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Abstract: Nivalenol (NIV) is a trichothecene mycotoxin that is more toxic than deoxynivalenol. It
accumulates in grains due to infection with Fusarium species, which are the causative agents of
scab or Fusarium head blight. An immunoassay, which is a rapid and easy analytical method, is
necessary for monitoring NIV in grains. However, a specific antibody against NIV has not been
prepared previously. To establish an immunoassay, we prepared NIV, introduced a linker, and
generated antibodies against it. NIV was prepared from a culture of Fusarium kyushuense obtained
from pressed barley through chromatographic procedures with synthetic adsorbents and silica gel.
NIV was reacted with glutaric anhydride, and the reaction was stopped before mono-hemiglutaryl-
NIV was changed to di-hemiglutaryl-NIV. 15-O-Hemiglutaryl-NIV was isolated via preparative
HPLC and bound to keyhole limpet hemocyanin (KLH) using the active ester method. Two different
monoclonal antibodies were prepared by immunizing mice with the NIV-KLH conjugate. The 50%
inhibitory concentration values were 36 and 37 ng/mL. These antibodies also showed high reactivity
in a direct competitive enzyme-linked immunosorbent assay and specifically reacted with NIV and
15-acetyl-NIV but not with deoxynivalenol and 4-acetyl-NIV.

Keywords: ELISA; immunoassay; Fusarium head blight; nivalenol; hapten

Key Contribution: The antibodies prepared using the 15-O-hemiglutarylnivalenol synthesized in
this study are the first examples of them that specifically react with nivalenol (NIV) and do not
cross-react with deoxynivalenol; which frequently coexists with NIV in wheat. They would enable
the practical application of immunoassays for NIV.

1. Introduction

Worldwide, more than 700 million tons of wheat is produced annually, which feeds
two-thirds of the population, along with rice and corn [1]. The toxicological and nutritional
aspects of wheat are particularly important for human consumption [2]. Humid and
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temperate weather during wheat anthesis often results in scab or Fusarium head blight,
a disease caused by fungi of several Fusarium species. This disease causes two forms of
agricultural damage, specifically a threat to food security caused by low harvest quality and
quantity and a threat to food safety owing to mycotoxin accumulation in grains. Among
these mycotoxins, the trichothecene mycotoxin deoxynivalenol (DON; A in Figure 1) is
the most hazardous to wheat worldwide [3]. In addition to DON, another trichothecene
mycotoxin, nivalenol (NIV; B in Figure 1), represents a potential risk because of its frequent
co-occurrence with DON [4]. NIV has been reported to be more toxic to animals than
DON [5]. Using the lowest observed adverse effect level of 0.7 mg/kg body weight per day
with a safety factor of 1000, the European Commission established a temporary tolerable
daily intake level of 0.7 µg/kg body weight for NIV, whereas this value was reported to be
1.0 µg/kg body weight for DON [6]. Further, a higher occurrence of NIV than DON has
been reported worldwide [7]. The natural occurrence of 15-acetylnivalenol (15-Ac-NIV; C in
Figure 1) was reported in Norwegian strains of Fusairum equiseti in 2001 [8]. In that report,
the cytotoxicity of F. equiseti in vitro (rice culture) was mainly attributed to 15-Ac-NIV with
fusarochromanone. However, no reports of 15-Ac-NIV have been published since then,
and it is assumed that its contamination frequency and concentration are low.
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tography equipped with a UV detector (HPLC-UVD) or tandem mass spectrometry (LC-
MS/MS) [9–12]. These methods are sensitive and accurate, but not suitable for rapid and 
easy testing in the agricultural field because of time constraints and complex sample prep-
aration techniques; moreover, these instruments cannot be moved from the laboratory to 
the field. As an alternative method, we have focused on immunoassays, which are based 
on the specific reactions between antigens and antibodies. Immunoassays are often used 
to monitor mycotoxins in agricultural products [13–15]. These are simple, rapid, and cost-
effective methods compared to HPLC-UVD or LC-MS/MS, but it is essential to prepare 
antibodies that react with the measurement target for their application. Antibodies specif-

Figure 1. Chemical structures of deoxynivalenol (DON), nivalenol (NIV), and relative com-
pounds. A, DON; B, NIV; C, 15-acetylnivalenol (15-Ac-NIV); D, 15-O-hemiglutarylnivalenol
(15-Glt-NIV); E, 4-acetylnivalenol (fusarenon X or 4-Ac-NIV); F, 3-acetyldeoxynivalenol (3-Ac-DON);
G, 15-acetyldeoxynivalenol (15-Ac-DON).

A rapid and easy analysis method is necessary for monitoring NIV in wheat and
other grains. NIV analysis is generally performed using high-performance liquid chro-
matography equipped with a UV detector (HPLC-UVD) or tandem mass spectrometry
(LC-MS/MS) [9–12]. These methods are sensitive and accurate, but not suitable for rapid
and easy testing in the agricultural field because of time constraints and complex sample
preparation techniques; moreover, these instruments cannot be moved from the laboratory
to the field. As an alternative method, we have focused on immunoassays, which are
based on the specific reactions between antigens and antibodies. Immunoassays are often
used to monitor mycotoxins in agricultural products [13–15]. These are simple, rapid,
and cost-effective methods compared to HPLC-UVD or LC-MS/MS, but it is essential to
prepare antibodies that react with the measurement target for their application. Antibodies
specifically reacting with DON have been reported in various studies [16–22]. However, no
reports of antibodies specifically reacting with NIV were found in previous studies, except
for that by Maragos et al., who prepared a monoclonal antibody (MoAb) that showed 57.4%
cross-reactivity with NIV when compared to reactivity with DON [23].

