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Abstract: The fungal pathogen Fusarium culmorum causes Fusarium head blight in cereals, resulting in
yield loss and contamination of the grain by type B trichothecene mycotoxins such as deoxynivalenol
(DON), and its acetylated derivatives. Synthesis of trichothecenes is driven by a trichodiene synthase
(TRI5) that converts farnesyl pyrophosphate (FPP) to trichodiene. In this work, 15 naturally occurring
compounds that belong to the structural phenol and hydroxylated biphenyl classes were tested
in vitro and in planta (durum wheat) to determine their inhibitory activity towards TRI5. In vitro
analysis highlighted the fungicidal effect of these compounds when applied at 0.25 mM. Greenhouse
assays showed a strong inhibitory activity of octyl gallate 5, honokiol 13 and the combination propyl
gallate 4 + thymol 7 on trichothecene biosynthesis. Docking analyses were run on the 3D model of
F. culmorum TRI5 containing the inorganic pyrophosphate (PPi) or FPP. Significant ligand affinities
with TRI-PPi and TRI-FPP were observed for the same sites for almost all compounds, with 1 and
2 as privileged sites. Octyl gallate 5 and honokiol 13 interacted almost exclusively with sites 1 and 2,
by concurrently activating strong H-bonds with common sets of amino acids. These results open
new perspectives for the targeted search of naturally occurring compounds that may find practical
application in the eco-friendly control of FHB in wheat.

Keywords: Fusarium culmorum; trichothecene B; phenols and hydroxylated biphenyls; natural com-
pounds; plant health; food safety and security; computational studies

Key Contribution: This work aimed at determining the inhibitory activity—in silico, in vitro and in
planta—of a set of naturally occurring compounds belonging to the structural phenol and hydroxy-
lated biphenyl classes towards the fungal pathogen and trichothecene producer Fusarium culmorum;
one of the main incitants of Fusarium head blight (FHB) on wheat and other small grain cereals.
These results open new perspectives for the targeted search of naturally occurring compounds that
may find practical application in the eco-friendly control of FHB.

1. Introduction

Fusarium foot and root rot (FRR) and Fusarium head blight (FHB) are major diseases
of wheat (Triticum L.) worldwide [1]. Several fungal species, including Fusarium culmorum
(Wm.G. Sm.) Sacc. and Fusarium graminearum Schwabe, are the predominant causes
of FHB and FRR. Both yield and quality losses are caused by FHB, which takes place
during anthesis and develops until harvest, inducing severe contamination of the grain by
mycotoxins [1-5].
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Isolates of F. graminearum and F. culmorum may produce different type-B trichothecenes:
DON (deoxynivalenol) and the acetylated forms 3- and 15-ADON (3- and 15-acetyldeoxyniv
alenol) or NIV (nivalenol), defining the three chemotypes reported so far [6-8].

Trichothecenes are chemically defined as sesquiterpene epoxides, able to cause toxi-
coses in humans or non-human animals that consume contaminated food or feed [9,10].
These compounds may inhibit eukaryotic protein synthesis [11], induce apoptosis [12,13]
and may play a key role as virulence factors [14,15].

TRI5 is the first biosynthetic gene ever identified in the trichothecene pathway of
F. sporotrichioides Scherb. [16]: it encodes a sesquiterpene cyclase that catalyzes the cycliza-
tion of farnesyl diphosphate to yield hydrocarbon trichodiene (a bicyclic sesquiterpene),
at least five sesquiterpene side products, and the inorganic pyrophosphate (PPi). The
enzyme purified from F. sporotrichioides is a dimer of 45 kD subunits. Three Mg?* ions are
needed to activate the PPi leaving group and form a reactive allylic cation (bisabolyl carbo-
cation), that undergoes a sudden isomerization to initiate a complex cyclization cascade
through to a ligand-induced conformational change of the protein closing the entrance the
active site. Binding studies suggest that the formation of the transient carbocation inter-
mediate (farnesyl disphosphate carbocation) is under kinetic rather than thermodynamic
control [17-19]. The X-ray crystal structure of the trichodiene synthase TRI5 complexed
with Mg?* (3 ions)-PPi provides useful information on the molecular recognition of PPj,
hence giving more insights on the identification of external ligands hampering mycotoxin
production [18,20,21].

Several fungicides (e.g., azoles and strobilurins), may control Fusarium spp. in the
field, leading to a reduction in grain contamination, particularly when the disease pressure
is low and the wheat genotype presents moderate resistance [22,23]. Nonetheless, a sharp
increase in mycotoxin contamination may occur if the active ingredient is applied at low
dosage or when the antifungal action towards various Fusarium spp. is variable [24].
Moreover, frequent application of fungicides sharing the same mechanism of action, such
as in the case of sterol biosynthesis inhibitors, may exert a selective pressure on Fusarium
populations, thereby favouring the appearance of resistant variants. Consequently, the
identification of new effective molecules with different antifungal mechanisms, able to
reduce both the pathogenicity and the mycotoxigenic ability of the pathogen, or to enhance
host plant’s natural resistance, now represents an urgent need [25-28].

Phenolic and polyphenolic natural compounds proved effective inhibitors against
trichothecene-producing strains of Fusaria [21,29-41]. Various mechanisms were proposed
to explain the ability of such compounds to interfere with the biosynthesis of trichothecenes,
e.g., transcriptional control of TRI genes [30,42], modification of the fungal membrane
permeability [36,43,44], inhibition of fungal enzymes [29,45], and attenuation of oxidative
stress [46].

Furthermore, phenolic compounds exert an important effect in plant defence by
reinforcement of its external structure against the pathogen attack [47-49]. It is generally
acknowledged that high content of dimers of ferulic acid in wheat contributes to durum
wheat FHB resistance [49].

One of the most studied hypotheses on the role of phenolic compounds against
F. culmorum and F. graminearum involves the inhibition of TRI5 [50]. The external ligand
would mimic the natural substrate of the trichodiene synthase (farnesyl pyrophosphate
FPP), binding to TRI5 and triggering a conformational change of the protein; this would
modify or hinder its efficacy, thereby leading to a significant reduction or to the complete
inhibition of trichothecene biosynthesis.

The crystal structure of TRI5 of F. sporotrichioides [51] was used by us to design a 3D
atomic-level protein model of the F. culmorum TRI5 suitable to perform accurate docking
studies [32]. The computational studies were performed when F. culmorum TRI5 contains
the inorganic PPi, which is a reaction step before the entrance of the substrate FFP.

By this approach, docking data on a range of natural and natural-like phenols and
hydroxylated biphenyls were integrated with in vitro [21,32,39] and field [40] assays with
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E. culmorum and F. graminearum to identify molecular structures, functional groups and
putative amino acids most likely involved in the interaction between the phenolic molecules
and the TRI5 protein. Significant inhibitory activity on trichothecene biosynthesis was
reported over the 0.25-1.5 mM range of concentrations, and some of the tested molecules
displayed remarkable fungicide activity [21,32,38-40].

Still, some differences in trichothecene inhibition or antifungal activity are observed
among in silico evaluations, in vitro and field assessments. Under field conditions, we
observed restoring of the trichodiene production after one week from the point application
of the compound into the spikelet [40].

Aiming to better understand the structure—-activity relationship between trichothecene
inhibitors and TRI5 and to offer a sustainable approach to investigate new friendly in-
hibitors/fungicides, we have selected some phenols and hydroxylated biphenyls belonging
to naturally occurring cinnamic acids, gallic esters, phenylpropanoids, monoterpenoids
and phenylethanones, and evaluated in silico their binding capacity on the TRI5 protein
containing the substrate (FPP) or the inorganic PPi. Further, we evaluated the in vitro
and in planta activity of the compounds as fungicides or as inhibitors of trichothecene
biosynthesis. Potential synergism between two natural compounds with differing mech-
anisms of action was also assayed. These different and complementary approaches are
devoted to find a tight correlation between compounds interacting with key amino acids
of TRI5 protein and their activity in inhibiting DON and 3-ADON in vitro and in planta.
This common set of amino acids may play a key role in guiding the identification of TRI5
inhibitors previously proven by a proper study in silico.

2. Results
2.1. Docking of Phenols and Hydroxylated Biphenyls to TRI5

A set of naturally occurring compounds belonging to cinnamic acids (compounds
1-3 and 15), gallic esters (4 and 5), terpenes (6-9), phenylpropanoids (11-14) and one
phenylethanone (10) were selected (Figure 1). Moreover, compound NPD352 (testosterone
3-(O-carboxymethyl)oxime amide-bonded to phenylalanine methyl ester), a trichodiene
inhibitor identified by chemical array and library screening using a recombinant TRI5
expressed in Escherichia coli [52], was included in the docking analysis.

