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Abstract

Fungal pathogens on crops account for losses that exceed US$200 billion an-

nually. At present, chemical fungicides are widely used in the agricultural industry.

Many of these products have a detrimental effect on human and animal health and

are consequently forbidden postharvest, especially in Europe. Despite efforts to

develop natural crop protection, very few have been commercialized. We explored

the physicochemical characteristics of (i) glucosinolate derivatives from the

present study and previously published papers in the light of their known biological

roles and (ii) fungitoxic glucosinolate derivatives compared with natural and

chemical fungicides. We found that 13 out of 31 tested natural and semisynthetic

isothiocyanates are efficient fungicides against widespread species of plant

pathogens alone and in a synergistic manner. Interestingly, physicochemical

characteristics of fungitoxic glucosinolate derivatives differ from those showing no

activities or known for their insecticidal or insect-attractive properties. The com-

parison of physicochemical characteristics of natural and semisynthetic fungitoxic

glucosinolate derivatives with other fungicides (natural, semisynthetic, and syn-

thetic) revealed that isothiocyanate glucosinolate derivatives clustered with

nonglucosinolate derivatives plant fungicides as well as with some synthetic ones.

Most of the fungicides show high bioaccumulation potential and lipophilic prop-

erties that most likely allow them to go through membranes.

Keywords: isothiocyanate, glucosinolate derivatives, Brassicaceae, natural fun-

gicide, synthetic fungicide, synergy, plant, fungi, porifera, bacteria

Food rotting in the field and further down the supply chain is an all-too-common sight.
More disturbingly, the Food and Agriculture Organization estimates that approximately
one-third of global food production—worth around US$1.66 trillion—goes to waste
annually (FAO 2011). Fungal pathogens on perishable foods such as fruits and vege-
tables during pre- and postharvest phases are estimated to account for losses that exceed
US$200 billion annually (Gonzalez-Fernandez et al. 2010).
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At present, chemical fungicides are widely used in the agri-
cultural industry. Many of these products have a detrimental
effect on human and animal health and are consequently for-
bidden postharvest, especially in Europe (Lucas et al. 2015).
Despite efforts to develop natural protection, very few efficient
solutions have been commercialized, and there are still no ef-
fective environmentally friendly methods of combatting the
fungal pathogens that infect large groups of crops (Yoon et al.
2013).
Compounds with antifungal activities can be found in various

organisms from prokaryotes to eukaryotes (e.g., El Amraoui et al.
2014; Hadizadeh et al. 2015), such as plants, with oil mixtures
containing terpenes, phenols, and alcohols (Ahmad et al. 2010;
Cortés-Rojas et al. 2014; Tang et al. 2018), glycosides (Yoon
et al. 2011), alkaloids (Yoon et al. 2013), and recently discovered
glucosinolate derivatives (GLSD; Dubey et al. 2020). These latter
compounds are primarily present in the family of Brassicaceae
and in some families of the order Brassicales (Fahey et al. 2001;
Yamane et al. 2010). They are the results of myrosinase enzyme
breaking down glucosinolates (GLSs; a well-defined group of
plant metabolites characterized by an S-b-D-glucopyrano unit
connected to an O-sulfated (Z)-thiohydroximate function;
Blažević et al. 2020) during mechanical tissue damage (e.g., by
herbivores) into three major families of bioactive compounds:
nitriles, thiocyanates, and isothiocyanates. The system in which
myrosinase and GLS enter into contact when tissues are damaged
is called the glucosinolate-myrosinase system (Ishida et al. 2014).
Indeed, myrosinase is distributed in myrosin cells that differ to
cells containing GLS, preventing a breakdown of GLS in the
absence of tissue damage (Chhajed et al. 2019). The proportion of
each derivative resulting from the enzymatic hydrolysis of GLS
strongly depends on factors such as temperature and pH and is
also species specific (Cartea and Velasco 2008; Hanschen et al.
2017). GLSs and hence their derivatives are a very diverse group,
and their polymorphism is frequent in plant species as well as
among different organs (Agerbirk and Olsen 2012; Ishida et al.
2014).
The roles of GLSD in plants are not fully understood, as well as

