).

4.3.1. Protein Structure Retrieval and Dynamic Modeling of CYP51 and GST

The amino acid sequences of the enzymes were obtained from the UniProtKB database
(https://www.uniprot.org/, last accessed 25 March 2023) [62], with CYP51 identified under
UniProt Code: Q9P428 and GST under UniProt Code: Q9HF89. Five three-dimensional
models of the enzymes of interest were obtained using the I-TASSER server (https://
zhanggroup.org/I-TASSER/, last accessed 8 June 2023) [50]. The models with the highest
C-score and TM-score values, indicating high prediction quality, were selected, and their
topology was described. Various server tools to validate the 3D models of CYP51 and
GST were used, including QMEAN [63], SAVESv6.0 (Errat, Verify3D, Procheck) [64–67],
ProSA [68], and PDBsum [69]. Due to technical issues, ANOLEA and MolProbity were
not utilized. The Clustal Omega tool [70] (https://www.ebi.ac.uk/Tools/msa/clustalo/,
last accessed 8 June 2023) was utilized to perform a multiple sequence alignment of the
enzymes with the templates used by I-TASSER to define the modeling method. GROMACS
2020.3 software [71] (University of Groningen, Groningen, The Netherlands) was employed
to evaluate the stability and dynamic properties of the selected three-dimensional models
through 200 ns molecular dynamics simulations. The root mean square deviation (RMSD)
values were analyzed to identify energetically stable conformations. The time frame
displaying the most stable RMSD values was selected to obtain the refined models along
with their topology.

4.3.2. Molecular Docking of GHPs with B. cinerea CYP51 and GST

Substrates and inhibitors of the target enzymes, CYP51 and GST, were searched in the
BRENDA servers (https://www.brendaenzymes.org/, last accessed 8 April 2023) [72]. To
determine the binding site of each enzyme, glutathione and obtusifoliol were employed
as reference ligands for GST and CYP51, respectively. For inhibitory interaction, dini-
conazole, limonene, triadimefon, vanillin, carbendazim, tebuconazole, and fluconazole,
were simulated [40–42]. The hydrolysis products of glucosinolates (GHPs) considered
for the simulations were as follows: 3-indolacetonitrile; 4-(methylsulfinyl) butanenitrile;
6-methyl-1H-indole; iberin; indole; indole-3-carboxaldehyde; 3-butenyl isothiocyanate; and
5-(methylsulfinyl) pentanenitrile. Molecular docking was performed using the AutoDock
Vina 1.2.2 software via ADT [73] (National Institutes of Health, Bethesda, MD, USA), utiliz-
ing the refined three-dimensional models and ligand structures obtained from the PubChem
database (https://pubchem.ncbi.nlm.nih.gov/, last accessed 8 April 2023) [74]. The specific
grid parameters used were as follows: for CYP51, a grid size of 126 × 126 × 126 with center
coordinates (83.191; 81.255; 85.359), and for GST, a grid size of 58 × 88 × 64 with center
coordinates (50.191; 64.255; 66.359), both with a spacing of 0.36 Å. The exhaustiveness
parameter was set to 8 to ensure thorough sampling of the binding modes. The affinity
energies for the ligand–enzyme interactions were calculated based on the lowest energy
conformations [75]. three-dimensional structures were visualized using PyMOL (version
2.3.0), developed by Schrödinger, LLC, (New York, NY, USA) [76].

4.4. In Vitro Analysis of GHPs against B. cinerea
4.4.1. Preparation of GHPs and Cultivation of Botrytis cinerea

Eight synthesized pure GHPs, previously identified in leaf, stem, or inflorescence, were
prepared at a 50 mM concentration using organic solvents as per manufacturer guidelines
(Molport®, Vilnius, Lithuania, 2020). Additionally, to serve as positive controls in this study,

https://www.uniprot.org/
https://zhanggroup.org/I-TASSER/
https://zhanggroup.org/I-TASSER/
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.brendaenzymes.org/
https://pubchem.ncbi.nlm.nih.gov/
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fluconazole, limonene, and a commercially available fungicide, Fungicida Hongos Anasac
(Anasac, Santiago, Chile, 2018) were also prepared at the same concentration.

The CCCT 21.01 strain of Botrytis cinerea, obtained from the Colección Chilena de
Cultivos Tipo (Universidad de la Frontera, Temuco, Chile, 2020), was used in this study. A
sterile 0.5 cm mycelial disc was aseptically transferred onto Petri dishes containing Potato
Dextrose Agar (PDA) medium, composed of 2.4% potato dextrose and 2.0% agar. The
inoculated plates were sealed and placed in a controlled environment at 25 ◦C for 4 days to
facilitate proper growth. Following incubation, the plates were refrigerated, serving as the
working stock for subsequent assays.

4.4.2. Evaluation of the Antifungal Activity of GHPs

The effects of the GHPs on B. cinerea were assessed using mycelial growth inhibition
and inhibition of conidial germination assays. Inhibition of B. cinerea fungal mycelial
growth was evaluated using Petri dishes containing Potato Dextrose Agar (PDA) medium.
A 0.5 cm mycelial disc of B. cinerea was inoculated at the center of each plate, while 5 µL of
the experimental solution being tested was added to the right and left ends of the plate. The
plates were then incubated at 25 ◦C. Photographic documentation was conducted every
24 h until the mycelium on the control plate occupied the entire surface [77–80]. The images
were processed using Adobe Photoshop 2021 and analyzed using the Image J Fiji software
(version 1.53c, https://imagej.net/Fiji, National Institutes of Health, Bethesda, MD, USA).
The mycelial area was measured in pixels and then converted to cm2. Inhibition of conidial
germination of B. cinerea was assessed using multi-well cell culture plates with PD medium
(2.4% potato dextrose). To initiate the experiments, B. cinerea spores were collected and
quantified using a Neubauer chamber, adjusting the concentration to 2 × 105 (spores/mL).
A total of 150 µL of spore suspension was mixed with 50 µL of the experimental solution
being tested and inoculated onto the plates. As controls, plates containing 150 µL of spores
and 50 µL of medium were incubated, while plates with 150 µL of medium and 50 µL of
the experimental solution were used as blanks. The plates were incubated at 20 ◦C for 72 h,
and the absorbance at 490 nm was measured every 12 h. Changes in optical density were
used to determine the growth of B. cinerea [45,78,80].

5. Conclusions

This study has revealed the antifungal properties of glucosinolate hydrolysis prod-
ucts (GHPs) derived from broccoli by-products, demonstrating a spectrum of antifungal
effectiveness that underscores their potential as biocontrol agents. The efficacy of these
GHPs, particularly indolic compounds, in inhibiting both mycelial growth and conidial
germination of Botrytis cinerea positions them as competitive inhibitors of the fungus’s
detoxifying enzymes, offering a sustainable and eco-friendly alternative to conventional
fungicides through the utilization of agricultural residues. Further research is imperative
to elucidate the mechanisms of action of GHPs and to assess their practical applications in
controlling fungal pathogens. Such studies are crucial for advancing our understanding
and development of novel biofungicides, thereby contributing to the establishment of more
environmentally sustainable and effective strategies for plant disease management.
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