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This study aimed to determine antimicrobial activity (minimum inhibitory concentration, MIC; minimum
bactericidal/fungicidal concentration, MBC/MFC) of novel ITCs against food spoilage and pathogenic Gram–
bacteria, Gram+ bacteria, and fungi. The activity of the long-chain (C9) 9-(methylthio)nonyl ITC (9-MTITC), 9(methylsulfinyl)nonyl ITC (9-MSITC), and 9-(methylsulfonyl)nonyl ITC (9-MSoITC) was determined for the first
time. Due to the electrophilicity of ITCs, the activity of ITCs was evaluated in nucleophile-rich and nucleophilepoor growth media. ITCs reacted via conjugation with components in a nucleophile-rich growth medium at a rate
of 39–141 μmol L− 1 h− 1, depending on their side chain configuration and temperature. The reaction rates were
lowered by a factor of 2–21 when using nucleophile-poor growth media. Consequently, the activity of ITCs was
generally improved, with MSITC and MSoITC being the most positively affected (activity increased by a factor of
> 4). 9-MSITC and 9-MSoITC had good activity (MIC ≤ 25 μg/mL) against Gram+ bacteria and fungi. The shortchained (C3) analogues had good activity against Gram+ bacteria and Gram– bacteria. The highest bactericidal/
fungicidal activity was obtained for 9-MSITC and 9-MSoITC (MBC/MFC 17.5–25 μg/mL). Overall, MSITC and
MSoITC might be potential new natural food preservatives, but their reactivity with food matrix components
should be considered.

1. Introduction
Controlling growth of pathogenic and spoilage microorganisms is an
ongoing challenge to food industries, especially with the increasing
consumer demand for natural preservation methods. Spices, essential
oils, and condiments belonging to the plant family of Brassicaceae are
known to contain antimicrobial compounds (Clemente, Aznar, Silva, &
Nerín, 2016; Tajkarimi, Ibrahim, & Cliver, 2010). Mustard and wasabi
are well-known condiments. Allyl isothiocyanate (AITC) is the major
active component in these condiments and has extensively been re
ported to possess antimicrobial activity against various microorganisms
(Lu et al., 2016; Quiles, Manyes, Luciano, Manes, & Meca, 2015; Turgis,
Han, Caillet, & Lacroix, 2009). The use of natural AITC as a food pre
servative is allowed in Japan (Isshiki, Tokuoka, Mori, & Chiba, 1992)
and has gained Generally Recognized as Safe (GRAS) notice by the U.S.
Food and Drug Administration (FDA, 2005).
ITCs are structurally diverse and naturally obtained from

glucosinolates (GSLs), due to the activity of myrosinase (Fig. 1A) (Bones
& Rossiter, 2006). ITCs are divided into two classes: aliphatic and
benzenic, and the aliphatic consists of various subclasses, e.g. alkenyl,
x-(methylthio)alkyl (MTITC), x-(methylsulfinyl)alkyl (MSITC), and
x-(methylsulfonyl)alkyl (MSoITC) (Fig. 1B) (Agerbirk & Olsen, 2012).
Some studies reported that benzenic ITCs showed stronger activity
against Gram+ and Gram– bacteria than aliphatic ITCs, including AITC
(Dias, Aires, & Saavedra, 2014; Dufour et al., 2012; Nowicki, Rodzik,
Herman-Antosiewicz, & Szalewska-Palasz, 2016; Yang et al., 2020). This
indicates that AITC, which has been the traditional ITC considered for
improving shelf life of foods, is not the most potent. Furthermore, other
subclasses of aliphatic ITCs, i.e. MTITC, MSITC, and MSoITC, were found
to have activity equal or higher than benzenic ITCs (Haristoy, Fahey,
Scholtus, & Lozniewski, 2005; Wilson et al., 2013). However, previous
studies have only tested the short-chained (up to C5) ITCs and C8
MSITC. To date, the long-chained (C9) MTITC, MSITC, and MSoITC have
never been studied for their antimicrobial activity.
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Fig. 1. Conversion of GSLs to ITCs by myrosinase at pH 5–7 (A) and 10 ITCs used in this study comprising of aliphatic (red box) and benzenic (yellow box) classes
(B). The electrophilic carbon atom in the ITCs is indicated as Cδ+. ITCs vary in the type (i.e. subclass) and the alkyl chain length. In B, the number underneath the
name of the ITC is its log10P (at pH 7.2), i.e. a log10 of partition coefficient of a molecule between the lipid phase (octanol) and aqueous phase (water), calculated by
the software ChemDraw Professional (version 18.0.0.231 (4029), PerkinElmer Informatics, Inc., Waltham, MA, U.S.A). (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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Table 1
Microbial strains tested in the study, their type and growth conditions. The inoculum size that was applied in the assays was 4.0 ± 0.4 log10(CFU/mL).
Microbial strains