the evolutionary driving forces leading to such a diversity of
compounds. Some were shown to be involved in defense re-
sponses against bacteria and herbivores (Wittstock et al. 2003),
but fungitoxic activities remain poorly documented (Dubey et al.
2020). In addition, specialist herbivorous species (e.g., cabbage
white butterflies) are attracted by plants containing glucosinolate
derivatives as well as parasitoid wasps targeting these herbivores
(van Poecke et al. 2001; Wittstock et al. 2003). Finally, herbi-
vores such as cabbage aphids sequester these compounds from
host plants as a defense against predators (Kos et al. 2012;
Vanhaelen et al. 2002).
Dubey et al. (2020) highlighted that 7-methylsulfonyl-heptyl

isothiocyanate (compound 1; see Figure 1 and Supplementary
Table S1), a breakdown product of 7-methylsulfonylheptyl
glucosinolate, which overaccumulated on the plant surface of
Arabidopsis thaliana polyunsaturated fatty acid (PUFA) mutants,
has antifungal properties on widespread pathogenic fungal
species. Based on these results, we investigated the fungitoxic
activity of natural isothiocyanate derivatives of GLSs (methyl-
sulfonyl and methylsulfinyl isothiocyanates) as well as semi-
synthetic derivatives and their synergy and compared it with
semisynthetic methylsulfonyl and methylsulfinyl nitrile and
thiocyanates. We also explored the physicochemical character-
istics of (i) GLSD from this study and previously published
papers in the light of their known biological roles (e.g., fungicide,
insecticide, attractive to insects) and (ii) fungitoxic GLSD
compared with natural and chemical fungicides.

MATERIALS AND METHODS

Description of natural and semisynthetic compounds

Methylsulfonyl and methylsulfinyl nitriles (10 compounds:
four natural and six semisynthetic) and thiocyanates (eight
compounds: four natural and four semisynthetic) were obtained
from SpiroChem (Basel, Switzerland); methylsulfonyl and
methylsulfinyl isothiocyanates (31 compounds: 16 natural and 15
semisynthetic) were obtained from SpiroChem and LKT Labs
(St. Paul, MN).
The full IUPAC chemical names of the 49 compounds used in

this study is given below. The natural and semisynthetic nitriles
included, respectively, 4-(methylsulfinyl)butanenitrile, 7-(meth-
anesulfonyl)heptanenitrile, 8-(methylsulfinyl)octanenitrile, and
8-(methylsulfonyl)octanenitrile and 2-((5-methylsulfinyl)pentyl)
oxy)acetonitrile, 2-((5-methylsulfonyl)pentyl)oxy)acetonitrile, 2-
(2-(2-(methylsulfinyl)ethoxy)ethoxy)acetonitrile, 2-(2-(2-(methyl-
sulfonyl)ethoxy)ethoxy)acetonitrile, 3-(4-(methylsulfonyl)butoxy)
propanenitrile, and 3-(4-(methylsulfinyl)butoxy)propanenitrile.
Natural and semisynthetic thiocyanates included, respectively, 1-(meth-
ylsulfinyl)-4-thiocyanatobutane, 1-(methylsulfonyl)-4-thiocyanato-
butane, 1-(methylsulfinyl)-8-thiocyanatooctane, and 1-(methyl-
sulfonyl)-8-thiocyanatooctane and 1-(methylsulfinyl)-2-(2-(2-thiocya-
natoethoxy)ethoxy)ethane, 1-(methylsulfonyl)-2-(2-(2-thiocyanato-
ethoxy)ethoxy)ethane, 1-(3-(methylsulfinyl)propoxy)-4-thiocya-
natobutane, and 1-(3-(methylsulfonyl)propoxy)-4-thiocyanato-
butane. Finally, natural and semisynthetic isothiocyanates included,
respectively, 1-isothiocyanato-3-(methylsulfinyl)-propane, 1-iso-
thiocyanato-3-(methylsulfonyl)-propane, 1-isothiocyanato-6-(meth-
ylsulfinyl)-hexane, 1-isothiocyanato-7-(methylsulfinyl)-heptane, 1-
isothiocyanato-8-(methylsulfinyl)-octane, 1-isothiocyanato-8-(methyl-
sulfonyl)-octane, 1-isothiocyanato-9-(methylsulfinyl)-nonane, 1-iso-
thiocyanato-9-(methylsulfonyl)-nonane, 1-isothiocyanato-4-(methyl-
sulfinyl)-butane, 1-isothiocyanato-5-(methylsulfinyl)-pentane, 1-iso-
thiocyanato-4-(methylsulfonyl)-butane, 1-isothiocyanato-5-(methyl-
sulfonyl)-pentane, 1-isothiocyanato-6-(methylsulfonyl)-hexane, 1-iso-
thiocyanato-7-(methylsulfonyl)-heptane, 1-isocyanato-4-(methylsul-
fonlyl)-butane, and 1-isothiocyanato-7-(methylsulfanyl)-heptane and
(E)-1-isothiocyanato-8-(methylsulfinyl)oct-2-ene, 1-(ethylsulfinyl)-
8-isothiocyanatooctane, 1-(ethylsulfonyl)-8-isothiocyanatooctane,
1-(isothiocyanatomethyl)-3-(4-(methylsulfinyl)butyl)benzene, 1-(iso-
thiocyanatomethyl)-3-(4-(methylsulfonyl)butyl)benzene, 1-isocyanato-
4-(methylsulfonyl)butane, 1-isocyanato-10-(methylsulfonyl)decane,
((8-isothiocyanatooctyl)sulfinyl)benzene, ((8-isothiocyanatooctyl)
sulfonyl)benzene, (E)-1-isothiocyanato-8-(methylsulfonyl)oct-2-
ene, 1-isothiocyanato-4-(3-(methylsulfinyl)propoxy)butane, 1-isothi-o
cyanato-4-(3-(methylsulfonyl)propoxy)butane, 1-(3-isothiocya-
natopropyl)-4-((methylsulfinyl)methyl)benzene, 1-(3-isothiocya-
natopropyl)-4-((methylsulfonyl)methyl)benzene, and 1-isothiocya-
nato-2-(2-(2-(methylsulfonyl)ethoxy)ethoxy)ethane.
All the obtained compounds were dissolved in dimethyl sulf-