Because NIV and DON are haptens, they must be covalently bound to proteins, such
as keyhole limpet hemocyanin (KLH), through an adequate linker, for antibody preparation
via immunization. As shown in Figure 1, DON does not have an OH group at the 4-position
of the carbon atom in its chemical structure, whereas NIV does [24,25]. Hence, NIV contains
four OH groups in its structure. These OH groups can react equally with the linker, and
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their introduction into several positions distorts the original chemical structure. This might
explain why it is difficult to prepare antibodies that react with NIV. The introduction of a
linker specifically into one of the OH groups in NIV was therefore examined. In this study,
the designed hapten 15-O-hemiglutaryl-NIV (15-Glt-NIV; D in Figure 1), the preparation
of polyclonal antibodies (PoAbs) and MoAbs, and the reactivity of these antibodies with
NIV via a direct competitive enzyme-linked immunosorbent assay (dc-ELISA), which is a
representative immunoassay for the determination of mycotoxins, are described.

2. Results and Discussion
2.1. Preparation of NIV

The preparation of 200 mg of NIV was necessary for the synthesis of 15-Glt-NIV
and 15-Ac-NIV. Although a purification method using centrifugal partition chromatog-
raphy was reported by Onji et al. [26], we examined the preparation of NIV from the
culture medium using a column chromatographic procedure with synthetic adsorbents
and silica gel without an expensive instrument. According to previous papers, NIV is
generally extracted with acetonitrile [9–12,26,27]. However, large amounts of lipid and
brown hydrophobic substances produced by Fusarium kyushuense used in this study were
also found to be extracted simultaneously with acetonitrile, which made it difficult to
separate NIV from the extract. These impurities were not extracted on using water. NIV is
easily extracted with water because it has four hydroxy groups. Considering the difference
in solubility between NIV and the impurities, water was used as the solvent. After the
extracts containing NIV were adsorbed to the DIAION HP20 resin, the removal of brown
hydrophilic impurities that were co-extracted with water was drastically improved by
washing the resin with water, compared to that with conventional acetonitrile extracts. The
combination of extraction with water and chromatography with synthetic adsorbents made
it easy to remove impurities from the extract and concentrate the eluate containing NIV
with methanol. However, it was difficult to dissolve the concentrated eluate from the resin
in the ethyl acetate/methanol (8:1, v/v) solvent for silica gel chromatography. The paste
containing NIV was dispersed through ultrasonication and adsorbed to 1 mL of silica gel.
After purification via silica gel column chromatography, the crude NIV was dissolved in 5%
(v/v) acetonitrile in water. After it was maintained at 4 ◦C, high-purity NIV was saturated
and precipitated as a white powder, showing a single peak with HPLC-UVD (Figure S1).
As a result, 200 mg of NIV was obtained from 1800 g of pressed barley culture of Fusarium.

2.2. Introduction of a Carboxy Group into NIV

Although specific antibodies targeting DON were generated through the extension
of a linker from the OH groups of DON in previous studies, the preparation of specific
antibodies against NIV had not been reported, except for that by Maragos et al. They
successfully prepared monoclonal antibodies with 57.4% cross-reactivity with NIV, as
compared to reactivity with DON [23]. They devised a method to modify NIV through
O-methylglycine binding and isolated the mono-substituted derivatives after removing
the methyl ester to prepare the aforementioned MoAb. This was determined to be useful
in assessing both DON and NIV, but it could not be used to detect NIV alone. To prepare
NIV-specific antibodies without cross-reaction with DON, an extension between NIV and
the protein using glutaric anhydride as a linker and the selective introduction of a linker
molecule into one of the OH groups of NIV were examined.

NIV has four OH groups at the C-3, 4, 7, and 15 positions in its structure, whereas DON
has three OH groups at the C-3, 7, and 15 positions, as shown in Figure 1-B. The presence or
absence of an OH group at the C-4 position represents the difference between NIV and DON.
However, why this difference affects antibody production remained unclear. It has been
reported that the OH groups at the C-7 positions of NIV and DON are unreactive [23,28,29],
which could be due to steric hindrance mediated by the hydroxymethyl group at the
C-15 position. We understood that this was the reason as to why the OH groups at the
C-3 and C-15 positions were the link-introducing sites among the three OH groups in
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DON. When the linker molecule was introduced into DON at an adequate ratio without a
protecting group, the C-3 or C-15 position would be predominantly used for the binding
site. Accordingly, antibodies showing high reactivity with DON were prepared. However,
it would have been difficult to introduce a linker predominantly into one OH group among
the three reactive OH groups in NIV without using protective groups, as well as to attach
protective groups selectively to two OH groups.