Type of
microorganism

Liquid growth
mediaa

Growth
temperature (◦ C)

Duration of
incubation (h)

Listeria monocytogenes EGD-e

Gram+ bacterium

TSB, 5× diluted TSB

37

24

Staphylococcus aureus ATCC 25923

Gram+ bacterium

TSB, 5× diluted TSB

37

24

Bacillus cereus ATCC 14579, ATCC 10987, B4078, B4080, B4082, B4084, B4085,
B4086, B4087, B4088, B4116, B4117, B4118, B4147, B4153, B4155, B4158
Escherichia coli K12

Gram+ bacterium

TSB, 10× diluted TSB

30

24

Gram− bacterium

TSB, 10× diluted TSB

37

24

Salmonella enterica Typhimurium S2 505

Gram− bacterium

TSB, 10× diluted TSB

37

24

Pseudomonas aeruginosa ATCC 27853 (DSM 1117)

Gram− bacterium

TSB, 10× diluted TSB

37

24

Candida holmii CBS 135
Saccharomyces cerevisiae S288C
Aspergillus niger LU1500 spores

Yeast
Yeast
Mold

MEB
MEB
RPMI 1640

30
30
30

48
48
48

a

Dilution was not applied for MEB and RPMI 1640 in the antifungal assay since MEB and RPMI 1640 were considered as nucleophile-poor growth media just like 5×
and 10× diluted TSB.

Growth media can significantly influence the antimicrobial activity
– C–
– S) makes them reac
of ITCs. The electrophilic carbon of ITCs (–N–
tive towards nucleophiles, e.g. thiol (–SH), amine (–NH–, –NH2),
carboxyl (–COOH), and hydroxyl (–OH) groups (Hermanson, 2008).
Growth media, composed of protein hydrolysates and/or pure amino
acids, contain such nucleophiles. Consequently, ITCs can react with
components in growth media leading to a reduced antimicrobial activ
ity. A previous study demonstrated that an ITC lost its antimicrobial
activity due to pre-incubation in a rich undefined growth medium
(Kurepina, Kreiswirth, & Mustaev, 2013). Other studies showed
decreased antimicrobial activity of ITCs upon incubation with gluta
thione and Cys, as well as with other amino acids in excess amount (20
mmol/L, ≥ 1.5 mg/mL) (Luciano, Hosseinian, Beta, & Holley, 2008;
Nowicki et al., 2016). To date, the antimicrobial activity of different
ITCs in relation to the nucleophilic richness of growth media has not
been addressed.
Given the above, this study aimed to determine systematically the
antimicrobial activity of 10 ITCs from 5 subclasses and different chain
length, including 9-(methylthio)nonyl ITC (9-MTITC), 9-(methyl
sulfinyl)nonyl ITC (9-MSITC), and 9-(methylsulfonyl)nonyl ITC (9MSoITC) for the first time, against food spoilage and pathogenic Gram–
bacteria, Gram+ bacteria, and fungi. GSL precursors of these 10 ITCs can
be naturally obtained (Andini, Dekker, Gruppen, Araya-Cloutier, &
Vincken, 2019; Blažević et al., 2020). The activity of ITCs was evaluated
in both nucleophile-rich and nucleophile-poor growth media to assess
the effect of the assay conditions on the antimicrobial properties of ITCs.
Besides, the concentration of ITCs upon incubation with growth media
was monitored to determine the reaction rate of ITCs with nucleophiles
present in the growth media.