oxide (DMSO) at 1 M to make a stock solution. Fungal species
used for in vitro fungal bioassays (described in the next section)
were obtained from the mycotheca of Agroscope (www.
mycoscope.bcis.ch). Final concentrations of DMSO used in
biotests are not toxic to fungal pathogens and do not exceed
0.085% (see Supplementary Fig. S1).

Biotests with single compounds and combinations

We tested the fungitoxic activities of single and combined
methylsulfonyl and methylsulfinyl nitriles and thiocyanates,
methylsulfonyl and methylsulfinyl isothiocyanates, and one
methylsulfanyl on three necrotrophic widespread fungal species
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causing severe food losses (that can easily be grown in laboratory
conditions), from different orders and targeting both monocot-
yledons and dicotyledons: Alternaria radicina (class: Dothi-
deomycetes; order: Pleosporales; host: carrot), Fusarium
graminearum (class: Sordariomycetes; order: Hypocreales;
host: cereals), and Plectosphaerella cucumerina (class: Sor-
dariomycetes; order: Glomerellales; host: tomato and cucurbits).

Overall, a total of 133 combinations were tested on the three fungal
species.
Fungitoxic activities were tested in 48-well tissue culture

plates. In more detail, plant fungal pathogens were inoculated on
potato dextrose agar complemented with isothiocyanates, nitriles,
and thiocyanates that were preliminarily dissolved to various
concentrations (0, 10, 150, 250, 375, 500, 700, and 850 µM) in

FIGURE 1

Structural formulas of natural (A) and semisynthetic isothiocyanates (B) showing fungitoxic activities (this study) and previously published
natural fungitoxic glucosinolate derivatives (GLSD) (C). Compound numbers are indicated in parentheses.
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potato dextrose broth. Then 2-mm agar plugs (Dufour et al. 2015)
of a fungal preculture were placed in each well, and three bio-
logical replicates were used for each concentration. Plates were
incubated for a period of 1 week in the phytotron (80% relative
humidity, constant temperature of 23�C, under alternating 16-h
day and 8-h night cycles). Mycelial growth was measured after
7 days using ImageJ (http://imagej.net/Welcome). Synergistic
fungitoxic activities were then estimated with CompuSyn soft-
ware (www.combosyn.com; Chou 2006; Chou andMartin 2005).
It was used to determine the combination index (CI) for com-
binations of two molecules and hence the presence of synergism
(CI < 1; with values between 0.1 and 0.3 considered as strong
synergism and values < 0.1 as very strong synergism; Chou
2008).