The binding capacity of compounds 1-15 and NPD352 with the F. culmorum TRI5-PPi
model [32] was investigated and the most populated sites were compared with those
evaluated when the same compounds were docked with TRI5 protein containing the
substrate FPP. Besides the catalytic site, five sites having significant ligand affinity were
identified both on the TRI5-PPi and TRI5-FFP proteins surfaces, with preference for sites
1 and 2 (Figure 2). Glu68, Thr69, Tyr76, Cys301, Asp302, Ala337, Val338, Trp343 were
amino acids assigned to site 1 and Ala303, His308, Phe329, Ala333, Gly336 to site 2 of both
TRI5-PPi and TRI5-FFP.

In Figure 3, the catalytic site of TRI5 is depicted, with the inorganic moiety of substrate
FPP almost overlapping on the PPi pose, activating interactions with common amino
acids. The farnesyl moiety interacts with lipophilic amino acids Thr69, 11e70, Met73, Leu97,
Trp298, Arg304 and Tyr305.

Differently from the TRI-PPi model, no significant binding constant (Ki) with the
catalytic domain was calculated for any of the compounds 1-15 or NPD352 when they
interacted with the TRI-FPP model. The scoring results of the major ligand interactions
with TRI5-PPi and TRI5-FPP, with similar Ki and AG orders of magnitude, are listed in
Tables 1 and 2, with preference for sites 1 and 2.
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Figure 1. Chemical structures of compounds 1-15 and NPD352, a TRI5 inhibitor known in literature [52].
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Figure 2. Interaction sites between the TRI5-FPP protein of the Fusarium culmorum model and the tested compounds.
Representation in ribbons (a) and in surface model (b).

@y

R69

25
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Figure 3. Pyrophosphate PPi (in purple) and farnesyl pyrophosphate FPP (in orange and grey) positions in the catalytic
site of the TRI5 model. The most significant interactions between amino acids and the organic moiety of FPP (in grey)
are evidenced.
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Table 1. Docking for TRI5 containing the inorganic pyrophosphate (PPi).

PPi
Tested Ligands % Sites  E.FE.B.? E.IC. Ki? Interaction with Amino Acids
Asp100 Glul64 Pro178 Leul81 Arg182 Asn185
75 cd. € —-13.23 199.19 pM Asp239 Ile241 Ser242 Leu243 Asn246 PPi700
Mg702 Mg703
p-Coumaric acid 1 B Ile70 Met73 Tyr93 Leu97 Asp100 Phel57 Argl82
! cd. 773 217uM Asn185 Leul87 PPi700 Mg703
4 3 -5.59 79.22uM Metl Glu2 Asn3 Phe4 Thr6 Phe234 Asp235 Lys313
11 3 —5.56 84.50 uM Phe4 Thr6 Tyr231 Phe234 Asp235 Arg306 Lys313
B Asp100 Glul64 Leul81 Argl82 Asn185 Asp239
39 cd. 12.06 145nM Ile241 Ser242 Leu243 Asn246 PPi700 Mg702 Mg703
- Met55 Leu56 Lys57 Arg62 Val98 Ser102 Ser103
Caffeic acid 2 16 4 —5.81 55.08 uM Pro126 Trp127
Met1 Glu2 Asn3 Phe4 Thr6 Thr231 Phe234
11 3 —5.45 101.75 uM Asp235 Lys313
Asp100 Glul64 Leul81 Argl82 Asn185 Asp226
2 cd. -9.62 89.12 nM Glu233 Arg238 Asp239 Ser242 Leu243 Asn246
PPi700 Mg703
B Ile70 Met73 Tyr93 Thr96 Asp100 Phel57 Argl82
6 cd. 7.78 199 uM Asn185 Leu187 PPi700 Mg703
Ferulic acid 3 [32] 3 3 ssg 80,65 UM Met1 Glu2 Asn3 Phed Tyr231 Lys232 Phe234
' ’ Asp235 Arg306
B Met55 Leu56 Lys57 Arg62 Val98 Ser102 Ser103
8 4 5.51 92.16 uM Pro126 Trpl27
14 3 —5.48 96.45 uM Phe4 Thr6 Tyr231 Phe234 Asp235 Arg306 Lys313
19 5 -5.19 157.79 uM GIn53 GIn54 Leu56 Lys57 Val58 Pro60 Leu63
B Ala65 GIn68 Thr69 Tyr76 Trp298 Cys301 Asp302
40 ! 586 S0.71 uM Ala303 Gly336 Val338 Pro340 Trp343
Propyl gallate 4 [32]
13 2 _508 133.84 uM Leu300 Cys301 Asp302 Ala303 Arg306 Leu307
’ ’ His308 Phe329 Ala333 Ala337
: B Gly72 Tyr76 Leu300 Cys301 Asp302 Ala303 Arg306
12 2 642 19.85uM Leu307 His308 Phe329 Gly336 Ala337 Val338
B Ala65 Ser66 GIn68 Thr69 Tyr76 Cys301 Asp302
? ! 630 23.91uM Ala303 Arg304 Gly336 Val338 Trp343
Octyl gallate 5 GIn68 Thr69 Gly72 Cys301 Asp302 Ala303 Leu307
} B n r y72 Cys sp a eu
16 12 6.28 2494uM His308 Phe329 Gly336 Ala337 Val338 Trp343
) B Leu36 Gly72 Tyr76 Leu300 Cys301 Asp302 Ala303
> 12 >83 53.08 uM Arg306 Leu307 His308 Gly336 Val338 Trp343
B Leu36 GIn68 Thr69 Gly72 Tyr76 Cys301 Asp302
48 ! >3 127.65uM Gly336 Ala337 Val338 Trp343
Leu300 Cys301 Asp302 Ala303 Arg306 Leu307
21 2 2 15210uM His308 Phe329 Ala333
Carvacrol 6 Met73 Tyr93 Thr96 Leu97 Asp100 Phel57 Leul87
B e yr r96 Leu97 Asp e eu
11 cd. 527 136.69 uM Val191 Met221
16 4 _518 160.32 uM Metb5 Lys57 Arg62 Val98 Leu99 Ser102 Asp104

Pro126 Trp127
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Table 1. Cont.

PPi
Tested Ligands % Sites  E.FE.B.? E.IC. Ki? Interaction with Amino Acids
Glul64 Prol78 Leul81 Argl82 Asn185 Asp226
> c.d. 68 7428 uM Glu233 Ile241 Ser242 Leu243 Asn246 PPi700
Met55 Leu56 Lys57 Val58 Val98 Leu99 Asp104
20 4 =230 92.72 uM His125 Pro126 Trp127
Thymol? Tyr76 Trp298 Cys301 Asp302 Gly336 Val338
B yr76 Trp ys sp y. a
58 1 5.34 121.84 uM Pro340 Trp343
Ile70 Met73 Tyr93 Thr96 Leu97 Asp100 Phel57
10 cd. -7 161.91uM Leu187 Val191 PPi700
B Leu36 GIn68 Thr69 Gly72 Tyr76 Cys301 Asp302
36 ! 532 126.02uM Gly336 Ala337 Val338 Trp343
21 cd _531 128.71 uM Ile70 Met73 Trp\7/81"1fgi9§/[ Tt};r2916%e1;99§ Phel57 Leul87
R-Linalool 8 a N T
B Leu36 Ala65 GIn68 Thr69 Gly72 Tyr76 Asp302
12 1 524 145.29 uM Ala303 Trp343
10 4 —5.07 193.14 uM Met55 Leu56 Lys57 Val98 His125 Pro126 Trp127
Met55 Leu56 Lys57 Arg62 Val98 His125
11 4 —5.26 140.56 uM Pro126 Trp127
36 1 500 148,58 uM GIn68 Thr69 Tyr76 Cys301 Asp302 Gly336 Val338
Pro340 Trp343
S-Linalool 8 Ile70 Met73 Trp78 Tyr93 Thr96 Leu97 Val191
B e e rp78 Tyr r96 Leu97 Va
27 c.d. 5.18 160.63 uM Met221 Tyr295
B Ala65 GIn68 Thr69 Gly72 Tyr76 Cys301 Asp302
17 1 5.14 171.53 uM Ala303 Trp343
Pro178 Leul81 Arg182 Asn185 Glu233 Arg238
2 c.d. —6.60 14.53 uM Asp239 Ile241 Ser242 Leu243 Asn246 PPi700
Mg702 MGg703
B Leu300 Cys301 Asp302 Ala303 Tyr305 Arg306
Geraniol 9 12 2 542 106.54 uM Leu307 His308 Glu309 Phe329
B GIn68 Thr69 Gly72 Tyr76 Cys301 Asp302 Gly336
47 ! 530 131.30 uM Ala337 Val338 Pro340 Trp343
Ile70 Met73 Tyr93 Thr96 Leu97 Phel57 Argl82
16 cd. —>04 200.93 uM Leul87 Met221 Asn225 Tyr295 Trp298 Tyr305 PPi700
B Asp100 Glul64 Arg182 Asn185 Asp226 Glu233
4 cd. 686 9-29 uM Arg238 Asp239 Ser242 Leu243 PPi700 Mg703
. B GIn68 Tyr76 Cys301 Asp302 Gly336 Ala337
Apocynin 10 [32] 60 1 5.35 119.64 uM Val338 Trp343
B GIn68 Tyr69 Gly72 Tyr76 Trp298 Cys301 Asp302
1 ! 525 134.28 uM Gly336 Ala337 Val338
Asp100 Glul64 Leul81 Argl82 Asn185 Asp226
3 cd. —5.65 72.36 uM Glu233 Arg238 Asp239 Ile241 Ser242 Leu243
Asn246 PPi700
B His299 Leu300 Cys301 Asp302 Ala303 Arg306
Eugenol 11 [32] o 2 >12 177.48 uM Leu307 His308 Glu309 Phe329
B His299 Leu300 Cys301 Asp302 Ala303 Arg306
19 2 507 193.10uM Leu307 His308 Phe329 Ala333 Ala337
» 1 _408 22479 uM GIn68 Thr69 Tyr76 Trp298 Cys301 Asp302 Gly336