Therefore, the selective introduction of a linker molecule into one of the OH groups
of NIV was examined. The OH group at the C-15 position in NIV was coupled with a
primary carbon atom. This OH group might be slightly different from others coupled with
a secondary carbon atom in terms of the reactivity and/or chemical properties of the ester
derivatives. NIV was reacted with a three-fold greater amount of glutaric anhydride for
3 h at 25 ◦C. Figure 2 shows a typical profile of the reaction mixture using reversed-phase
HPLC equipped with a UV detector. After this HPLC-UVD analysis, this reaction solution
was also analyzed by LC-MS, to confirm molecular weight of products. Two peaks with
the same molecular weight as mono-Glt-NIV, m/z 449.1 ([M + Na]+) and one peak with the
same molecular weight as di-Glt-NIV, m/z 563.1 ([M + Na]+) were observed (Figures S2–S4).
Comparing the peak areas, 71% of NIV remained unreacted under these reaction conditions.
Although only two peaks derived from mono-Glt-NIV were observed, it seemed that three
types of mono-Glt-NIV were formed at an yield of 27%. Di-Glt-NIV was formed at an yield
of 2%. It was expected that more di-Glt-NIV would be formed via mono-Glt-NIV based on
a longer reaction, making it difficult to isolate mono-Glt-NIV. The reaction was stopped
after 3 h, and the products were purified and identified.
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Figure 2. Representative chromatograms from the reaction between nivalenol (NIV) and glutaric
anhydride based on high-performance liquid chromatography equipped with a UV detector. The
bottom shows the reaction solution at 0 h and the top shows it at 3 h.

1H-NMR data of the compound purified from the peak at a retention time of ap-
proximately 14.4 min showed that this purified compound was a type of mono-Glt-NIV
(Figure S5). The chemical shift of protons at the C-15 position was downfield from NIV
(δ = 4.42 and 4.07), whereas those at the C-3 and C-4 positions were not. These data show
that the product was 15-Glt-NIV. However, the 1H-NMR data of the products purified
from the peak at a retention time of approximately 14.7 min showed that these products
were a mixture of two types of NIV derivatives with a hemiglutaryl group, namely 3-Glt-
NIV and 4-Glt-NIV, and 3-Glt-NIV was formed more readily than 4-Glt-NIV (Figure S6).
However, these derivatives could not be separated. 1H-NMR data of di-Glt-NIV purified
from the peak at a retention time of approximately 18.0 min showed that this compound
was 3,15-di-Glt-NIV (Figure S7). Because 4-Glt-NIV was barely formed, it seemed that
di-Glt-NIV with a glutaryl group at the C-4 position was not readily formed. Further, no
difference in reactivity was observed among the three OH groups of NIV under this reac-
tion condition. Instead, 15-Glt-NIV was separated from mono-Glt-NIV via reversed-phase
chromatography. Thus, we repeated the isolation of the peak at a retention time of approxi-
mately 14.4 min and succeeded in preparing a derivative of NIV with one hemiglutaryl
group, namely 15-Glt-NIV.
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2.3. Preparation of PoAbs That React with NIV

The reactivity of antibodies against haptens greatly depends on the structure of the
hapten bound to proteins [30,31], but also sometimes depends on the immunization sched-
ule. An adequate schedule for the NIV-KLH conjugate, for which the titer generally reaches
a plateau with two booster immunizations [32,33], was confirmed to produce a highly
reactive antibody against NIV using PoAbs from immunized mice. As shown in Figure 3,
after the 1st booster immunization, the PoAb reacted weakly with NIV at the 50% inhibitory
concentration (IC50) of 1400 ng/mL. The slope became less severe after the 2nd booster
immunization, whereas the PoAb reacted with NIV in a range of less than 100 ng/mL,
a range at which the PoAb did not react after the 1st booster immunization. This was
considered the reason for the increase in the amount of antibody that reacted with NIV at a
lower concentration range, maintaining the amount of antibody that reacted with high con-
centrations of NIV. After the 3rd booster immunization, the PoAb showed high reactivity
with NIV at an IC50 value of 90 ng/mL, with a steep inhibition curve slope. Moreover, the
antibody that reacted with NIV in a higher concentration range disappeared. Similar results
were obtained for all three mice. Thus, three rounds of booster immunizations were useful
for the preparation of highly reactive antibodies. The prepared PoAb showed similarly
high reactivity with the target NIV compared to that of the other haptens, as described
previously [32,33]. The reasons for this result are uncertain and they can be multiple.
The hapten structure, carrier protein, conjugate structure, immunization procedure could
account for this result. Changes in reactivity were presumably caused by a class change in
antibodies and the enhancement of affinity via repeated immunization with the NIV-KLH
conjugate, although the reason for affinity improvements against NIV-KLH being delayed
compared to that with the usual immunogens was not clear.
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Figure 3. Reactivity of polyclonal antibodies (PoAbs) after each booster immunization with nivalenol
(NIV), as determined via a direct competitive enzyme-linked immunosorbent assay (dc-ELISA).
Green, orange, and blue lines show the mean values for reaction of the PoAbs from three mice after
the 1st, 2nd, and 3rd booster immunizations, respectively. B/B0 = ratio of absorbance with NIV
to absorbance without NIV. Each data point is the mean of three replicates based on independent
examinations; error bars indicate ± SD.

2.4. Preparation of MoAbs That React with NIV

The immunized mice were used for the preparation of MoAbs. After cell fusion and
incubation at 37 ◦C for 7–10 days, the MoAbs secreted from the colonies of hybridoma cells
were screened using direct ELISA (d-ELISA) based on their reactivity with horseradish per-
oxidase (HRP)-labeled NIV. Since the immunogen was an NIV-KLH conjugate, MoAbs that
reacted with the common structure between NIV-KLH and HRP-labeled NIV were screened.
The MoAbs were further screened based on their reactivity with NIV using dc-ELISA. The
established cells secreting the anti-NIV MoAbs included two clones, MNV80 (IgG1, κ) and
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MNV87 (IgG1, κ). The supernatants of the cultured media were used as the MoAb solutions.
The MoAbs were respectively named MNV80 and MNV87, as with these cells.