Physicochemical properties of GLS derivatives and
known roles

We performed a principal component analysis (PCA) to visualize
how GLSD (fungicide, insecticide, attractive to insects, general
toxicity, phytotoxicity, or with other functions/applications or un-
known functions) differ from each other, based on their physico-
chemical characteristics (this study; Dubey et al. 2020; Lambrix
et al. 2001; Wittstock et al. 2003; Supplementary Table S1). A total
of eight variables, commonly used to describe properties of fun-
gicides, were included in the analyses: molecular weight (MW,
Dalton), boiling point (BP, �C), polar surface area (PS, surface sum
over all polar atoms, Å2), Henry’s law volatility constant (HC,
unitless), vapor pressure (VP, mmHG), log Koa (log octanol/air
partition coefficient), log Kow (log octanol/water partition coeffi-
cient), and log S (log of intrinsic solubility in mol/liter). Values for
each parameter (except MW and PS) were estimated with Esti-
mation Programs Interface software (U.S. EPA 2020).
We also tested for physicochemical property differences be-

tween attractive, insecticidal, and antifungal GLSD with
ANOVA (tested variables are the same as in the PCA). Differ-
ences between categories (attractive, insecticidal, and antifungal
GLSD) were determined by Tukey’s honestly significant dif-
ference (HSD) test. In addition, a discriminant analysis was
performed with theses variables in order to assess if they can be
used to attribute compounds to well-defined groups (fungicide,
insecticide, attractive). Finally, we tested for physicochemical
differences between compounds (tested in this study) showing
antifungal properties or not with ANOVAs.
All the analyses were performed with JMP (version 14. SAS

Institute, Cary, NC, 1989 to 2019). Levels of significance were
Bonferroni corrected for multiple tests (Rice 1989).

Physicochemical properties of antifungal GLS derivatives
versus other natural and synthetic fungicides

A PCA was performed with fungitoxic GLSD (15 compounds),
various natural and semisynthetic compounds (54 compounds;
described from plant and algae [13], bacterial [8], fungal [19], and
poriferan [14] origins from literature review and the Fungal Re-
sistance Action Committee [FRAC 2019] database), and synthetic
fungicides (65 compounds; from FRAC [2019] database, in-
cluding all the knownmodes of action) to visualize how fungitoxic
GLSD differ from these compounds, based on their physico-
chemical characteristics (we included the same variables as in the
PCA performed strictly with GLSD; see Supplementary Table S2
for a complete list of fungicides used for the analysis).
We also tested for physicochemical differences between

fungitoxic GLSD and other natural and synthetic fungicides with

ANOVA (tested variables are the same as in the PCA). Levels of
significance were Bonferroni corrected for multiple tests (Rice
1989).

RESULTS

Efficacy of tested compounds and synergy

A total of seven single compounds (all isothiocyanates) out of
the 49 tested showed fungitoxic activities at the tested concen-
trations (up to 850 µM): four natural and three semisynthetic
compounds, respectively compounds 1, 2, 3, and 5 and com-
pounds 9, 12, and 13 (Fig. 1). Six additional tested compounds
(all isothiocyanates) revealed fungitoxic activities in a synergistic
manner when combined with some of the compounds above (i.e.,
4, 6, 7, 8, 11, and 12, with the last two being semisynthetic) (Fig.
1, Table 1). Hence, only some isothiocyanate GLSD revealed
antifungal properties and no nitrile or thiocyanate GLSD.
The results obtained for the synergistic combinations for each

fungal species are summarized in Table 1. It shows the EC50
(range: 10 to 850 µM) obtained for the two molecules alone, for
the combination of them (always smaller), and the lower CI.
Because all CIs listed in the table are lower than 0.26, it indicates
that the combined molecules have strong synergisms (Chou
2008).

Physicochemical properties of GLS derivatives and
known roles

The PCA highlighted that GLSD with known functions exhibit
different physicochemical characteristics (Fig. 2). The two first
principal components explained 70.5% of the variance (PC1:
48.3%; PC2: 22.2%). The discriminant analysis based on at-
tractive, insecticidal, and antifungal GLSD confirms this result,
with only one compound misclassified out of 28 (3.6%; entropy
r2: 0.83; –2 log likelihood: 9.5).
After Bonferroni correction (significance level: 0.00625),