Ala337 Val338 Trp343
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Table 1. Cont.

PPi
Tested Ligands % Sites  E.FE.B.? E.IC. Ki? Interaction with Amino Acids
B GIn68 Thr69 Gly72 Tyr76 Leu300 Cys301 Asp302
2 ! 691 8.56 uM Phe329 Gly336 Ala337 Val338 Pro340
) B Leu36 Gly72 Tyr76 Trp298 Leu300 Cys301 Asp302
Magnolol 12 [32] 1 12 649 1743uM - A12303 Phe329 Ala333 Ala337 Val338 Pro340 Trp343
Metb5 Leu56 Lys57 Val58 Arg62 Val98 Ser102 Ser103
14 4 -591 46.77 uM Pro126 Trpl27
B GIn68 Thr69 Gly72 Trp298 Leu300 Cys301 Asp302
2 12 725 481 uM Phe329 Ala333 Ala337 Val338 Trp343
B Leu300 Cys301 Asp302 Ala303 Tyr305 Arg306
6 2 715 572 uM Leu307 His308 Tyr311 Phe329 Glu330 Ala333 Ala337
Honoldol 13 Ala65 GIn68 Thr69 Gly72 Tyr76:Trp298 Cys301
_ . al n T y yr/6:1rp. ys
24 12 7.04 6:91uM Asp302 Ala303 Gly336 Ala337 Val338 Pro340
B GIn68 Thr69 Gly72 Tyr76 Trp298 Cys301 Asp302
16 12 692 8.44uM His308 Ala337 Val338
B GIn68 Gly72 Tyr76 Trp298 Cys301 Asp302 Ala303
1 12 669 1241uM His308 Ala337 Val338
Thr69 Gly72 Tyr76 Trp298 Leu300 Cys301 Asp302
28 1-2 —6.67 12.98 uM Ala303 Phe329 Ala333 Ala337 Val338 Ala339
. Pro340 Trp343
Eugenol dimer 14 [32]
Leu36 GIn68 Thr69 Tyr76 Leu300 Cys301
10 1-2 —6.27 25.41 uM Asp3Ala303 Phe329 Ala333 Gly336 Ala337
Val338 Trp343
Lys57 Val58 Arg62 Val98 Leu99 Ser102 Ser103
14 4 —54l 108.76 uM Asp104 Pro126 Trp127
} B Leu36 Ala65 GIn68 Thr69 Gly72 Tyr76 Cys301
4 12 648 17.71uM Asp302 Ala303 Arg304 Ala337 Pro340 Trp343
Ferulic acid dimer 15 al - C "
: B n68 Thr69 Tyr76 Trp298 Cys301 Asp302 Ala303
26 21 5% 85.48 uM Gly336 Ala337 Val338 Ala339 Pro340
) B Tyr76 Cys301 Asp302 Ala303 His308 Tyr311 Phe329
6 12 9-52 104.59 nM Glu330 Ala333 Ala337 Val338 Pro340 Trp343
NPD352 -
» 12 _8.05 1.25 uM Gly72 Tyr76 Cys301 Asp302 Ala303 His308 Phe329

Ala333 Ala337 Val338 Ala339 Trp343

2 E.EE.B.: Estimated Free Energy of Binding, b E1.C., Ki: Estimated Inhibition Constant, Ki., € c.d.: catalytic domain.

Table 2. Docking for TRI5 containing the farnesyl pyrophosphate (FPP).

FPP
Tested Ligands % Sitess EEE.B.?  EILC,Ki" Interaction with Amino Acids
27 3 —5.50 92.97 uM Glu2 Phe4 Thr6 Phe234 Asp235 Lys313
p-Coumaric acid 1 45 3 —5.47 98.12 uM Phe4 Thr6 Phe234 Asp235 Arg306 Lys313
22 5 —5.21 139.08 uM GIn54 Leu56 Lys57 Val58 Pro60 Leu63
20 4 -5.62 75.82 uM Met55 Leu56 Lys57 Arg62 Val98 Ser103 Pro126 Trp127
Caffeic acid 2 15 5 —5.48 96.25 uM GIn54 Leu56 Lys57 Val58 Pro60 Leu63
25 3 _535 119.73 uM Metl Glu2 Asn3 Phe4 Thr6 Tyr231 Phe234

Asp235 Lys313
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Table 2. Cont.

FPP
Tested Ligands % Sites  E.FE.B.? ELC,KiP Interaction with Amino Acids
16 3 ~5.72 64.31 uM Met1 Glu2 Phe4 Thr6 Tyr231 Phe234 Asp235 Lys313
B Met55 Leu56 Lys57 Arg62 Val98 Ser102 Ser103
9 4 5.38 113.66 uM Pro126 Trp127
23 5 ~5.14 170.90 uM GIn53 GIn54 Leu56 Lys57 Val58 Pro60 Leu63
Ferulic acid 3 Met1 Glu2 Asn3 Phe4 Tyr231 Lys232 Phe234
8 3 ~5.13 173.60 uM Asp235 Arg306
19 3 —4.78 313.10 uM Phe4 Thr6 Tyr231 Phe234 Asp235 Arg306 Lys313
B Leu300 Cys301 Asp302 Ala303 Tyr305 Arg306 Leu307
? 2 451 49113 uM His308 Phe329 Ala333 Ala337
B GIn68 Thr69 Gly72 Tyr76 Cys301 Asp302 Gly336
2 ! 572 64.62uM Val338 Pro340 Trp343
B Ala65 GIn68 Thr69 Tyr76 Cys301 Asp302 Ala303
39 ! 555 8547uM Gly336 Val338 Trp343
Propyl gallate 4 Cys301 Asp302 Ala303 Arg306 Leu307 His308 Phe329
_ ys Sp a rg eu 1S, (S
16 2 5.29 131.61 uM ALa333 Ala337
B Gly72 Tyr76 Cys301 Asp302 Ala333 Gly336
7 12 5.04 201.42 uM Ala337 Val338
12 4 —4.36 632.98 uM Lys57 Val58 Asp59 Arg62 Ser103
i B Tyr76 Leu300 Cys301 Asp302 Ala303 Tyr305 Arg306
12 1 6:53 1647uM Leu307 His308 Phe329 Ala333 Gly336 Ala337 Val338
} B Gly72 Tyr76 Leu300 Cys301 Asp302 Arg306 Leu307
15 12 625 26.31 uM His308 Phe329 Gly336 Ala337 Val338
Octyl gallate 5 Ala65 Ser66 GIn68 Thr69 Tyr76 Cys301 Asp302 Ala303
_ a6b Ser n r69 Tyr ys sp a
10 ! 624 26.46 uM Arg304 Gly336 Val338 Trp343
B Tyr76 Leu300 Cys301 Asp302 Ala303 Tyr305 Arg306
? 21 565 72.30uM Leu307 His308 Phe329
Leu36 GIn68 Thr69 Gly72 Tyr76 Asp302 Gly336
62 ! -5t 12777 uM Ala337 Val338 Trp343
Carvacrol 6 Cys301 Asp302 Ala303 Arg306 Leu307 His308
24 2 ~5.29 132.22 uM Phesn9 Al333
9 4 —5.18 158.87 uM Metb5 Lys57 Arg62 Val98 Leu99 Asp104 Prol126 Trp127
Met55 Leu56 Lys57 Val58 Val98 Leu99 Asp104 His125
18 4 —5.51 91.27 uM Pro126 Trp127
B Tyr76 Trp298 Cys301 Asp302 Gly336 Val338
Thymol 7 72 1 5.34 120.99 uM Pro340 Trp343
Leu36 Gly72 Tyr76 Cys301 Asp302 Ala303 Gly336
6 1 —5.14 171.69 uM Val338 Trp3d3
B Leu36 Ala65 GIn68 Thr69 Gly72 Tyr76 Asp302
11 1 5.22 148.63 uM Ala303 Trp3d3
GIn68 Thr69 Tyr76 Gly336 Ala337 Val338
R-Linalool 8 60 ! —>13 17251 uM Pro340 Trp343
9 4 ~5.06 196.45 uM Met55 Leu56 Lys57 Val98 His125 Pro126 Trp127
9 1 49 248,45 uM Leu36 Gly72 Tyr76 Cys301 Asp302 Gly336 Ala337