2.5. Reactivity of PoAbs and MoAbs with NIV Based on dc-ELISA

The PoAbs after three rounds of booster immunizations and the MoAbs, MNV80
and MNV87, were used to confirm reactivity with NIV via dc-ELISA. Figure 4 shows
that the PoAbs, MNV80, and MNV87 reacted with NIV in the ranges of 12–950 ng/mL,
6.9–180 ng/mL, and 7.1–170 ng/mL, respectively. These ranges were defined as concentra-
tions between the IC20 and IC80 values. The IC50 values of PoAbs, MNV80, and MNV87
were 70, 36, and 37 ng/mL, respectively. The maximum permitted level of DON in flour,
meal, semolina, and flakes derived from wheat, maize, and barley was established to be
1000 µg/kg by CODEX Alimentarius [34]. Although the maximum permitted level of NIV
has not yet been established, the IC50 value of MNV80, which had the highest reactivity,
comprises a 28-fold lower concentration than the maximum permitted level of DON. It was
thus considered that the sensitivity of the dc-ELISA would be adequate to determine NIV
contamination of the aforementioned foods.
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Figure 4. Reactivity of polyclonal antibodies (PoAbs; after the 3rd booster immunization) (a) and
monoclonal antibodies (MoAbs) MNV80 (b) and MNV87 (c) with nivalenol (NIV; blue line) and
15-acetyl-NIV (15-Ac-NIV; orange line) based on a direct competitive enzyme-linked immunosorbent
assay. B/B0 = ratio of absorbance with NIV or 15-Ac-NIV to absorbance without NIV. Each data
point is the mean of five replicates for NIV and three replicates for 15-Ac-NIV based on independent
examinations; error bars indicate ± SD.

2.6. Reactivity of PoAbs and MoAbs with 15-Ac-NIV and Other Analogues of NIV

The PoAbs and MoAbs could react with 15-Ac-NIV, which has a similar structure
to 15-Glt-NIV with similar or higher reactivity to that with NIV. Since 15-Ac-NIV was
not commercially available, it was synthesized and isolated from other products using a
procedure similar to that used for 15-Glt-NIV. NIV was reacted with acetic anhydride on
ice, and the reaction was stopped before all NIV was acetylated. The product with the same
molecular weight as mono-acetylated NIV was isolated and identified as pure 15-Ac-NIV
via 1H-NMR (Figures S8 and S9).

As expected, the IC50 value of the PoAbs with 15-Ac-NIV was 11 ng/mL, which
was a 6.4-fold lower concentration than that with NIV (Table 1). The PoAbs reacted with
15-Ac-NIV in the range of 1.7–85 ng/mL as shown in Figure 4a. In contrast, the IC50 values
of the MoAbs with 15-Ac-NIV were almost the same and were 18 ng/mL, representing
a 2-fold lower concentration than that with NIV (Table 1). As shown in Figure 4b,c, the
MoAbs, MNV80, and MNV87, reacted with 15-Ac-NIV in the range of 2.8–100 ng/mL and



Toxins 2022, 14, 747 7 of 13

2.4–95 ng/mL, respectively. These results are easy to understand because the C-15 position
of 15-Ac-NIV was esterified with acetic acid instead of the glutaric acid in 15-Glt-NIV, and
both ester bonds were electronically neutral and different from the OH group at the C-15
position of NIV, which shows high polarity. However, none of the antibodies reacted with
neither 4-acetyl-NIV (4-Ac-NIV or fusarenon X, E in Figure 1), DON and its derivatives,
3-acetyl-DON (3-Ac-DON, F in Figure 1), nor 15-acetyl-DON (15-Ac-DON; G in Figure 1),
as shown in Table 1. This result showed that these antibodies could recognize the difference
between NIV and DON and the presence or absence of an OH group at the C-4 position.
These antibodies also recognized differences between NIV and 4-Ac-NIV. This is because
the antibodies raised against 15-Glt-NIV recognize NIV from the opposite side of the C-15
position, such that they recognize substituents on the side of the C-4 position strictly, but
recognize those on the side of the C-15 position of NIV loosely at their opening part.

Table 1. Fifty percent inhibitory concentration (IC50) values of each antibody with nivalenol (NIV)
and its derivatives via direct competitive enzyme-linked immunosorbent assay.

NIV and Its Derivatives PoAb
MoAb

MNV80 MNV87

NIV 70 * 36 37
4-Ac-NIV >1000 >1000 >1000

15-Ac-NIV 11 18 18
DON >1000 >1000 >1000

3-Ac-DON NT >1000 >1000
15-Ac-DON NT >1000 >1000

* IC50 values (ng/mL). Each data point is the mean of three replicates based on independent examinations.

3. Conclusions

The antibodies prepared through immunization with the hapten 15-Glt-NIV synthe-
sized in this study showed high specific reactivity with NIV and 15-Ac-NIV. Immunoassays
based on these antibodies are thus expected to be effective for detecting NIV, which con-
taminates grains in the field. A dc-ELISA, which is usually used as an immunoassay for the
detection of mycotoxins, was constructed in this study. The applicability of this dc-ELISA
will be examined using grain samples in the near future. In addition, the established
hapten synthesis method could be useful for the preparation of antibodies against other
trichothecene mycotoxins with multiple OH groups. This method is therefore expected to
contribute to immunoassays for trichothecene mycotoxins.