Limited (Hampshire, U.K.); bacteriological agar from VWR International
B.V. (Valkenswaard, The Netherlands); bacto brain heart infusion (BHI)
from Becton, Dickinson and Company (Franklin Lakes, NJ, U.S.A.); and
RPMI 1640 from Thermo Fisher Scientific Inc. (Waltham, MA, U.S.A.).
Peptone physiological salt solution (PPS) was from Tritium Micro
biologie (Eindhoven, The Netherlands). High purity water was produced
using a Milli-Q A10 Gradient system (18.2 MΩ cm, 3 μg/kg total organic
carbon (TOC)) (Merck Millipore, Darmstadt, Germany).
2.2. Microbial cultures
A collection of microorganisms (Table 1), including the various
strains of B. cereus isolated from food sources (Warda et al., 2017), were
kindly provided by the laboratory of Food Microbiology, Wageningen
University, The Netherlands.
2.3. Analysis of amino acid composition
Free and total amino acid compositions of TSB, MEB, and RPMI 1640
were determined in duplicate by using the ISO13903:2005 method (ISO,
2005), adjusted for microscale. Asn and Gln were measured together
with Asp and Glu. Trp was determined on the basis of AOAC 988.15.
2.4. Antimicrobial assays
Antimicrobial activity of ITCs was determined by following the broth
microdilution assay with growth temperature, media, and incubation
length specified in Table 1 for each microbial species. The inoculum was
prepared by streaking a − 80 ◦ C glycerol stock onto BHI agar plates
(bacteria) or MEA plates (yeasts). The plates were incubated at 30 or 37
◦
C for 24 h (bacteria) or 48 h (yeasts). Then, one colony was transferred
to 10 mL BHI (bacteria) or MEB (yeasts) and further incubated for 18 h
(bacteria) or 24 h (yeasts) at the same temperature as was in the pre
vious step. Afterwards, the culture was diluted in the growth medium to
reach an inoculum size of 4.0 ± 0.4 log10(CFU/mL). A spore suspension
of A. niger was prepared according to Aisyah, Gruppen, Slager, Helmink,
and Vincken (2015). The spore suspension was collected in a sterile tube
and diluted in RPMI 1640 to reach the inoculum size.
Stock solutions of ITCs were prepared at 10 mg/mL in DMSO. A se
ries of concentrations was prepared fresh in growth media. Equal vol
umes (100 μL) of compound solution and microbial inoculum were
mixed into wells in a 96-well plate. The final concentrations of ITCs
varied from 12.5 μg/mL to 200.0 μg/mL. The final concentration of
DMSO was max. 2% (v/v), which did not affect the microbial growth
(data not shown). Several ITCs were also tested with PAβN 25 μg/mL
(Araya-Cloutier, Vincken, van Ederen, den Besten, & Gruppen, 2018).
To evaluate the variation of activity of ITCs among strains within a

2. Materials and methods
2.1. Standard ITCs, other chemicals, and growth media
Standards of AITC, 4-pentenyl ITC (PeITC), 3-(methylthio)propyl ITC
(3-MTITC), benzyl ITC (BITC), and phenethyl ITC (PhEITC),
phenylalanine-arginine β-naphthylamide (PAβN), and NaCl were from
Sigma-Aldrich (St. Louis, MO, USA). Standards of 9-MTITC, 3-(methyl
sulfinyl)propyl ITC (3-MSITC), 9-MSITC, 3-(methylsulfonyl)propyl ITC
(3-MSoITC), and 9-MSoITC were from Abcam (Cambridge, U.K.).
Dimethyl sulfoxide (DMSO) was from Ducheda Biochemie (Haarlem,
The Netherlands). Ultra-high performance liquid chromatography
(UHPLC) grade isopropanol (IPA), formic acid (FA) 0.1% (v/v) in water,
and FA 0.1% (v/v) in acetonitrile (ACN) were from Biosolve B.V. (Val
kenswaard, The Netherlands).
Growth media: tryptone soya agar (TSA), tryptone soya broth (TSB),
malt extract broth (MEB), and malt extract agar (MEA) were from Oxoid
3
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species, 15 food isolates and 2 reference strains of B. cereus were tested
against the most active ITC.
Positive control (ampicillin 1.5–15.0 μg/mL for bacteria, except
P. aeruginosa - ciprofloxacin 1.5 μg/mL, and amphotericin B 4.0 μg/mL
for fungi), negative control (the inoculum in the growth media with
DMSO 2%), and blank (the growth media) were included in every assay.
The cells were incubated with a constant periodic shaking at a certain
temperature (Table 1). The microbial growth was monitored spectro
photometrically (SpectraMax M2e/iD3, Molecular Devices, USA) at
OD600 (OD540 for assays with RPMI 1640), every 10 min for 24 h (bac
teria) or 48 h (fungi). Antimicrobial activity of ITCs was evaluated in
three independent biological repetitions, each performed in triplicate.
Time-to-detection (TTD) of growth was defined as the time to have
an increase in OD of 0.05 units (Aryani, den Besten, Hazeleger, &
Zwietering, 2015). When this change in OD was not observed after 24 h
or 48 h, cell viability was checked by plate counting to determine MIC
and MBC/MFC (Araya-Cloutier, den Besten, Aisyah, Gruppen, &
Vincken, 2017). MIC was the lowest concentration of compounds that
resulted in an inoculum size after incubation equal or less than the initial
inoculum size. MBC or MFC was the lowest concentration that resulted
in no growth (>99% bacterial or fungal inactivation from the initial
inoculum) (Araya-Cloutier, Vincken, van Ederen et al., 2018; Hay
rapetyan, Hazeleger, & Beumer, 2012).