Val338 Trp343
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Table 2. Cont.

FPP
Tested Ligands % Sites  E.EE.B.? EIC. Ki? Interaction with Amino Acids
8 4 -5.30 131.37 uM Metb5 Leu56 Lys57 Arg62 Val98 His125 Pro126 Trp127
B GIn68 Thr69 Tyr76 Cys301 Asp302 Gly336 Ala337
S-Linalool 8 % ! > 142.97 uM Val338 Pro340 Trp343
B Leu36 Ala65 GIn68 Thr69 Gly72 Tyr76 Cys301 Asp302
25 1 522 148.04 uM Ala303 Trp343
B Leu300 Cys301 Asp302 Ala303 Tyr305 Arg306 Leu307
1 . 240 1042uM His308 Glu309 Phe329
B GIn68 Thr6e9 Gly72 Tyr76 Cys301 Asp302 Gly336
% ! 531 128.06 uM Ala337 Val338 Pro340 Trp343
Geraniol 9 GIn68 Gly72 Tyr76 Cys301 Asp302 Ala303
B n y72 Tyr76 Cys sp a
7 1 499 218.54 uM Cly336 Trp343
Met55 Leu56 Lys57 Arg62 Val98 Ser103 His125
12 4 —4.98 225.19 uM Pro126 Trp127
67 1 -5.39 111.78 uM GIn68 Tyr76 Asp302 Gly336 Ala337 Val338 Trp343
. B GIn68 Thr69 Gly72 Tyr76 Cys301 Asp302 Gly336
Apocynin 10 12 1 5.32 125.59 uM Ala337 Val33s
11 4 -5.15 168.53 uM Met55 Leu56 Lys57 Arg62 Val98 Ser103 Asp104 Trpl27
B His299 Leu300 Cys301 Asp302 Ala303 Tyr305 Arg306
27 2 520 153.84 uM Leu307 His308 Phe329 Ala333
His299 Leu300 Cys301 Asp302 Ala303 Arg306 Leu307
= 2 -6 16571 uM His308 Glu309 Phe329
Fugenol 11 GIn68 Thr69 Tyr76 Trp298 Cys301 Asp302 Gly336
B n 69 Tyr76 Trp ys sp y
32 ! 502 208.24 uM Ala337 Val338 Trp343
B Met55 Leu56 Lys57 Arg62 Val98 Ser102 Asp104 His125
12 4 481 296.34 uM Pro126 Trp127
B GIn68 Thr69 Tyr76 Leu300 Cys301 Asp302 Ala303
38 12 693 8.36 uM Phe329 Ala333 Gly336 Ala337 Val338 Pro340 Trp343
) B GIn68 Thr6e9 Gly72 Tyr76 Cys301 Asp302 Ala303
14 12 679 10.59uM Gly336 Ala337 Val338 Trp343
Magnolol 12 Gly72 Tyr76 Trp298 Leu300 Cys301 Asp302 His308
} B y72 Tyr76 Trp eu ys sp is
10 12 646 1840uM Phe329 Gly336 Ala337 Val338 Pro340
_ Met55 Leub6 Lys57 Arg62 Val98 Ser102 Ser103 His125
17 4 5.87 50.12 uM Pro126 Trp127
B GIn68 Thr69 Gly72 Trp298 Leu300 Cys301 Asp302
23 12 725 489uM Phe329 Ala337 Val338 Pro340 Trp343
B Leu300 Cys301 Asp302 Ala303 Tyr305 Arg306 Leu307
13 2 714 587uM His308 Tyr311 Phe329 Glu330 Ala333 Ala337
Honokdol 13 Leu36 Ala65 GIn68 Thr69 Gly72 Tyr76 Cys301 Asp302
B eu a n r y72 Tyr76 Cys sp
23 ! 701 731uM Ala303 Gly336 Ala337 Val338 Trp343
B GIn68 Thr69 Gly72 Tyr76 Trp298 Cys301 Asp302
15 12 693 8.36 uM His308 Phe329 Ala337 Val338
B GIn68 Gly72 Tyr76 Trp298 Cys301 Asp302 Ala303
3 12 699 758 uM His308 Ala337 Val338 Trp343
, } B Thr69 Gly72 Tyr76 Trp298 Leu300 Cys301 Asp302 Ala303
Eugenol dimer 14 19 12 685 9:55uM Phe329 Ala333 Ala337 Val338 Ala339 Pro340 Trp343
1 4 _537 116.28 uM Met55 Leu56 Lys57 Val58 Arg62 Val98 Ser102 Ser103

Pro126 Trp127
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Table 2. Cont.

FPP
Tested Ligands % Sites  E.FE.B.? E.IC. Ki? Interaction with Amino Acids
B Leu36 Ala65 GIn68 Thr69 Gly72 Tyr76 Cys301 Asp302
8 12 >-90 47.65 uM Ala303 Arg306 His308 Ala337 Val338 Trp343
GIn68 Thr69 Tyr76 Trp298 Leu300 Cys301 Asp302
Ferulic acid dimer 15 25 1-2 —5.37 115.39 uM Ala303 Phe329 Ala333 Gly336 Ala337 Val338
Ala339 Pro340
10 4-5 —4.98 221.88 uM GIn53 GIn54 Leub6 Lys57 Val58 Asp59 Arg62 Leu63
NPD352 36 12 _8.85 30793 nM GIn68 Gly72 Tyr76 Leu300 Cys301 Asp302 Ala303

His308 Phe329 Ala333 Ala337 Val338 Trp343

2 E.EE.B.: Estimated Free Energy of Binding, b E 1.C., Ki: Estimated Inhibition Constant, Ki.

The ligand molecules form two main groups: (i) those characterised by a carboxyl
group, likely deprotonated at physiological pH, and presenting charge -1 (compounds 1-3)
or —2 (dimer 15); (ii) those presenting charge 0 (compounds 4-14 and NPD352).

The catalytic domain of TRI-PPi was preferred by cinnamic acid monomers 1 and 2,
whereas site 3 was the most populated when these compounds were docked onto TRI-
FFP (Tables 1 and 2). Ferulic acid 3 preferred sites 3 and 5 in both TRI5 configurations.
On the contrary, in both TRI-PPi and TRI-FPP, ferulic acid dimer 15 simultaneously acti-
vated interactions with amino acids Glu68, Thr69, Tyr76, Cys301, Asp302, Ala337, Val338,
Trp343 (site 1) and Ala303, His308, Phe329, Ala333, Gly336 (site 2) with Ki constants within
the uM range (Tables 1 and 2).

Strong H-bonds were calculated for compound 15 to Arg62, Gly68, Tyr76, Cys301,
Gly336 and Val338 located in sites 1 and 2 (Tables S1 and S2). The same behaviour was
observed with the inhibitor NPD352, that interacted almost exclusively with amino acids
in sites 1 and 2 with Ki reaching a nM value (Tables 1 and 2). Excluding Gly336 and Val338,
the inhibitor NPD352 activated almost the same H-bonds as ferulic acid dimer 15 did
(Tables S1 and S2). Analogously to ferulic acid dimer 15 and ligand NPD352, dimers
12-14 preferred the set of amino acids of site 1 and 2 with which these compounds in-
teract concurrently activating strong H-bonds with Gly336 and Val338, whereas a dis-
tinction should be made with the other set of amino acids belonging to sites 1 and
2 (Tables S1 and S2). Strong H-bonds to Trp298, Asp302, Arg306 and Leu307 were cal-
culated only for honokiol 13 that, differently from magnolol 12, eugenol dimer 14 and
ferulic acid dimer 15, did not activate any H-bonds with Arg62 and Tyr76, albeit binding to
TyrR76 (Tables S1 and S2).