4. Materials and Methods
4.1. Materials

Analytical grade NIV, DON, 4-Ac-NIV, 3-Ac-DON, and 15-Ac-DON purchased from
FUJIFILM Wako Pure Chemical Co. (Osaka, Japan) were used as standard reagents.
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) was purchased from
Dojindo Molecular Technologies Inc. (Kumamoto, Japan). N-hydroxysuccinimide (NHS),
KLH, and RPMI 1640 medium were purchased from FUJIFILM Wako Pure Chemical Co.
Bovine serum albumin (BSA; Prod. No. A7888), hypoxanthine-aminopterin-thymidine
(HAT) medium supplement, and polyethylene glycol (molecular weight 1500) solution
were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Fetal bovine serum
(FBS; HyClone) was purchased from Cytiva (Tokyo, Japan). Ninety-six-well microplates for
cell culture (Nunc) and ELISA (Nunc MaxiSorp) and goat anti-mouse IgG (H + L) antibody
(Pierce) were purchased from Thermo Fisher Scientific Inc. (Waltham, MA, USA). HRP
was purchased from Toyobo Co., Ltd. (Osaka, Japan). Freund’s complete adjuvant (Difco)
was purchased from Becton Dickinson and Company (Franklin Lakes, NJ, USA). All other
chemicals and reagents used were of analytical grade and purchased from FUJIFILM Wako
Pure Chemical Co.
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4.2. Culture of Fusarium sp. for NIV Production

A strain of NIV-producing F. kyushuense [35] was used in this study (MAFF 237646).
It was inoculated into potato dextrose agar (Merck, Darmstadt, Germany) and incubated
at 20 ◦C for 1 week. Commercially available edible pressed barley (each batch: 50 g,
Kyowaseibaku Co., Kanagawa, Japan) was soaked in an equal weight of tap water in a
500 mL Erlenmeyer flask, incubated overnight at 4 ◦C, and then autoclaved at 121 ◦C for
60 min. After cooling, the fungus cultured on potato dextrose agar was cut into 1 cm
squares, inoculated into autoclaved barley medium (100 g), and incubated at 20 ◦C for
4 weeks. The culture medium was used for the extraction of NIV.

4.3. Preparation of NIV

The culture medium (three batches: 300 g) was added to 1500 mL of water and incu-
bated for 1 h at 25 ◦C before mixing using a homogenizer (POLYTRON PT10/35GT Homog-
enizer, Kinematica AG, Malters, Switzerland) for 5 min. After centrifugation at 1900× g for
10 min, the supernatant was added to DIAION HP20 (300 mL; Mitsubishi Chemical, Tokyo,
Japan) and incubated for 1 h with stirring. The resin was washed with water (300 mL,
10 times) via decantation before packing it into a glass column (600 mm × 60 i.d. mm).
After washing with water (300 mL), NIV was eluted with methanol (450 mL), and the eluate
was concentrated in vacuo. These procedures were repeated six times, and 18 batches of
the culture medium (1800 g) were used for preparation. The pastes containing NIV were
combined and suspended in ethyl acetate/methanol (8:1, v/v, 3 mL). Silica gel (1 mL; silica
gel 60, particle size 0.063–0.200 mm, Merck) was added to the suspension and dispersed
via ultrasonication. The slurry was applied to silica gel (200 mm × 30 i.d. mm; silica
gel 60, particle size 0.063–0.200 mm), which was developed using ethyl acetate/methanol
(8:1, v/v). Fractions containing NIV were collected, concentrated in vacuo, and purified
again through silica gel chromatography using the same procedure. The sample purified
by performing silica gel chromatography was dissolved in 1 mL of 5% (v/v) acetonitrile in
water and placed in a refrigerator (4 ◦C). A white powder comprising NIV (200 mg) was
obtained as the precipitate.

4.4. HPLC Analysis of NIV

The amount of NIV in the fractions during the purification procedure was analyzed
using a reversed-phase HPLC system equipped with UV detection under the following con-
ditions: system, Agilent 1100 series (Agilent Technologies, Santa Clara, CA, USA); column,
TSKgel ODS-80Ts (250 mm × 4.6 i.d. mm, 5 µm, Tosoh, Tokyo); eluent, water/acetonitrile
(95:5, v/v); flow rate, 1 mL/min; detection wavelength, 220 nm; oven temperature, 40 ◦C. Un-
der these conditions, NIV was detected at a retention time of approximately 10 min. Before
HPLC analysis, the aqueous extract of the culture medium was pretreated using the follow-
ing procedure: The extract was diluted 3/20 with acetonitrile, 10 mL of which was loaded
onto a cartridge (Multisep #227 Trich+, Romer Labs, Gatzersdorf, Austria). The eluate
(4 mL) was collected after excluding the first eluate (3 mL) and was concentrated in vacuo.

4.5. Synthesis of 15-Glt-NIV and 15-Ac-NIV

15-Glt-NIV (D in Figure 1) was prepared based on a moderate reaction between puri-
fied NIV and glutaric anhydride. This reaction was monitored by the HPLC-UVD under
the following conditions: pump, LC-10A (Shimadzu, Kyoto, Japan); column, YMC-Pack
ODS-A (150 mm × 4.6 i.d. mm, 5 µm, YMC, Kyoto, Japan); eluent, solution A (0.1% (v/v)
trifluoroacetic acid in water) and solution B (0.1% (v/v) trifluoroacetic acid in acetonitrile),
1–60% (v/v) B for 0–25 min with a linear gradient; flow rate, 1 mL/min; detector, SPD-M10A
(Shimadzu); detection wavelength, 220 nm; oven temperature, 40 ◦C and by the LC-MS
under the following conditions: system, Agilent 1260 infinity II HPLC system (Agilent
Technologies); column, YMC-Pack ODS-A (150 mm × 4.6 i.d. mm, 5 µm, YMC); eluent, so-
lution A (0.05% (v/v) trifluoroacetic acid in water) and solution B (0.05% (v/v) trifluoroacetic
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acid in acetonitrile), 1–60% (v/v) B for 0–25 min with a linear gradient; flow rate, 1 mL/min;
oven temperature, 40 ◦C; ionization, electrospray ionization (ESI positive and negative).