based on the amino acid compositions. TSB and MEB are undefined
media composed of enzymatic digest of plant and animal protein sour
ces, whereas RPMI 1640 is a defined medium composed of free amino
acids and other components (e.g. glutathione and cystine). According to
the manufacturers, the content of the enzymatic digest of protein sour
ces in TSB, MEB, and RPMI 1640 was 20 g/L, 3 g/L, and 0 g/L
respectively.
Twenty amino acids are classified according to the side chain func
tional groups (Fig. 2A) in 9 groups. Brotzel and Mayr (2007) demon
strated a nucleophilicity parameter (N) of 15 free amino acids and found
that thiol-containing amino acid (Cys, N = 23.4) was the most nucleo
philic, in line with Hermanson (2008). The second most nucleophilic
was the cyclic amino acid (Pro, N = 18.1). The other 13 amino acids had
N in the same range (12.7–14.1) regardless of the side chain functional
groups (alkyl, amide, amine, aromatic, carboxyl, hydroxyl). Hermanson
(2008) described the nucleophilicity order of side chains of amino acids
as follows: thiol > amine > carboxyl = hydroxyl.
Fig. 2B shows the free amino acid compositions of TSB, MEB, and
RPMI 1640, according to the side chain classification. Free Cys was
absent, and free Pro was present in low amount in TSB (0.1 mmol/L,
0.01 mg/mL), MEB (0.4 mmol/L, 0.05 mg/mL), and RPMI 1640 (0.3
mmol/L, 0.03 mg/mL). Furthermore, the sum of other free amino acids
was 13.5 mmol/L (1.90 mg/mL) in TSB, 6.6 mmol/L (0.83 mg/mL) in
MEB, and 5.0 mmol/L (0.71 mg/mL) in RPMI 1640.
Fig. 2C shows total amino acid compositions of TSB, MEB, and RPMI
1640. It is worth to note that in the analysis of total amino acid
composition, all peptide (i.e. amide) bonds and disulfide bonds were
broken down. Consequently, concentrations of the total bound thiolcontaining amino acid (Cys) residues originated from both free thiol
(–SH) groups and disulfide (–S–S–) bonds. Furthermore, concentrations
of the total carboxyl-containing amino acids included amide-containing
amino acids (section 2.3). Concentrations of total Cys residues were low
(0.3–0.4 mmol/L, 0.03–0.05 mg/mL) in TSB, MEB, and RPMI 1640. For
TSB and MEB as undefined growth media, it is unknown whether the
bound Cys was present with free thiol groups or with disulfide bonds.
Meanwhile, for RPMI 1640 as a defined growth medium, it is known
from the manufacturer that the bound Cys consisted of 0.2 mmol/L
(0.05 mg/mL) cystine (disulfide bond) and 0.003 mmol/L (0.0009 mg/
mL) glutathione (free thiol group). Furthermore, Pro was present in high
amount in TSB (12.2 mmol/L, 1.40 mg/mL) and low amounts in MEB
(1.5 mmol/L, 0.18 mg/mL) and RPMI 1640 (0.3 mmol/L, 0.03 mg/mL).
The total content of other amino acid residues in TSB (91.5 mmol/L,
12.14 mg/mL) was 5 and 18× higher than that in MEB (19.0 mmol/L,
2.41 mg/mL) and RPMI 1640 (5.0 mmol/L, 0.71 mg/mL), respectively.
Based on the total amino acid contents, TSB is considered and
referred to as a nucleophile-rich growth medium, whereas MEB, RPMI
1640, 5× diluted TSB, and 10× diluted TSB are considered and referred
to as nucleophile-poor growth media.

2.5. Liquid chromatography-mass spectrometry (LC-MS) analysis of ITCs
in growth media
Reactivity of ITCs in growth media was investigated by using 3MSITC and 9-MSITC, as representatives. ITCs at 200.0 μg/mL were
incubated for 24 h in growth media listed in Table 1. Samples were
analyzed at 0, 2, 4, 6, 8, and 24 h. Prior to the analysis, samples were
diluted 4 times and conditioned in IPA 25% (v/v). Concentrations of
ITCs were plotted against incubation time. The slopes (μmol L− 1 h− 1) of
the graphs for the first 8 h (minimum 3 data points) were considered and
referred to as reaction rates of ITCs with nucleophiles present in growth
media.
LC-MS analysis was performed on an Accela UHPLC system (Thermo
Scientific, San Jose, CA, U.S.A.) coupled to an LTQ Velos electrospray
ionization (ESI) ion trap MS (Thermo Scientific). Sample (1 μL) was
injected onto an Acquity UPLC-BEH shield RP18 column (2.1 mm i.d. ×
150 mm, 1.7 μm particle size; Waters, Milford, MA, USA) with an Acq
uity UPLC BEH shield RP18 VanGuard precolumn (2.1 mm i.d. × 5 mm,
1.7 μm particle size; Waters). The sample tray and the column oven were
controlled at 4 ◦ C and 25 ◦ C, respectively. FA 0.1% in water (eluent A)
and FA 0.1% in ACN (eluent B) were used at a flow rate of 300 μL/min.
The elution gradient used was 0–6.7 min, isocratic on 0% (v/v) B;
6.7–35.9 min, linear gradient to 40% B; 35.9–37.4 min, linear gradient
to 100% B; 37.4–44.7 min, isocratic on 100% B; 44.7–46.2 min, linear
gradient to 0% B; 46.2–53.0 min, isocratic on 0% B. The spectra were
acquired in positive ionization (PI) mode with a source voltage of 3.5 kV.
The identification and quantification of ITCs were performed in Xcalibur
(v.2.2, Thermo Scientific). Calibration curves of ITCs were within
0.5–50 μg/mL.