Eugenol 11 bound mainly to sites 1 and 2 but, discordantly from dimer 14, monomer
11 interacted separately with each of the ligand-binding pockets. Apocynin 10, struc-
turally similar to eugenol 9 and differing for a methyl ketone group in the para posi-
tion to the guaiacyl ring, activated strong interactions with site 1 (best docking pose) in
both TRI5 configurations with similar docking score in terms of Ki and pose percentage
(Tables 1 and 2). Conversely to eugenol 11, apocynin 10 formed H-bonds with GIn68 and
Tyr76 (Tables 1 and 2).

Although gallic esters 4 and 5 interacted with almost the same set of amino acids of
sites 1 and 2 in both TRI5 configurations (Tables 1 and 2), only octyl gallate 5 bound these
two ligand-binding pockets simultaneously, activating more H-bonds than propyl gallate
4 did, especially with Tyr76, Asp302, Ala303, Leu307, Gly336 and Val338 (Tables S1 and S2).

Octyl gallate 5 activated more hydrophobic interactions with amino acids residues
of sites 1 and 2 than propyl gallate 4, magnolol 12 and thymol 7 (Figure S1, Table S3).
Trp298, Asp302, Valo338, Gly336, Tyr76 and GIn68 presented high-affinity towards the four
compounds. Differently from propyl gallate 4 and magnolol 12, the main hydrophobic
interactions of thymol 7 with amino acids residues concerned site 1 (Figure S1, Table S3).
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Compounds 6-9 are cyclic (i.e., carvacrol 6 and thymol 7) and acyclic (i.e., linalool
8 and geraniol 9) monoterpenoids. Linalool 8 presents a chiral centre; therefore, docking
studies were performed with both enantiomers and no significant differences were ob-
served for R and S enantiomers in terms of ligand-binding pockets. Only in the TRI-PPi
configuration did both linalool enantiomers 8 interact with the catalytic domain with dock-
ing scores ranging from 21 to 27% and Ki in a uM order (Table 1). Linalool 8 and geraniol
9 interacted with almost the same set of amino acids identified for the other compounds
listed in Figure 1, except for His308 and Phe329. Differently from geraniol 9, linalool 8 did
not activate any binding with Ala333. Compounds 6-9 interacted mainly with amino acids
in site 1, albeit with a significant docking score (Ki and pose percentage) calculated for sites
2 (carvacrol 6 and geraniol 9) and 4 (thymol 7 and linalool 8) (Tables 1 and 2). No signifi-
cant interactions with Glu68 located in site 1 were estimated for carvacrol 6 and thymol 7,
whereas both compounds activated an H-bond with Val338 in site 1. On the contrary, no
amino acid-binding was detected in thymol 7 for Gly68, His308, Phe329, Glu330, Ala333,
representative of the best ligand-amino acid interactions (Tables 1 and 2).

2.2. Antifungal Activity and Trichothecene Inhibitory Effect of Tested Phenols against F. culmorum
Strain UK99

2.2.1. In Vitro Assay

Octyl gallate 5, apocynin 10, magnolol 12, honokiol 13 and the two equimolar combi-
nation of thymol 7 with magnolol 12 and honokiol 13 at 0.25 mM completely inhibited both
fungal growth and trichothecene production by F. culmorum UK99 (Table 3). Conversely,
p-coumaric acid 1 and eugenol dimer 14 induced a strong production of both DON and
3-ADON (272-619% and 375-765% relative to the untreated control, respectively), with no
significant effect on fungal growth. The equimolar mixture of propyl gallate 4 + thymol
7 induced a complete inhibition of trichothecene production with a fungal growth reduc-
tion of approximately 40% (Table 3). When applied alone, thymol 7 completely inhibited
DON biosynthesis, as well as eugenol 11, and both reduced the vegetative growth by
20-50%.

Table 3. Effect of tested compounds 1-15 in vitro, alone and in combination, on fungal growth and trichothecene (DON,
3-ADON) production by Fusarium culmorum FcUK99.

2DryF 1 Bi ® DON
ungal Biomass :
Treatment (:{}i’el al 1%1 ¢) + SE) (Yield (ng/mL) £ SE)
DON 3-ADON
Control 50.36 + 1.00 19.96 £+ 2.30 80.26 +9.80
p-Coumaric acid 1 50.14 £+ 0.64 53.52 +9.94 * 285.11 £ 32.79 *
Caffeic acid 2 48.56 £+ 1.98 21.58 £1.32 66.85 £ 8.09
Ferulic acid 3 4420 £ 2.08 0.73 +£0.31 1.35£0.56*
Propyl gallate 4 20.60 + 1.07 * N.D. 86.20 £ 4.89
Octyl gallate 5 0* N.D. N.D.
Carvacrol 6 52.08 £2.13 0.34 £0.22 211 +0.86*
Thymol 7 25.80 +4.50 * N.D. N.D.
Linalool 8 45.52 £ 0.82 33.95 +1.77 81.68 £ 5.68
Geraniol 9 44.82 £ 0.95 18.45 £+ 2.86 56.26 + 9.89
Apocynin 10 0* N.D. N.D.
Eugenol 11 4098 £1.91* N.D. 2.58 £ 1.68 *
Magnolol 12 0* N.D. N.D.
Honokiol 13 0* N.D. N.D.
Eugenol dimer 14 4412 £1.44 119.87 £ 12.51* 583.15 £ 51.33 *
Ferulic acid dimer 15 49.74 £1.06 14.33 +£1.22 39.94 £ 3.14
Propyl gallate 4 + thymol 7 28.20 +0.96 * N.D. N.D.
Magnolol 12 + thymol 7 0* N.D. N.D.
Honokiol 13 + thymol 7 0* N.D. N.D.

2 Dry fungal biomass (mg) and ® DON, 3-ADON vyields (ng/mL) are expressed as mean values (+standard error). Treatments labelled with
an asterisk (*) are significantly different from the control level mean (Dunnett test). N.D.: not detected.
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In the in vitro assay, detection of the pH medium was performed daily over two
weeks following the addition of the compound (Table S4). After three days, a significant
increase of pH in comparison to the starting liquid culture medium (Vogel’s, pH 5.8) was
observed for all compounds except for propyl gallate 4, thymol 7 and the mixture propyl
gallate 4 + thymol 7, whose medium pH decreased. In Table S4, pH and pKa of compounds
1-15 are depicted.

2.2.2. Greenhouse Assay

Propyl gallate 4 applied at 4 mM allowed the highest disease index (37.76) compared
to the control (63.86), followed by the equimolar solution of magnolol 12 + thymol 7 at the
final concentration of 4 mM and the combination of propyl gallate 4 + thymol 7, displaying
disease indexes of 36.6 and 32.2, respectively. Thymol 7 applied alone showed a similar
effect of the equimolar solution of propyl gallate 4 + thymol 7. Magnolol 12 and honokiol
13 applied alone proved to have better efficiency, reducing the disease index by about 60%
compared to the control, while octyl gallate 5 had the highest efficiency with a disease
index value of 13% (Table 4).

Table 4. Effect of selected compounds, alone or in combination, on disease index, grain yield and trichothecene (DON,

3-ADON) production by Fusarium culmorum FcUK99 in durum wheat (cv. Saragolla).

Y ¢DON
Treatment Disease b Grain Yield (g) (Relative Yield + SE)
Index
DON 3-ADON
Control 63.86 +9.50 2 12.54 + 1.462 4528.47 + 612.452 79.67 + 13.352
Propyl gallate 4 37.76 &+ 10.49 b 1441 +£ 1552 1308.49 + 207.75 ¢d 16.72 £ 1.97 bc
Octyl gallate 5 1334 +451b 17.56 + 0.942 53.985 + 37.46 d N.D.
Thymol 7 30.0 & 10.46 @b 15.40 + 1.09 2 3079.80 =+ 546.96 2P 51.65 + 19.63 &P
Magnolol 12 19.98 + 8.68 @b 15.64 4+ 0.44 2 1914.40 + 181.32 b 15.94 + 5.46 b
Honokiol 13 21.10 & 6.72 ab 17.32 £ 0.672 207.34 +51.724 401+131°¢
Propyl gallate 4 + thymol 7 32.20 4 9.85 &b 15.74 + 1.422 19.14 +9.74 4 410+ 198¢
Magnolol 12 + thymol 7 36.64 + 13.89 ab 15.74 £+ 0.97 2 3680.76 + 536.69 2 60.16 + 10.93 b
Tebuconazole 1.10 £ 1.10 17.08 £ 0.48 10.06 + 1.33 N.D.

a Disease index (0-100), ® Grain yield (g) and ¢ DON and 3-ADON (ng/g) production are expressed as mean values (+standard error).
Treatments sharing the same letter are not statistically different (Tukey test). Tebuconazole has not been included in the statistical analysis
to better observe the difference between the treatments. N.D.: not detected.