NIV (20 mg), glutaric anhydride (23 mg), and 4-dimethylaminopyridine (2.4 mg) were
dissolved in a mixture of 1 mL of dimethyl sulfoxide and 10 mL of chloroform and left
for 3 h at 25 ◦C with stirring. After extraction with 1% (v/v) acetic acid in water, the water
layer was subjected to preparative HPLC under the following conditions: pump, LC-8A
(Shimadzu, Kyoto, Japan); column, YMC-Pack ODS-A (250 mm × 30 i.d. mm, 5 µm, YMC,
Kyoto, Japan); eluent, solution A (0.05% (v/v) trifluoroacetic acid in water) and solution B
(0.05% (v/v) trifluoroacetic acid in acetonitrile), 0–40% (v/v) B for 0–100 min with a linear
gradient; flow rate, 20 mL/min; detector, SPD-10AV (Shimadzu); and detection wavelength,
220 nm. The eluate containing 15-Glt-NIV was then collected and freeze-dried. A white
powder comprising 15-Glt-NIV (2 mg) was obtained. The unreacted NIV was recovered and
reused in the reaction. 15-Glt-NIV (22 mg) was obtained from 110 mg of NIV by repeating
this procedure. Spectroscopic measurements of 15-Glt-NIV were conducted using LC-MS
(Agilent G1956B LC/MSD detector with Agilent 1260 infinity II HPLC system, Agilent
Technologies) and NMR (JEOL ECX400 spectrometer, JEOL, Tokyo). The spectral data
(Figures S2, S5 and S10) are as follows: ESI-MS (m/z) 425.1 [M − H]−, calcd. for C20H25O10
425.1; 449.1 [M + Na]+, calcd. for C20H26O10Na 449.1; 1H NMR (CDCl3, 400 MHz) δ (ppm),
6.66 (qd, 1H, J = 1.8, 6.0 Hz), 4.90 (s, 1H), 4.67 (d, 1H, J = 6.0 Hz), 4.53 (d, 1H, J = 3.2 Hz),
4.42 (d, 1H, J = 12.8 Hz), 4.34 (dd, 1H, J = 3.2, 4.6 Hz), 4.07 (d, 1H, J = 12.4 Hz), 3.80 (d, 1H, J
= 5.0 Hz), 3.09 (d, 1H, J = 4.1 Hz), 3.06 (d, 1H, J = 4.1 Hz), 2.41 (t, 2H, J = 6.9 Hz), 2.35 (td,
1H, J = 6.9, 16.0 Hz), 2.30 (td, 1H, J = 6.9, 16.0 Hz), 1.99–1.88 (m, 5H), 1.11 (s, 3H).

15-Ac-NIV (C in Figure 1) was prepared based on the following reaction between
purified NIV and acetic anhydride: NIV (5 mg) was dissolved in 500 µL of pyridine under
shading conditions. After adding ice cold acetic anhydride (2.5 mL) to the solution, the
mixture was left on ice for 10 min. An aliquot (45 mL) of methanol/water (25:75 v/v)
was added to the reaction mixture to stop the reaction. The solution was concentrated in
vacuo to approximately 1 mL and was subjected to preparative HPLC under the following
conditions: system, Agilent 1100 series (Agilent Technologies); column, Inertsil ODS-3
(250 mm × 10 i.d. mm, 5 µm, GL Science, Tokyo, Japan); eluent, methanol/water (1:3 v/v);
flow rate, 2.75 mL/min; detection wavelength, 220 nm. The eluate containing 15-Ac-NIV
(retention time of 28–30 min) was collected and evaporated. White 15-Ac-NIV powder
(4 mg) was obtained. Spectroscopic measurements of 15-Ac-NIV were conducted using
the following instruments: high resolution LC-MS (LC-HRMS; Orbitrap MS “Exactive,”
Thermo Fisher Scientific, Waltham, MA, USA) and NMR (Bruker Avance III 600 MHz,
Bruker Biospin, Billerica, MA, USA). The spectral data (Figures S8 and S9) were as follows:
ESI-MS (m/z) 413.1460 [M + CH3COO]−, calculated. for C19H25O10 413.1442; 1H NMR
(CD3OD, 600 MHz) δ (ppm), 6.59 (qd, 1H, J = 1.5, 5.9 Hz), 4.87 (s, 1H), 4.60 (d, 1H,
J = 5.9 Hz), 4.37 (d, 1H, J = 12.3 Hz), 4.33 (d, 1H, J = 3.4 Hz), 4.25 (d, 1H, J = 12.2 Hz),
4.13 (dd, 1H, J = 3.5, 4.7 Hz), 3.59 (d, 1H, J = 4.7 Hz), 2.97 (dd, 2H, J = 4.4, 13.9 Hz), 1.89 (s,
3H), 1.84 (s, 3H), 1.05 (s, 3H).