ANOVAs revealed significant differences between attractive,
insecticidal, and antifungal GLSD for MW (P < 0.001; F2,27 =
36.43), PS (P < 0.001; F2,27 = 33.61), BP (P < 0.001; F2,27 =
46.91), and log Koa (P < 0.001; F2,27 = 30.63), and a tendency for
HC (P < 0.0054; F2,27 = 6.48) and VP (P < 0.0094; F2,27 = 5.65;
Fig. 3). Fungicides were characterized by higher values of MW,
PS, BP, and log Koa compared with insecticidal and attractive-to-
insects compounds, but no significant differences were observed
between insecticidal and attractive compounds (significant dif-
ferences between pairs determined by Tukey’s HSD tests).
Concerning HC and VP, attractive compounds exhibited higher
values than fungicides and insecticides.
Fungitoxic compounds tested in this study are characterized by

significantly higher log Kow than compounds with no fungitoxic
activities (mean fungitoxic: 2.41; mean not fungitoxic: 0.82; P =
0.0049, F1,49 = 8.69). Hence, fungitoxic compounds exhibit
higher bioaccumulation potential and are more lipophilic than
compounds with no fungitoxic activities.

Physicochemical properties of antifungal GLS derivatives
versus other natural and synthetic fungicides

The PCA revealed differences in physicochemical character-
istics between synthetic and natural fungicides from plant, algal,
bacterial, fungal, and poriferan origins (Fig. 4). Allyl iso-
thiocyanate GLSDwas removed from the analyses because it was
detected as an outlier from the outlier analyses (T2 > 120; overall
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median T2 = 7.36). It is indeed a very small and highly volatile
molecule compared with other fungitoxic compounds. The two
first principal components explained 72.1% of the variance (PC1:
46.5%; PC2: 25.6%; Fig. 4). Quadrant I represents large hy-
drophilic molecules with high bioaccumulation potential (mainly
from bacteria and porifera), quadrant II large hydrophobic
molecules with the capacity to go through membranes and high
bioaccumulation potential (from synthetic, poriferan, and fungi
origins), quadrant III small hydrophobic compounds with the
capacity to go through membranes (mainly synthetic compounds
and from plant origin [GLSD and non-GLSD]), and quadrant IV
small more volatile and hydrophilic ones (from synthetic, plant
[GLSD and non-GLSD], and fungi origins). Hence, GLSD
(except allyl isothiocyanate) cluster with non-GLSD fungicides
from plant origins as well as synthetic compounds and few
compounds from fungal origins in quadrants III and IV.
After Bonferroni correction (significance level: 0.00625),

ANOVAs revealed overall significant differences between
compounds from different origins (GLSD, plant and algae, fungi,
porifera, bacteria, and synthetic) for MW (P < 0.001; F5,132 =
26.2), BP (P < 0.001; F5,132 = 34.1), PS (P < 0.001; F5,132 = 37.3),
VP (P < 0.0021; F5,132 = 4.0), HC (P < 0.004; F5,132 = 3.7), log
Koa (P < 0.001; F5,132 = 26.4), log Kow (P < 0.001; F5,132 =
19.1), and log S (P < 0.001; F5,132=11.1) (Fig. 5). No significant
differences were observed between GLSD and non-GLSD
compounds from plants for all these variables, except for VP
and HC with non-GLSD compounds (VP: 0.011; HC: 0.00166)
being more volatile than GLSD (VP: 0.00031; HC: 0.00002;
significant differences between pairs determined by Tukey’s
HSD tests; Fig. 5). Similarly, no differences were observed
between synthetic fungicides and GLSD, except for log S (mean
synthetic: –4.33, range: –7.6 to –1.2; mean GLSD: –2.46, range:
–3.3 to –1.0).
Significant differences in log Kow are the result of differences

between fungicides from bacterial (genus Streptomyces; pri-
marily described and used as antibiotic but also showing fun-
gitoxic activities) and other origins (log Kow bacteria mean:
–4.92, log Kow other origins mean: 2.78).