Wheat spikes production was statistically similar for all tested compounds, including
tebuconazole, for which a lower seed production compared to that observed in spikes
treated with honokiol 13 at 4 mM was recorded (Table 4).

Thymol 7 reduced trichothecene contamination by approximately 30% compared
to the untreated control (Table 4). The equimolar solution of magnolol 12 + thymol 7 at
the final concentration of 4 mM and thymol applied alone at 4 mM reduced the DON
production by 20%. When applied alone, magnolol 12 reduced DON by about 60%.
Propyl gallate 4 amended alone showed a reduction of about 70%, while the equimolar
combination of propyl gallate 4 + thymol 7 at a final concentration of 4 mM was the most
effective treatment, leading to complete inhibition of DON biosynthesis. Octyl gallate
5 applied at 4 mM had an effect similar to that achieved by tebuconazole, and reduced
DON content by 99%, followed by honokiol 13 (95%; Table 4).

3. Discussion

Following three complementary approaches, including in silico, in vitro and in planta
assays, some naturally occurring phenols and hydroxylated biphenyls were evaluated
against F. culmorum in order to identify common features among potential inhibitors of
trichothecene biosynthesis and/or inhibitors of the fungal growth. Compounds 1-15 were
selected according to the chemical structure of those tested in previous studies targeting
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F. culmorum [21,32], F. graminearum [40] and other Fusarium spp. sharing agricultural and
clinical relevance [40].

Compounds 1-15 belong to cinnamic acids (1-3 and 15), gallic esters (4 and 5),
monoterpenoids (6-9), phenylpropanoids (11-14) and phenylethanones (10). Except for
8 and 9, all compounds share a common phenol ring with a functional group in the para
position (i.e., compounds 1-5 and 10-15) or in the ortho position (i.e., compounds 6 and
7) to the hydroxyl group. In compounds 2-5 and 10-15, more hydroxylated groups are
present in the phenyl ring representing a catechol or guaiacyl or gallic unit, increasing the
antioxidant activity and, generally, the lipophilicity. The feature of the substituent in the
para position to the phenolic -OH group influences the lipophilicity of the compound and
contributes to its ability to cross the fungal cell membrane by passive diffusion.

The antimicrobial activity of compounds 5, 12, 13 and, to a lesser extent, of apocynin
10, has been established [39]. Similarly, the ability of octyl gallate 5 as a potent antimicrobial
agent was demonstrated in several studies [53-55]. In Aspergillus spp., besides destabilizing
cell wall integrity in the target fungi, the redox-active characteristic of octyl gallate 5 may
further weaken the fungal antioxidant system [55]. Magnolol 12 and honokiol 13 display
antifungal, as well as antioxidant activity, against several pathogenic fungi [39,56].

In silico, for almost all compounds, we confirmed the same binding affinity with
TRI-PPi and TRI-FPP for the same sites, evidencing that 1 and 2 are privileged sites as
identified previously by us in TRI-PPi [32]. A tight correlation was found for compounds
interacting mainly with amino acids in sites 1 and 2 and their activity in inhibiting DON
and 3-ADON in vitro and in planta.

In the in vitro assay, octyl gallate 5, apocynin 10, magnolol 12 and honokiol 13 totally
inhibited fungal growth at 0.25 mM; nevertheless, in silico, the compounds activated
interaction with a common set of amino acids of sites 1 and 2, suggesting a mycotoxin
inhibitory effect. It should be considered that the binding affinity in silico is not correlated
with the concentration of the ligand, therefore a compound that inhibits fungal growth at a
given concentration could be a good ligand for TRI5. In this study we selected the lowest
concentration previously adopted in the in vitro assay [32] because we wanted to identify
compounds able to reduce, at the minimal concentration, both the pathogenicity and the
mycotoxigenic ability of the pathogen without affecting the fungal growth.

Due to the chemical structure of octyl gallate 5, magnolol 12 and honokiol 13, these
compounds interact with amino acids of sites 1 and 2, whereas apocynin 10, structurally
less flexible and dimensionally smaller, occupies site 1 almost exclusively in both TRI5
configurations. Magnolol 12 and honokiol 13 are structural isomers with a different ability
to activate interactions and H-bonds with amino acids in virtue of the differing position
of a phenolic -OH group, responsible for specific antioxidant activities and, in general, a
different bioactivity [57]. The two phenol -OH groups present in magnolol 12 determine
different acidity by forming an intramolecular H-bond interaction, making magnolol
12 less water soluble and less antioxidant than honokiol 13 [58]. As a consequence of its
accentuated structural flexibility, honokiol 13 interacts almost exclusively with sites 1 and 2,
whereas magnolol 12 binds also with amino acids present in sites 4 and 5. These differences
between the two structural isomers were evidenced in the in planta assay, where honokiol
13 reduced the production of DON significantly more than magnolol 12.

Based on in vitro experiments, a set of the tested compounds (i.e., ferulic acid 3, octyl
gallate 5, carvacrol 6, thymol 7, apocynin 10, eugenol 11, magnolol 12 and honokiol 13)
inhibited trichothecene biosynthesis. These compounds activate a strong interaction with
the same amino acids: Tyr76, Cys301, Asp302, Gly336, Ala337, Val338 and Trp343. NPD352,
a TRI5 inhibitor identified by chemical array and library screening using a trichodiene
synthase expressed in Escherichia coli as a target protein [52], interacted with the same
set of amino acids as compounds 3, 5-7 and 10-13; this analogy offers a further proof
of the reliability of our in silico TRI5 model. It is therefore reasonable to affirm that this
common set of amino acids may play a key role in guiding the identification of potential
non-fungicidal TRI5 inhibitors.
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Compounds (1, 2, 4, 8, 9, 14 and 15) that proved unable to inhibit or control tri-
chothecene production in vitro at the tested 0.25 mM concentration deserve distinct re-
marks; p-coumaric acid 1 and caffeic acid 2 interact with ligand-binding pockets that are
different from the privileged sites 1 and 2. Despite having a significant binding score,
linalool 8 and geraniol 9 interact with only some of the amino acids present in sites 1 and
2. The behaviour of eugenol dimer 14 is somehow contradictory; while it interacts in
silico mainly with sites 1 and 2, activating almost the same H-bonds as other strong in-
hibitors (e.g., octyl gallate 5, magnolol 12 and honokiol 13), this compound induced a
six-fold increase in the in vitro production of trichothecenes. Considering the inconsistent
behaviour of eugenol dimer 14 already observed in previous reports [21,32], further experi-
ments should be targeted at evaluating the potential effects of partial solubilisation of this
compound in the medium on its bioactivity.

The permeation of the phenolic compounds into the fungal membrane depends on
their lipophilicity and on the pKa, i.e., the pH where the molecule is 50% deprotonated
(dissociated form). Under in vitro assay conditions, except for p-coumaric acid 1, caffeic
acid 2 and ferulic acid 3, all compounds exist in their undissociated form (Table S4) that,
being more lipophilic than the deprotonated form, is able to cross the cell membrane
by passive diffusion interfering with cellular processes [59]. The release of extracellular
constituents by disruption of the fungal membrane decreases the culture medium pH, as
evidenced after three days from amendment of compounds 4, 7, 11 and the mixture 4 + 7,
which affect fungal growth, as well as mycotoxin production. Even though the dry fungal
biomass in the presence of eugenol 11 was significantly different from the control, it is
likely that this compound, a weak fungicide at 0.25 mM, did not induce a drastic change in
membrane permeation as compounds 4 and 7 did, maintaining a neutral pH of the liquid
culture. A decrease in the pH was not observed in the presence of compounds with strong
fungicidal activity that completely inhibit the fungal growth at 0.25 mM (i.e., compounds
5,10, 12, 13, and mixtures 12 + 7 and 13 + 7). It should be emphasized that compounds
5,10, 12 and 13 are also good TRI5 inhibitors as predicted in silico and experimentally
evidenced in vitro at 0.25 mM and, for octyl gallate 5 and honokiol 13, also in planta at the
concentration of 4 mM.