4.6. Preparation of 15-Glt-NIV–Protein Conjugate

The carboxy group of the synthesized 15-Glt-NIV was covalently bound to primary
amines in lysine residues of KLH or HRP via the active ester method, as described previ-
ously [36]. The NIV-KLH conjugate was used as an immunogen, and HRP-labeled NIV
was used as the labeled antigen for d-ELISA and dc-ELISA. Briefly, 100 µL of 15-Glt-NIV
(5 µmol) was dissolved in anhydrous dimethyl sulfoxide and mixed with 5 µL of NHS
(6 µmol) and 10 µL of EDC (6 µmol) dissolved in anhydrous dimethyl sulfoxide. The
mixture was left at room temperature for 1.5 h. Meanwhile, each protein sample (10 mg)
was dissolved in 1 mL of phosphate buffered saline (PBS; 10 mmol/L phosphate buffer and
150 mmol/L NaCl; pH 7.0) and added to the mixture. The mixture was left at room temper-
ature for 1.5 h to complete the reaction. The NIV-KLH conjugate was purified via dialysis
against PBS at 4 ◦C for 3 days through the exchange of PBS three times. Meanwhile, the
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HRP-labeled NIV was purified via gel filtration chromatography (Sephadex G-25, superfine
grade, Cytiva) using an open column (250 mm ×10 i.d. mm).

4.7. Preparation of PoAbs and MoAbs

PoAbs and MoAbs were prepared as described previously [36]. Briefly, BALB/c mice
(7-week-old females) were obtained from Japan SLC, Inc. (Shizuoka, Japan). Three mice
were intraperitoneally immunized with 100 µL of NIV-KLH conjugate (100 µg/mouse) in
Freund’s complete adjuvant. For a 1-month interval, mice were further intraperitoneally
immunized with 100 µL of the NIV-KLH conjugate (25 µg/mouse) in Freund’s incom-
plete adjuvant. Blood samples of 50 µL were collected from the tail vein of each mouse
1 week after each immunization. Serum prepared from blood was used as the PoAbs
without purification.

Meanwhile, 3 days after the last immunization, the spleen was removed from the im-
munized mouse, and spleen cells were collected. The cells were fused with P3U1 myeloma
cells at a ratio of 5:1 using a polyethylene glycol solution. The fused cells were suspended
at a concentration of 2 × 105 cells/mL in HAT medium with RPMI 1640 medium, 10% FBS,
and HAT medium supplements and transferred to 96-wells microplates. After incubation
at 37 ◦C for 7–10 days, colonies that formed and secreted anti-NIV MoAbs were assessed
using d-ELISA and dc-ELISA. Selected hybridoma cells were cloned using the limiting
dilution method. The culture supernatant of the cloned cells was used as the MoAbs.

4.8. d-ELISA and dc-ELISA Creation

d-ELISA was performed as described previously [36]. One hundred microliters of
anti-mouse IgG antibody (goat, 4 µg/mL) dissolved in PBS was added to each well of
a 96-well microtiter plate and incubated at 4 ◦C overnight. After removing the solution,
300 µL of 0.4% BSA dissolved in PBS was added to the wells and incubated at 25 ◦C for 1 h.
After washing once with PBS supplemented with 0.02% Tween 20, 100 µL of serially diluted
PoAbs or MoAbs with PBS containing 0.2% BSA was added to the wells and incubated
at 25 ◦C for 1 h. After washing three times, 100 µL of HRP-labeled NIV (50 ng/mL) in
PBS containing 0.2% BSA was added to the wells and incubated at 25 ◦C for 1 h. The
wells were washed three times, and 100 µL of the color development solution (100 µg/mL
3,3′,5,5′-tetramethylbenzidine, 0.006% H2O2, and 0.1 mol/L acetate buffer; pH 5.5) was
added to the wells. After 10 min, 100 µL of 0.5 mol/L sulfuric acid was added to stop
the color development reaction. Absorbance was measured at 450 nm using an xMark
microplate reader (Bio-Rad Laboratories, Hercules, CA, USA).

The dc-ELISA was generated based on d-ELISA [36]. The anti-mouse IgG antibody
(goat) and 0.4% BSA in PBS were used as well as to the d-ELISA. After washing once,
the PoAbs (30,000-fold dilutions for antiserum after the 1st booster immunization and
100,000-fold dilutions for antiserum after the 2nd and 3rd booster immunizations) or
MoAbs (50-fold dilutions for MNV80 and 100-fold dilutions for MNV87), of which the
dilution rates were adjusted to the absorbance 1–1.5 for the above d-ELISA, were added to
the wells and incubated at 25 ◦C for 1 h. HRP-labeled NIV (100 ng/mL) was mixed with an
equal volume of each solution of NIV or its related mycotoxins (0.5–1000 ng/mL) in 10%
methanol in water. After three washes, the mixture was added to the wells and incubated at
25 ◦C for 1 h. Further, the wells were washed thrice and treated with the color development
solution and sulfuric acid, and absorbance was measured at 450 nm using d-ELISA.

5. Patents

Azabu University has a patent pending for the preparation methods of monoclonal
antibodies targeting NIV.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxins14110747/s1, Figure S1: Representative chromatogram
from obtained nivalenol (NIV) based on high-performance liquid chromatography equipped with
a UV detector. Figure S2: Mass spectrum of the peak at the retention time of 14.4 min in the
chromatogram of Figure 2; Figure S3: Mass spectrum of the peak at the retention time of 14.7 min in
the chromatogram of Figure 2; Figure S4: Mass spectrum of the peak at the retention time of 18.0 min in
the chromatogram of Figure 2; Figure S5: 1H-NMR spectrum of the purified compound from the peak
at the retention time of 14.4 min in the chromatogram of Figure 2; Figure S6: 1H-NMR spectrum of the
purified compound from the peak at the retention time of 14.7 min in the chromatogram of Figure 2;
Figure S7: 1H-NMR spectrum of the purified compound from the peak at the retention time of 18.0 min
in the chromatogram of Figure 2; Figure S8: Mass spectrum of purified 15-acetylnivalenol; Figure S9:
1H-NMR spectrum of purified 15-acetylnivalenol; Figure S10: Mass spectrum of 15-glutarylnivalenol.