3.2. Reactivity of ITCs towards nucleophile-rich and nucleophile-poor
growth media
The nucleophiles present in growth media can reduce the concen
tration of ITCs before they exert their antimicrobial activity. Our pre
vious study indicated that among 15 ITCs, 3-MSITC was one of the most
reactive ITCs towards a nucleophile N-acetyl-L-cysteine (Andini,
Araya-Cloutier, Sanders, & Vincken, 2020). Therefore, we measured the
reaction rates of 3-MSITC and 9-MSITC (as the long-chain analogue) in
the different nucleophile-rich and nucleophile-poor growth media,
without inoculum, at different temperatures (Fig. 3) according to the
conditions applied in the antimicrobial assays (Table 1).
At 37 ◦ C in nucleophile-rich TSB, the concentrations of 3-MSITC and
9-MSITC were rapidly decreased at a rate of 141 and 55 μmol L− 1 h− 1,
respectively (Fig. 3A). After 24-h incubation, the concentrations of 3MSITC and 9-MSITC were below the detection limit (< 6 μmol/L) and
60 μmol/L, respectively. Meanwhile, at 37 ◦ C in the nucleophile-poor

2.6. Statistical analysis
To test for significant differences between amino acid compositions
among TSB, MEB, and RPMI 1640, data were statistically evaluated by
one-way analysis of variance (ANOVA), followed by Tukey post hoc test
using IBM SPSS Statistic v.23 software (SPSS Inc., Chicago, IL, USA).
3. Results
3.1. Amino acid compositions of growth media
The nucleophile profiles of growth media used in this study were
4
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Fig. 2. Amino acid compositions of TSB (golden), MEB (brown), and RPMI 1640 (red): classification of amino acids (A), free amino acid content (B), and total amino
acid content (C). The error bars represent the standard deviation from two repetitions. Some error bars are absent due to identical numbers. Different letters within
amino acid classes denote significant differences (p < 0.05) among growth media. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 3. The decrease of concentration of 3-MSITC (diamonds) and 9-MSITC (triangles) during incubation at 37 ◦ C in TSB (A), 37 ◦ C in 10× diluted TSB (B), 30 ◦ C in
TSB (C), 30 ◦ C in 10× diluted TSB (D), 30 ◦ C in MEB (E), and 30 ◦ C in RPMI 1640 (F). The initial concentration of ITCs in all experiments was 200 μg/mL (i.e. 3MSITC 1227 μmol/L and 9-MSITC 810 μmol/L). The concentrations of 3-MSITC at 24 h in A and C were below detection limit (< 6 μmol/L). The detection limit of 9MSITC was below 2 μmol/L. The error bars represent the standard deviation from three independent repetitions. The reaction rate explains the decrease in con
centration of ITCs during the first 8 h with a minimum of 3 data points.

9-MSITC were also rapidly decreased at a rate of 104 and 39 μmol L− 1
h− 1, respectively (Fig. 3C). Meanwhile, at 30 ◦ C in the nucleophile-poor
10× diluted TSB, the concentrations of ITCs were relatively stable over
time (a reaction rate of 4–5 μmol L− 1 h− 1, Fig. 3D). Decreasing the
amount of nucleophiles by 10× increased ITC stability by 10× or more.
Furthermore, the reaction rates of ITCs in nucleophile-poor MEB and
RPMI 1640 (Fig. 3E–F) were comparable to those in the nucleophilepoor TSB. It is noteworthy to clarify that MEB was at pH 5.4, whereas
TSB and RPMI 1640 were at pH 7.4, and that low pH is known to

10× diluted TSB, the concentrations of 3-MSITC and 9-MSITC were
decreased at a rate of 27 and 8 μmol L− 1 h− 1, respectively (Fig. 3B), i.e.
5-7× less rapidly than in the nucleophile-rich TSB. Additionally, the
reaction rates of 3-MSITC and 9-MSITC in the nucleophile-poor 5×
diluted TSB at 37 ◦ C were measured since this condition was applied in
the antimicrobial assay (Table 1); the rates were 58 and 16 μmol L− 1
h− 1, respectively, which were 2–3× lower than those in the nucleophilerich TSB (Supplementary Fig. S1).
At 30 ◦ C in nucleophile-rich TSB, the concentrations of 3-MSITC and
6
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decrease the reaction rate of ITCs and nucleophiles (Hanschen et al.,
2012).