Propyl gallate 4, a food antioxidant, displayed a weak fungicidal effect against
F. culmorum in vitro, despite its reported inhibitory activity against several fungi [60]. Dif-
ferently from octyl gallate 5, propyl gallate 4 interacted in silico by activating H-bonds
with the same set of amino acids identified in sites 1 and 2, albeit separately. The aliphatic
chain of compound 4 is shorter compared to 5, influencing its lipophilicity (i.e., LogP
1.51 versus 3.60, respectively), the capacity to interact with less amino acids and, ultimately,
its antifungal activity [61]. Aiming to increase the inhibitory effect of propyl gallate 4, this
compound was combined in an equimolar mixture with thymol 7 at the final concentration
of 0.25 mM. The antimicrobial activity of thymol is probably directed to outer and inner-
membrane disruption, but also to internal sensitive comparts of the fungal cell, causing
alteration in the cell membrane [62-64]. Furthermore, the down-regulatory effect of thymol
on TRI4 gene on F. oxysporum has been reported [64].

Due to the multiple action of thymol 7, a combination of this compound with com-
mercial fungicides was already tested, presuming that the mixture could affect different
sensitive fungal targets [65,66]. We confirmed such a hypothesis by observing the com-
plete inhibition of in vitro trichothecene biosynthesis by combining thymol 7 with propyl
gallate 4, as well as with magnolol 12 and honokiol 13, two compounds that share a dif-
ferent mode of action involving oxidative stress-mediated apoptosis and mitochondrial
dysfunction [67-70].

Propyl gallate 4, octyl gallate 5, thymol 7, magnolol 12, honokiol 13 and the equimolar
mixtures magnolol 12 + thymol 7 and propyl gallate 4 + thymol 7 were selected for
further in planta experiments. In previous field trials, the production of trichodiene—
the precursor of trichothecene—was restored after one week from the point of application
of the potential inhibitors on wheat spikes [40]. Based on this experimental evidence, we
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treated wheat spikes, artificially inoculated with F. culmorum spores, with the potential
inhibitor every week for three times consecutively. Aiming to increase the inhibitory effect
of the compounds without affecting the crop, we chose a higher concentration (4 mM) in
comparison to that selected previously [40]. Complete inhibition of trichothecene in wheat
grain and low severity in comparison to the control was observed upon treatment with
octyl gallate 5, honokiol 13 and propyl gallate 4 + thymol 7.

In order to improve water solubility of the phenolic molecules and their bioavailability
in planta, an aqueous mixture of 3-cyclodextrin (3-CD) and phytic acid, at a non-phytotoxic
concentration, was used as formulating agent. Due to a truncated conical shape with a
hydrophobic cavity and an external hydrophilic surface, 3-CD can interact with lipophilic
molecules, facilitating their delivery in aqueous solutions. Due to these properties and its
relative non-toxicity, 3-CDs have been largely used in medicine, food and materials. The
mixture of 3-CD and phytic acid did not affect fungal growth in vitro (data not shown).

The different behaviour of magnolol 12 in vitro and in planta assays is worthy of some
consideration. In vitro, the fungus is exposed to an unfavourable environment because
it grows in close contact with the potential inhibitor, both diluted in the same medium;
on the contrary, in planta, the effect of the compound is weaker, due to the need to reach
the fungus within the plant tissue. Lipophilicity, antioxidant activity of the compound,
and composition of the carrier solution are key elements to magnify the effect of the
potential inhibitor in planta and previously identified by in silico evaluation. In our in
planta experiments, octyl gallate 5 and the mixture propyl gallate 4 + thymol 7 satisfies
all these requirements. The compounds are generally recognized as safe (GRAS list) and
commercially available at low price, therefore they represent promising agents to be applied
as DON inhibitors in wheat.

4. Conclusions

To summarize, in this work, 15 naturally occurring compounds were evaluated in silico
with TRI5-PPi and TRI5-FPP models in order to identify the amino acid clusters responsible
for inhibiting trichothecene production by F. culmorum. Nine of them determined complete
inhibition of the fungal target in vitro at 0.25 mM, and a correlation was evidenced with data
carried out in silico identifying a set of amino acids, namely Tyr76, Cys301, Asp302, Gly336,
Ala337, Val338 and Trp343, which play a key role in the production of trichothecene. The
compounds interacted with these amino acids residues with a binding constant that ranges
from approximately 5 to 200 uM. Equimolar mixtures of thymol 7, a known antimicrobial
agent with multiple modes of action, and some of the tested compounds were assayed
in vitro and in planta. Octyl gallate 5, honokiol 13 and the equimolar mixture propyl gallate
4 + thymol 7 proved effective in planta by inhibiting trichothecenes up to 95-99% and in
increasing wheat seed production up to 25-40% without any significant phytotoxic effect.
Propyl gallate 4, octyl gallate 5 and thymol 7 are widely used as food additives and are
commercially available at a reasonable price; our results offer new insights into the search
for naturally occurring compounds that may find practical application in the eco-friendly
control of FHB in wheat.

5. Materials and Methods
5.1. Fungal Strain and Culture Conditions

The wild-type strain FcUK99 of F. culmorum (Rothamsted Research, Harpenden, UK,
NRRL54111) was used in in vitro and in glasshouse experiments. This strain produces
mainly 3-ADON and lower amounts of deoxynivalenol [71]. The strain was maintained as
described previously [21].

5.2. Selected Phenolic Compounds

Compounds 1-15 (Figure 1) were used with purity >98% and tested at the concen-
tration of 0.25 mM in vitro and at 4 mM in greenhouse experiments. In in vitro assay,
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linalool 8 was used in racemic form, whereas both enantiomers R and S were evaluated in
docking studies.

Compounds 1-11 were purchased by Sigma-Aldrich (Milan, Italy), whereas magnolol
12 and honokiol 13 were purchased by Chemos GmbH, Merck (Regenstauf, Germany).
Eugenol dimer 14 and ferulic acid dimer 15 were prepared with light modifications, accord-
ing to [72,73] respectively. 3-CD (CAVAMAX®7 PHARMA; Wacker Chemie Italia, Peschiera
Borromeo, Italy) was amended in the medium to improve solubility of phenolic molecules.

5.3. Amendment with Compounds 1-15 and Sample Preparation for DON Analysis

The experiments were carried out as described by [21], with some modification as
follows: Petri plates (S.I.A.L, Rome, Italy) (90 &) containing 10 mL of Vogel’s medium [74]
were amended with each of the compounds at a final concentration of 0.25 mM. Previously,
the compound was dissolved in a 6 mM aqueous solution of 3-CD and 5 mL of the solution
added to Vogel’s medium, reaching 10 mL of final solution. The procedure was performed
in a way to exclude any stable inclusion of the compound into the BCD cavity. Each
sample vial was sonicated at room temperature (RT) for 60 min and 60 Hz (Branson model
3510 OPTO-LAB, Modena, Italy). Sonicated media were inoculated with a FcUK99 spore
suspension to achieve a final concentration of 1 x 10* CFU/mL. Each compound was tested
in five replicates, and cultures were incubated in the dark at 25 °C, without shaking. The
evolution of pH in Vogel’s medium amended with the different compounds was recorded
at0,1,3,4,5,6,8,10 and 14 days (d) (Table S4).

5.4. Greenhouse Assay

A greenhouse assay was conducted on some compounds applied alone (propyl gallate
4, octyl gallate 5, thymol 7, magnolol 12, honokiol 13) or in combination (propyl gallate
4 + thymol 7, magnolol 12 + thymol 7) at the Centre of Conservation and Valorisation of
Plant Biodiversity (Alghero, Italy), University of Sassari. The Triticum durum cv. “Saragolla”,
susceptible to F. culmorum, was used. Six wheat spikes were sprayed with selected com-
pounds at 4 mM. 3-CD and phytic acid (Sigma-Aldrich, Darmstadt, Germany) were added
as formulating agents to the compounds at 1.5 ng/mL and 8 pug/mL, respectively, to im-
prove water solubility of the phenolic molecules. A treatment with tebuconazole (4 mM a.i.)
was considered in order to compare the efficiency of the natural compounds.