DISCUSSION

Following up on our recent study highlighting that a break-
down product of 7-methylsulfonylheptyl glucosinolate (com-
pound 1), which overaccumulated on the cotyledon of
Arabidopsis thaliana PUFA mutants, has antifungal properties
(Dubey et al. 2020), here we confirm that 13 out of 31 tested
natural and semisynthetic methylsulfonyl and methylsulfinyl
isothiocyanates are efficient fungicides alone (seven) and/or
when used in combination against widespread genetically dis-
tant species of plant pathogens. Overall, 17 combinations of these
13 compounds showed strong synergistic fungitoxic effects (all
CI < 0.3; Chou 2008) on the three tested fungal pathogens, the
strongest observed synergy being when compounds 12 and 13 are
combined (A. radicina; EC50 compound 12 = 723 µM; EC50
compound 13 > 850 µM; EC50 combined = 156 µM; CI = 0.029).
Importantly, only the combination of compounds 1 and 9 was
fungicidal against all three species, whereas others were only for
one or two of the tested species, with F. graminearum being
much more susceptible to GLSD than A. radicina and P.
cucumerina. These results highlight that methylsulfonyl and
methylsulfinyl isothiocyanate GLSD are more efficient when
combined and that their mode of action might differ depending on
the structure of the compounds. It might in turn explain why some
combinations are species specific.
Interestingly, physicochemical characteristics of fungitoxic

GLSD differ from those showing no activities (this study) or from
those that are known for their insecticidal or insect-attractive
properties (Lambrix et al. 2001; Wittstock et al. 2003) (see Fig. 2
and discriminant analysis). Indeed, fungitoxic compounds ex-
hibit significantly higher bioaccumulation potential and are more
lipophilic (log Kow: 2.41) than compounds with no fungitoxic
activities (log Kow: 0.82).
Overall, GLSD with fungitoxic properties are characterized by

higher capacity to permeate cells (PS) and a higher bio-
accumulation potential (log Koa) than GLSD with insecticidal
and attractive properties (Fig. 3). In addition, fungitoxic GLSD
are less volatile than insecticidal and attractive GLSD. It is

TABLE 1

Best combinations of molecules against Alternaria radicina, Fusarium graminearum, and Plectosphaerella cucumerina. Molecules for which >850 is
mentioned for EC50 are those with no fungitoxic activity in the tested range. Combination index (CI) shows presence of synergism when CI < 1, with values

between 0.1 and 0.3 considered as strong synergism and values < 0.1 as very strong synergism.

Species Combination EC50 molecule 1 (µM) EC50 molecule 2 (µM) EC50 combination (µM) CI

A. radicina 8ASOH/8ASOOH 723 >850 156 0.02872
A. radicina 8CSOH/8ESOH 704 472 390 0.08735
A. radicina 8CSOH/8ESOOH 472 >850 474 0.115
A. radicina 8CSOH/3MSOOH 704 469 479 0.02991
A. radicina 8CSOH/7MSOH 704 537 534 0.08249
A. radicina 8CSOH/3MSOH 704 786 626 0.25268
F. graminearum 8MSOH/3MSOOH 317 387 252 0.24857
F. graminearum 8MSOH/7MSOH 317 586 258 0.16426
F. graminearum 8MSOH/9MSOH 317 553 263 0.15388
F. graminearum 8MSOH/6MSOH 317 >850 266 0.25732
F. graminearum 8CSOH/8MSOH >850 317 275 0.13763
F. graminearum 8CSOH/3MSOOH >850 387 282 0.10929
F. graminearum 8MSOH/9MSOOH 317 >850 284 0.13736
F. graminearum 8CSOH/3MSOH >850 525 384 0.04368
F. graminearum 8CSOH/7MSOH >850 586 389 0.03555
F. graminearum 8ESOH/7MSOH 533 586 414 0.12419
F. graminearum 8ESOH/3MSOH 533 525 455 0.15703
F. graminearum 8MSOOH/7MSOH >850 586 541 0.06049
P. cucumerina 8CSOH/7MSOH 273 337 146 0.18832
P. cucumerina 8MSOOH/3MSOH >850 627 483 0.09631
P. cucumerina 8MSOOH/3MSOOH >850 536 521 0.03061
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FIGURE 2

Principal component analysis on eight physicochemical variables in glucosinolate derivatives (GLSD). Their contributions to the first two
axes displayed are indicated by vectors as follows: log of intrinsic solubility in mol/liter (log S), log octanol/water partition coefficient
(log Kow), log octanol/air partition coefficient (log Koa), boiling point (BP), polar surface area (PS), molecular weight (MW), vapor pressure
(VP), and Henry constant (HC). The known function of GLSD is indicated by colors as follows: red open circle = natural fungicide;
green open circle = semisynthetic fungicide; violet = general toxicity; brown = insecticide; pink = insecticide and attractive; blue = attractive;
yellow = phytotoxic; turquoise = other functions; and black = no known function.
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therefore possible to anticipate the potential function of GLSD
based on their physicochemical properties and the differences in
the way compounds will interact with the surrounding envi-
ronment and hence organisms. Observed fungitoxic synergistic
effects of GLSD (Table 1) suggest that the mode of action be-
tween these compounds might to some extent differ between
themselves. This hypothesis is also in line with the fact that
differences in the efficacy of combinations are observed on the
tested fungal pathogens, some being efficient only on one
pathogen.