ITCs with a good activity came from subclasses MSITC and MSoITC
(Table 3). From all bacterial species, B. cereus was found to be the most
susceptible. The short-chained (C3) and long-chained (C9) MSITCs and
MSoITCs were the most effective against B. cereus (having a good ac
tivity, MIC 12.5–25 μg/mL). The activity of 9-MSoITC, as a represen
tative, was tested against 15 food isolates and 2 reference strains of
B. cereus. Variation of its activity among these strains was remarkably
low (MIC 12.5–25 μg/mL, MBC 17.5–37.5 μg/mL) (Table 3). It should be
noted that the variation of antimicrobial activity of ITCs among various
strains of other microbial species could be larger than that of the tested
food isolates of B. cereus, as shown by a previous study working with 17
strains of methicillin-resistant Staphylococcus aureus (MRSA) (MICAITC
28–220 μg/mL, MICBITC 2.9–110 μg/mL, and MICPhEITC < 7–183 μg/mL)
(Dias et al., 2014). These results suggest that variability can be
species-dependent and ITC-dependent, and that it is of relevance to
investigate in future studies.
ITCs showed antimicrobial activity (MIC 12.5–200 μg/mL) against
the fungal species tested. 9-MSITC and 9-MSoITC showed a good activity
(MIC ≤ 25 μg/mL) against yeast S. cerevisiae and mold A. niger spores.
The lowest MFC was 25 μg/mL obtained for 9-MSITC and 9-MSoITC
against S. cerevisiae.
The results on antibacterial and antifungal activity of ITCs prove that
ITCs from MSITC and MSoITC subclasses are more potent than the
traditional AITC.

3.3. Antimicrobial activity of ITCs
Table 2 displays the antibacterial activity (MIC and MBC) of 10 ITCs
against 6 species in the nucleophile-rich growth medium (TSB). The
long-chained 9-MSoITC had a good activity (MIC 25 μg/mL) against
B. cereus, and a moderate activity (MIC 50–100 μg/mL) against
L. monocytogenes and S. aureus. The lack of activity (MIC > 200 μg/mL)
of ITCs against the Gram– bacteria was not improved in the presence of
PaβN (broad spectrum efflux pump inhibitor) (data not shown), indi
cating that the lack of activity was not related to the efflux pump sys
tems. MBC ≤ 200 μg/mL was observed only for few ITCs against B. cereus
and L. monocytogenes, with the lowest MBC of 50 μg/mL obtained for 9MSoITC against B. cereus. In general, the activity of most ITCs in the
nucleophile-rich medium was low.
Table 3 displays the antimicrobial activity (MIC and MBC, MFC) of
the same 10 ITCs against 9 bacterial and fungal species in the
nucleophile-poor growth media (Table 1). The antibacterial activity of
ITCs improved; 16 new MIC values and 13 new MBC values (MIC/MBC
< 200 μg/mL) were obtained (Table 3) in comparison with the results in
nucleophile-rich TSB (Table 2). The only exception was against
P. aeruginosa. The most remarkably improved antibacterial activity in
the nucleophile-poor TSB was observed for 3-MSITC and 3-MSoITC
(from MIC > 200 μg/mL to MIC 12.5–25 μg/mL) against E. coli and
B. cereus. The decrease in nucleophile richness of growth media changed
the antibacterial activity profile of most ITCs from having low activity
(MIC > 200) to having a good activity (MIC ≤ 25 μg/mL). It is worth to
note that the effect of growth media dilution on the growth of the tested
bacteria and on the susceptibility towards traditional antibiotics was
checked. The growth of the tested bacteria (indicated by their TTD) in
control experiments without antimicrobials in the nucleophile-poor TSB
had less than 1.5 h delay in comparison to that in nucleophile-rich TSB
(Supplementary Table S1). Also, MIC values of the control antibiotics
were the same in nucleophile-rich and nucleophile-poor TSB (Supple
mentary Table S2). These results indicate that the level of TSB dilution
made in this study did not influence the growth and susceptibility of the
bacteria, and that the improved activity of ITCs in the nucleophile-poor
TSB was mainly due to the reduced reaction of ITCs with the media
components. Antimicrobial activity of ITCs was affected negatively by
nucleophile richness in growth media. Decreasing the nucleophile
richness of the growth media 5–10× improved the antimicrobial activity
of ITCs by at least 4× to 16 × .