A total of 2 mL was dispensed on each spike. Treated spikes were spray-inoculated
with 250 pL of 10 # CFU/mL of FcUK99 inoculum 24 h later, and subsequently covered by
plastic bags for 48 h in order to create adequate moisture for infection. Four replicates were
performed for each compound and the treatment has been repeated three times, with an
interval of one week. In this experiment, disease index (McKinney index), grain production
(g) and total DON (including DON and the acetylated form 3-ADON) production were
evaluated. Trichothecenes were quantified by LC-MS analysis.

5.5. Analytical Method, Instruments and Equipment for The Detection of Type B Trichothecenes
5.5.1. Sample Preparation

Wheat seeds (5.0 g) were finely ground and transferred into a 50 mL centrifuge tube
with 10 mL of water; 10 mL of 10% (v/v) HOAc in ACN was added and vortexed for 1 min
at high speed. Phenomenex extraction kit KSO-8909 (Agilent Technologies, Santa Clara,
CA, USA) (4.0 g MgSOy, 1.0 g NaCl, 1.0 g sodium citrate tribasic dehydrate SCTD and 0.5 g
sodium citrate dibasic sesquihydrate SCDS) was added and hand-shaken for 1 min. The
resulting mixture was centrifuged at 4000 rpm for 5 min, and the supernatant transferred
into a 15 mL centrifuge tube containing KSO-8924 purification kit (900 mg MgSQOy, 150 mg
PSA). The mixture was then shaken over a vortex mixer (3000 rpm for 30 s) and centrifuged
at 4000 rpm for 5 min. An aliquot (2 mL) of the supernatant was evaporated to dryness
under a nitrogen gas stream and reconstituted in 1 mL of LC-MS mobile phase (A: 5 mM
ammonium acetate with 0.5% acetic acid, B: 5 mM ammonium acetate in methanol with
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0.5% acetic acid). The extracts were filtered through 0.22 um PTFE syringe filters prior to
LC-MS analysis.

5.5.2. Q-Orbitrap-HRMS Analyses

Chromatographic separation of mycotoxins was performed on Agilent 1200 LC (Agi-
lent Technologies, Santa Clara, CA, USA). The mobile phase consisted of: Eluent A: 5 mM
ammonium acetate, 0.5% acetic acid; and B: 5 mM ammonium acetate in methanol, 0.5%
acetic acid. The gradient elution was performed at the flow rate of 0.4 mL min~! and a
run time of 11 min. Time program = 0 min, 95% A /B; 2 min, 95% A/B; 5 min, 70% A/B;
10 min, 70% A/B. Injection volume: 5 puL. The column was then washed for 3 min with 50%
B, reconditioned for 3 min by using the initial composition of mobile phases. The column
compartment was maintained at 37 °C.

The HPLC system was coupled to a Q Exactive™ Hybrid Quadrupole-Orbitrap High
Resolution Mass Spectrometer HRMS (Thermo Fisher Scientific, San Jose, CA, USA). HRMS
was equipped with a heated electrospray ionization source (HESI-II) and operated in the
full scan (m/z 100-600) with a resolving power of 140,000 FWHM. The HESI parame-
ters conditions were: spray voltage, 3.3 kV; sheath gas flow rate (N2) 35 units; capillary
temperature 300 °C; S-lens RF level 50; heater temperature 350 °C. The automatic gain
control (AGC) was set at 1 x 107, and the maximum inject time was 0.1 s. Nitrogen
(nitrogen generator Zefiro; Clantecno-logica, Seville, Spain) was used as both collision and
damping gas.

External calibration was achieved by Pierce™ negative/positive ion calibration solu-
tion (Thermo Fisher Scientific, Rockford, IL, USA) every three days to keep a working mass
accuracy lower than/equal to 5 ppm. XCalibur 2.2 and Trace Finder 3.0 (Thermo Fisher Sci-
entific, San Jose, CA, USA) were used for LC-MS control and data processing, respectively.

The limit of detection (LOD) was determined by injecting scalar dilution of analyte
standards in triplicate and analysing the standard deviation of the response and slope.
Lower limit of detection was calculated as: LOD = 3.3 ¢/S, where ¢ = standard deviation
of the response, calculated as the standard deviation of the y-intercepts of the regression
line, and S = slope of the calibration curve. The LOQ is the lowest assessed concentration
which can reproducibly give an analyte response that is both accurate (100 & 20% recovery)
and precise (<20% Relative Standard Deviation RSD). The LOD and LOQ values for
tricothecenes were reported respectively as shown in Table 5.

Table 5. LOD and LOQ analyte’s values.

Analyte LOD (ng mL—1) LOQ (ng mL-1)
DON 0.05 0.7
3-ADON 0.05 1.5
15-ADON 0.05 1.5

5.6. Statistical Analysis

The results obtained from separate experiments were represented as the mean and
standard error (SE) of at least four replicated measurements. The significant differences
between treatments were statistically evaluated by SE and one-way analysis of variance
(ANOVA) using Minitab (Minitab Ltd., Brandon Court, UK) for Windows, release 17. The
data between two different treatments were compared statistically by ANOVA, followed
by Dunnett test (Table 3) or Tukey test (Table 4) if the ANOVA result was significant at
p < 0.05.

5.7. Molecular Docking: In Silico Analysis of Selected Phenols-TRI5 Binding

A model of F. culmorum TRI5 was previously developed [32] based on homology mod-
elling with the crystallized protein of F. sporotrichioides (PDB code 1JFG, https:/ /www.rcsb.
org/structure/1JFG, deposited: 20 June 2021 [51]) and the starting TRI5 protein sequence of
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E. culmorum (UniProtKB/Swiss-Prot databases, accession number Q8NIGY, https://www.
uniprot.org/uniprot/Q8NIGY, Sequence version: 10 January 2002). Computational mod-
elling was performed on an HP8100 Workstation (Hewlett-Packard Company 3000, Palo
Alto, CA, USA) and EXXACT Tensor Workstation (EXXACT Corporation, Fremont, CA,
USA) TWS-1686525-AMB with the Cuda platform (Cuda form NVIDIA Corporation, Santa
Clara, CA, USA) with OS Ubuntu 18.04, 20.04(Canonical Corporation, London, UK) CentOS
6 (CentOS Project, Red Hat, Inc, Raleigh, NC, USA) or Windows 10 (Microsoft Corporation,
Washington, DC, USA). The complete methodology has already been described by [32].
Hydrophobic interactions were obtained using LigPlot + software (European Bioinformat-
ics Institute, Cambridge, UK; https:/ /www.ebi.ac.uk/thornton-srv/software/LigPlus/,
accessed on 21 October 2021) [75].

To allow the evaluation of a large number of interactions in ligands with different
docking sites, docking was run by considering a wide grid centered in the catalytic site,
including almost the entire F. culmorum TRI5 enzyme. A 0.375 A grid spacing was adopted,
treating the docking active site as a rigid system and the ligands as flexible with free
rotation around single bonds.

The reliability of the docking approach was verified by extracting the organic substrate
(FPP) from the catalytic site and by considering it as a normal ligand, similarly to the TRI-
PPi model [32]. In TRI-FPP docking calculations, FPP was considered as an additional
fixed residue. The TRI-FPP model was built up by docking FPP, conformationally and
energetically optimized, with TRI5 lacking the PPi and considering the pose of FPP with
59% of probability. A further proof of the reliability of the in silico TRI5 model was obtained
by docking compound NPD352, a TRI5 inhibitor identified by chemical array and library
screening using a trichodiene synthase expressed in Escherichia coli, as a target protein [52].
NPD352 interacted with the same set of amino acids as compounds 3, 5-7 and 10-13.

5.8. Estimation of Selected Physicochemical Descriptors

Lipophilicity of compounds 1-19 was estimated by ChemBioDraw Ultra (Perkin Elmer
Informatics, Every, France) 13.0 software using the logarithm of the partition coefficient for
n-octanol/water (LogP) and listed in Table S1.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/toxins13110759/s1, Table S1: H-bond interaction of tested ligands protein (TRI5-PPi) and
logP of the ligands; Table S2: H-bond interaction of tested ligands-protein (TRI5-FPP) of the ligands;
Figure S1: Estimated hydrophobic interactions of compounds 4, 5, 7 and 12 with the amino acids
residues of TRI5-FPP; Table S3: Estimated hydrophobic interactions of compounds 4, 5, 7 and 12 with
the amino acids residues of TRI5-FPP illustrated in Figure S1; Table S4: Measurement of pH in liquid
Vogel’s medium amended with 3-CD (3 mM) and different phenolic compounds at 0.25 mM after 0,
1,3,4,5,6,8,10 and 14 days (d) post inoculation with F. culmorum wild-type FcUK99 at 25 °C. *pKa
of the carboxylic group; #pKa of the second phenolic -OH group.
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