Previous studies revealed that isothiocyanates are toxic not
only to fungi but also to insects, bacteria, and humans, likely due
to their mode of action (react with amino groups of proteins and
cleave disulfide bonds in vitro (Kawakishi and Kaneko 1985,
1987; Wittstock et al. 2003). They also revealed that these
compounds are highly mutagenic (as revealed by positive Ames
tests-reverse mutation assays; e.g., National Institute of
Environmental Health Sciences 1981a, 1981b; Neudecker and
Henschler 1985), making them unsuitable for use as pesticides.
However, those studies focused on allyl isothiocyanate, a highly

FIGURE 3

Distribution (median with standard
error and 95% standard deviation)
of molecular weight (MW), polar
surface area (PS), boiling point
(BP), and log Koa in (natural and
semisynthetic) glucosinolate de-
rivatives from this study and pre-
viously published data. Letters
indicate statistically significant
differences between pairs as de-
termined by Tukey’s HSD test.
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volatile compound, and not onmethylsulfonyl andmethylsulfinyl
isothiocyanates (this study), which exhibit very different physico-
chemical properties, and hence allyl isothiocyanate cannot be
compared with methylsulfinyl isothiocyanates. These assumptions

are fitting with Ames tests performed on two compounds from the
present study (compounds 5 and 6; Ames test study numbers
performed by Envigo CRS GmbH: 1936801 and 1936802), which
revealed no mutagenicity effects on Salmonella typhimurium and

FIGURE 4

Principal component analysis on eight physicochemical variables in fungicides. Their contributions to the first two axes displayed are
indicated by vectors as follows: log of intrinsic solubility in mol/liter (log S), log octanol/water partition coefficient (log Kow), log octanol/air
partition coefficient (log Koa), boiling point (BP), polar surface area (PS), molecular weight (MW), vapor pressure (VP), and Henry
constant (HC). The quadrants are numbered clockwise starting upper right, and the origin of fungicide is indicated by colors as follows:
open violet circle = glucosinolate derivatives (GLSD); brown = plant and algae (non-GLSD); blue = bacteria; red = fungi; yellow = porifera;
and green = synthetic.
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Escherichia coli even at high concentrations (both with and without
liver microsomal activation).
The comparison of physicochemical characteristics of natural

and semisynthetic fungitoxic GLSDwith other fungicides (natural,
semisynthetic, and synthetic) revealed that isothiocyanate GLSD
(except allyl isothiocyanate) clustered with natural fungicides from
plants (non-GLSD: i.e., resveratrol, dehydro-a-lapachone, and 4-
acetyltropolone) and fungi (sphaeropsidone, afritoxinone A,
oxysporone, and (3R,4R)-4-hydroxymellein), as well as with some
synthetic ones (fluoroimide, dichloran, fentin acetate, prothiocarb,

and flucytosine) in the PCA (quadrants III and IV; Fig. 4). Within
fungicides, these compounds are characterized by small MW, low
BP, and small accumulation potential compared with fungicides
from the other quadrants, particularly quadrant I, which includes
mainly compounds from fungi and porifera characterized by large
MW and BP as well as very high log Koa. However, overall and
independently of their origin, fungicides show high bio-
accumulation potential (i.e., mean log Koa > 8; see Swanson and
Vighi 1998) and are lipophilic; hence, they have the capacity to go
through membranes (mean log Kow: 2.3), which seems to be a