4. Discussion
4.1. Reactivity of ITCs to growth media components affects significantly
the antimicrobial activity of ITCs
Fig. 4 summarizes the specificity of antimicrobial activity of ITCs in
the nucleophile-rich and nucleophile-poor growth media. In the
nucleophile-rich medium (TSB), only long-chained MSITC and MSoITC
showed good antibacterial activity against B. cereus. In nucleophile-poor
media (5–10× diluted TSB), both short-chained and long-chained
MSITC and MSoITC showed good antibacterial activity. The shortchained ones were good against both Gram+ and Gram– bacteria,
whereas the long-chained ones were good against Gram+ bacteria. The
long-chained MSITC and MSoITC also showed good antifungal activity
in nucleophile-poor growth media (MEB and RPMI 1640). Furthermore,
at least one representative of MTITC, benzenic ITC, and alkenyl ITC had
moderate antifungal activity. Our results imply that most antibacterial
activity of ITCs reported in literature might have been underestimated
because TSB or other nucleophile-rich growth media, e.g. brain heart

Table 2
Minimum inhibitory concentrations (MIC) and minimum bactericidal concentrations (MBC) of ITCs against various microbes in nucleophile-rich media.
ITC

MIC (MBC), μg/mLa
Gram– bacteria
E. coli

AITC
PeITC
3-MTITC
9-MTITC
3-MSITC
9-MSITC
3-MSoITC
9-MSoITC
BITC
PhEITC

c

>200
>200
>200
>200
>200
>200
>200
>200
>200
>200

Gram+ bacteria
S. Typhimurium

P. aeruginosa

B. cereusb

L. monocytogenes

S. aureus

>200
>200
200 (>200)
>200
>200
>200
>200
>200
200 (>200)
>200

>200
>200
>200
>200
>200
>200
>200
>200
>200
>200

>200
>200
>200
>200
>200
50 (100)
>200
25 (50)
100 (200)
100-200 (200)

>200
>200
>200
>200
>200
100-200 (>200)d
>200
50-100 (100)
>200
>200

>200
>200
>200
>200
>200
>200
>200
50-100 (>200)
>200
>200

a

Data were obtained from three independent biological repetitions.
Data applies for B. cereus ATCC 14579.
c
The highest tested concentration was 200 μg/mL.
d
Two values separated by a dash indicated that the definite MIC was not obtained because a concentration in between (e.g. 150 μg/mL) was not tested. Some cases,
e.g. 100–200 (200), mean that at the lower concentration (e.g. 100 μg/mL) the cell count in the cell viability test was above the initial inoculum size, but at the higher
concentration (e.g. 200 μg/mL) the cell count equalled >99% cell inactivation of the initial inoculum.
b
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Data were obtained from three independent biological repetitions.
The highest tested concentration was 200 μg/mL.
c
Two values separated by a dash indicated that the definite MIC was not obtained because the concentrations in between (e.g. 175 μg/mL) were not tested. Some cases, e.g. 150–200 (200), mean that at the lower
concentration (e.g. 150 μg/mL) the cell count in the cell viability check was above the initial inoculum size, but at the higher concentration (e.g. 200 μg/mL) the cell count equalled >99% cell inactivation from the initial
inoculum.
d
Data is for the 15 food isolates and reference strain B. cereus ATCC 10987. The other data in the column is for the reference strain ATCC 14579.