FIGURE 5

Distribution (median with standard error and
95% standard deviation) of molecular weight
(MW), log of intrinsic solubility in mol/liter (log
S), log octanol/water partition coefficient (log
Kow), log octanol/air partition coefficient (log
Koa), polar surface area (PS), boiling point
(BP), vapor pressure (VP), and Henry constant
(HC) in fungicides from bacteria, fungi, porifera,
plant glucosinolate derivatives (plant GLSD),
plant and algae (non-GLSD), and synthetic
compounds from this study and previously
published data. Letters indicate statistically
significant differences between pairs as deter-
mined by Tukey’s HSD test.
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prerequisite for fungitoxic activities. According to Schröder and
Collins (2010), fungicides are considered systemic when applied
on plants if log Kow < 4; more specifically, it is xylemmobile only
when log Kow is situated between 0 and 4 and phloem and xylem
mobile when log Kow is situated between 0 and –3. Hence,
fungitoxic GLSD described in the present study can be considered
as systemic and xylem mobile (mean log Kow: 2.41). Systemic
fungicides were first described by Von Schmeling and Kulka
(1966) and since then have offered new opportunities in disease
control compared with contact ones, which remain on the surface
of the plants and hence have limited modes of action (Russell
2005). Indeed, such fungicides are able to stop pathogens from
developing after the infection process has already started, by
fighting the pathogen directly from the inside of plants (Russell
2005).
On the other hand, compounds from bacterial origins (wide-

spread genus Streptomyces), primarily described and used as
antibiotics but also showing fungitoxic activities (mode of action:
amino acids and protein synthesis), are hydrophilic with a low
capacity to go through membranes (mean log Kow: –4.92),
characteristics that strongly differ with compounds from other
origins. This property is shared by antibiotics with human and
veterinary usage such as penicillin G and tetracycline, for ex-
ample (Gin and Ng 2019). In order to target intracellular pro-
cesses, antibiotics need to penetrate the envelope of cells. It can
be achieved through a lipid-mediated pathway for hydrophobic
antibiotics (penetration of the outer membrane) or by general
diffusion porins for hydrophilic ones (Delcour 2009; Nikaido
2003). Interestingly, allyl isothiocyanate, the fungitoxic GLSD
presenting a general toxicity to living organisms, is also pre-
senting unique atypical properties (high volatility, lowest MW of
analyzed compounds, and low bioaccumulation [log Koa]).
Resveratrol, a well-described fungitoxic phytoalexin synthe-

tized by plants in response to external stresses, exhibits physi-
cochemical characteristics close to GLSD (Fig. 4; Caruso et al.
2011). Interestingly, it shares additional properties with GLSD,
such as antioxidant and antitumor activities, and both are present
in a large number of plant species (Chang et al. 2011; De
Figueiredo et al. 2013; Salehi et al. 2018). The fungitoxic
mode of action of resveratrol is not well understood, and it is
classified as a host plant defense induction fungicide (class P5;
FRAC [2019] database), but transmission electron microscopy
analyses showed that it is damaging the conidia of Botrytis
cinerea (gray mold; Adrian and Jeandet 2012). Fungitoxic ac-
tivities are not only known against this species but also for a wide
range of fungi and yeast: Trichophyton spp., Epidermophyton
floccosum, Microsporum gypseum, Saccharomyces cerevisiae,
and Trichosporon beigelii (Vestergaard and Ingmer 2019).
Hence, it exhibits a broad spectrum of activities as isothiocyanate
GLSD (this study; Dubey et al. 2020).
Oxidation products of resveratrol (viniferins), probably in-

duced by peroxidases in plants, are even more toxic (Pezet et al.
2004). Because fungi such as B. cinerea can also transform
resveratrol in viniferin with a stilbene oxidase, in vitro fungitoxic
activities of resveratrol described above could be explained by
the production of viniferin (Pezet et al. 2004; Schouten et al.
2002). Concerning isothiocyanate GLSD, Dubey et al. (2020)
showed that compound 1 is impacting the vacuole of B. cinerea,
but further analyses are required to understand the mode of
action.We cannot exclude that fungal pathogens are transforming
GLSD through similar enzymatic reactions into more fungitoxic
compounds. However, such information is not yet available. In
synthetic fungicides, modes of action are better documented, and
synthetic ones clustering with GLSD are impacting, for example,
the lipid synthesis or transport and membrane integrity or

function (dichloran and prothiocarb), the synthesis of both DNA
and RNA (flucytosine), or the respiration (fentin acetate), or they
are exhibiting multiple-site activities (fluoroimide; FRAC 2019;
MacManus 2015).
In conclusion, this study revealed that methylsulfonyl and

methylsulfinyl isothiocyanate GLSD are a source of fungitoxic
compounds that exhibit a broad spectrum of activities with
physicochemical properties similar to natural and synthetic
fungicides and that, apart from allyl isothiocyanate, seem to show
no mutagenic properties preventing their use based on the Ames
tests performed on compounds 5 and 6.
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