infusion (BHI), lysogeny broth (LB), were used (Ko, Kim, & Lim, 2016;
Lim, Han, & Kim, 2016; Nowicki et al., 2016). Considering the appli
cation of ITCs as food preservatives, the reported activity obtained from
the assays using nucleophile-rich growth media is valuable to give an
estimation of the activity of ITCs in foods rich in nucleophiles.
Considering the absence of free Cys, the low concentrations of bound
Cys residues, and the fast reaction of ITCs in the nucleophile-rich TSB,
the nucleophilicity of this growth media seems to be related to amino
acids other than Cys. A couple of studies showed the negative effect of
Cys residues on the antimicrobial activity of ITCs (Kurepina et al., 2013;
Luciano et al., 2008), whereas only one study indicated the negative
effect of Cys and the other nucleophilic amino acids (Arg, Asp, Gln, Glu,
Gly, Lys, Phe, Thr, Trp) on the antibacterial activity of ITCs against
E. coli (Nowicki et al., 2016). Reactivity of ITCs with individual amino
acids in model systems and food application is worth study in future.
4.2. Sulfinyl and sulfonyl groups improve the antimicrobial activity of
ITCs
Within the aliphatic class, MSITC and MSoITC are the oxidized forms
of MTITC. Within the same alkyl chain length, these oxidized forms exert
higher antimicrobial activity than their non-oxidized forms. This might
be due to an increased polarity (lower log10P, Fig. 1B) imparted by the
sulfinyl and sulfonyl groups. The hydrophilic sulfinyl or sulfonyl group
at one side and hydrophobic alkyl group at the other side create an
amphiphilic property within an MSITC or MSoITC moiety. This property
is necessary for partitioning of compounds through cell membranes
(Araya-Cloutier, Vincken, van de Schans, Hageman, Schaftenaar, den
Besten et al., 2018; Lambert, 2002). Long-chained MSITC and MSoITC
generally had higher antimicrobial activity against Gram+ bacteria and
fungi which have a single phospholipid membrane. In contrast,
short-chained MSITC and MSoITC showed a potent activity against
Gram– bacteria. In Gram– bacteria, the influx of polar and small (< 600
Da) molecules, including antibiotics, is favored and assisted by
water-filled porin channels (Nikaido, 2003; Richter et al., 2017). This is
the first study indicating the different specificity of antimicrobial ac
tivity of the short-chained and the long-chained MSITC and MSoITC, and
that 9-MSITC and 9-MSoITC are potential antimicrobials.
5. Conclusion
This study proves that: (i) the decreasing concentration of nucleo
philes by 5–10× in growth media improved significantly the antimi
crobial activity of ITCs by at least 4–16× , (ii) the oxidized MSITC and
MSoITC had higher antimicrobial activity than the non-oxidized MTITC,
(iii) MSITC and MSoITC were more potent antibacterials than the wellstudied AITC, BITC, and PhEITC, (iv) the long-chained 9-MSITC and 9MSoITC had good activity (MIC ≤ 25 μg/mL) against Gram+ bacteria
and fungi, whereas the short-chained 3-MSITC and 3-MSoITC had good
activity against Gram+ bacteria and Gram– bacteria. Further studies
need to explore the potential application of various MSITC and MSoITC,
naturally obtained from Brassicaceae plants, as natural food pre
servatives considering the richness of nucleophiles in the matrix and to
investigate their toxicity, as well as studies with a more extended
collection of ITCs to unravel the quantitative structure-activity rela
tionship (QSAR).
Funding
This work was supported by Indonesia Endowment Fund for Edu
cation (LPDP), Ministry of Finance of the Republic of Indonesia.

b

a

>200
200 (>200)
100 (150)
150 (200)
100-200 (>200)
>200
200 (>200)
>200
100-200 (200)
>200
BITC
PhEITC

>200
>200

>200
>200

50 (100)
50 (100)

A. niger spores
S. cerevisiae

>200
>200
50 (75)
>200
200 (>200)
12.5–25 (25)
75 (100)
12.5–25 (25)

C. holmii

50 (100)
>200
50 (100)
>200
>200
50 (100)
100-200 (200)
100 (>200)
>200
>200
100-200 (>200)
50-100 (>200)
100 (>200)
50 (200)
50 (>200)
50-100 (200)
>200
>200
>200
>200
200 (>200)
25 (50)
50-100 (100)
25 (50)

>200
>200
100 (200)
>200
25 (75)
12.5 (25)
12.5–25 (25–50)
12.5–17.5 (17.5)
12.5–25 (17.5–37.5)d
100 (150)
150 (200)
>200
>200
100-200 (>200)
>200
50 (200)
>200
50 (200)
>200
>200b
>200
150-200 (200)
>200
25 (50)
200 (>200)
25 (50)
>200
AITC
PeITC
3-MTITC
9-MTITC
3-MSITC
9-MSITC
3-MSoITC
9-MSoITC

>200
>200
>200
>200
>200
>200
>200
>200

Fungal species

S. aureus
L. monocytogenes
B. cereus
S. Typhimurium
E. coli

P. aeruginosa

Gram+ bacteria species
Gram– bacteria species

MIC (MBC or MFC), μg/mLa
ITC

Table 3
Minimum inhibitory concentrations (MIC) and minimum bactericidal/fungicidal concentrations (MBC/MFC) of ITCs against various microbes in nucleophile-poor media.

100-200 (200)c
>200
100-200 (200)
>200
>200
25 (50)
100-200 (200)
25 (50)
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Fig. 4. The specificity of activity of ITCs in nucleophile-rich and nucleophile-poor growth media. ITCs are presented as subclasses (see Fig. 1). Subclasses displayed in
green, blue, and red represent subclasses with MIC ≤ 25 μg/mL (good antimicrobial activity), MIC 50–100 μg/mL (moderate antimicrobial activity), and MIC ≥ 200
μg/mL (low antimicrobial activity), respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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