Author Contributions: Conceptualization, S.M.; methodology, K.N., K.O., T.Y. (Toshihiro Yamamoto),
T.Y. (Taku Yoshiya), M.S., K.M., M.K. (Masayo Kushiro) and S.M.; investigation, K.N., Y.H., T.N.,
R.S., M.K. (Marin Kishimoto), T.F., S.S., A.M., K.S., K.O., H.K., Y.O. and T.Y. (Tetsuya Yamamoto);
resources, N.K. and M.W.; writing—original draft preparation, K.N., M.K. (Masayo Kushiro) and
S.M.; writing—review and editing, K.O., T.Y. (Taku Yoshiya), M.W. and M.S.; visualization, K.N. and
S.M.; supervision, S.M.; project administration, S.M.; funding acquisition, M.K. (Masayo Kushiro).
All authors have read and agreed to the published version of the manuscript.

Funding: This study was partially conducted under the research project on “Regulatory research
projects for food safety, animal health and plant protection (JPJ008617. 18072043)” funded by the
Ministry of Agriculture, Forestry and Fisheries of Japan.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Review Boards of Kyoto Women’s University (protocol code 2020-5, 8 May 2020) and Azabu Univer-
sity (protocol code 181226-1, 26 December 2018) in accordance with a bulletin (No. 71, 2006) from the
Ministry of Education, Culture, Sports, Science and Technology in Japan [37].

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors wish to express their appreciation to Kiyoshi Okano for his support
on TLC of NIV and to Hiroyuki Nakagawa for his support on NIV preparation. We also thank to
Research Center for Advanced Analysis, National Agriculture and Food Research Organization for
the use of LC-HRMS.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Food and Agriculture Organization of the United Nations. FAO Cereal Supply and Demand Brief. Available online: https:

//www.fao.org/worldfoodsituation/csdb/en/ (accessed on 9 September 2022).
2. Wieser, H.; Koehler, P.; Scherf, K.A. The two faces of wheat. Front. Nutr. 2020, 7, 517313. [CrossRef] [PubMed]
3. McMullen, M.; Jones, R.; Gallenberg, D. Scab of wheat and barley: A re-emerging disease of devastating impact. Plant Dis. 1997,

81, 1340–1348. [CrossRef] [PubMed]
4. Yoshida, M.; Nakajima, T. Deoxynivalenol and nivalenol accumulation in wheat infected with Fusarium graminearum during grain

development. Phytopathology 2010, 100, 763–773. [CrossRef] [PubMed]
5. Ryu, J.C.; Ohtsubo, K.; Izumiyama, N.; Nakamura, K.; Tanaka, T.; Yamamura, H.; Ueno, Y. The acute and chronic toxicities of

nivalenol in mice. Fundam. Appl. Toxicol. 1988, 11, 38–47. [CrossRef]
6. Scientific Committee on Food in European commission. Opinion of the Scientific Committee on Food on Fusarium Toxins. Part 6:

Group Evaluation of T-2 Toxin, HT-2 Toxin, Nivalenol and Deoxynivalenol. Available online: https://ec.europa.eu/food/fs/sc/
scf/out123_en.pdf (accessed on 9 September 2022).

7. EFSA Panel on Contaminants in the Food Chain (CONTAM). Scientific Opinion on risks for animal and public health related to
the presence of nivalenol in food and feed. EFSA J. 2013, 11, 3262. [CrossRef]

8. Morrison, E.; Rundberget, T.; Kosiak, B.; Aastveit, A.H.; Berbholt, A. Cytotoxicity of trichothecenes and fusarochromanone
produced by Fusarium equiseti strains isolated from Norwegian cereals. Mycopathologia 2002, 153, 49–56. [CrossRef]

9. Lauren, D.R.; Greenhalgh, R. Simultaneous analysis of nivalenol and deoxynivalenol in cereals by liquid chromatography. J.
Assoc. Off. Anal. Chem. 1987, 70, 479–483. [CrossRef]

https://www.mdpi.com/article/10.3390/toxins14110747/s1
https://www.mdpi.com/article/10.3390/toxins14110747/s1
https://www.fao.org/worldfoodsituation/csdb/en/
https://www.fao.org/worldfoodsituation/csdb/en/
http://doi.org/10.3389/fnut.2020.517313
http://www.ncbi.nlm.nih.gov/pubmed/33195360
http://doi.org/10.1094/PDIS.1997.81.12.1340
http://www.ncbi.nlm.nih.gov/pubmed/30861784
http://doi.org/10.1094/PHYTO-100-8-0763
http://www.ncbi.nlm.nih.gov/pubmed/20626280
http://doi.org/10.1016/0272-0590(88)90268-0
https://ec.europa.eu/food/fs/sc/scf/out123_en.pdf
https://ec.europa.eu/food/fs/sc/scf/out123_en.pdf
http://doi.org/10.2903/j.efsa.2013.3262
http://doi.org/10.1023/A:1015201709070
http://doi.org/10.1093/jaoac/70.3.479


Toxins 2022, 14, 747 12 of 13

10. Walker, F.; Meier, B. Determination of the Fusarium mycotoxins nivalenol, deoxynivalenol, 3-acetyldeoxynivalenol, and 15-O-
acetyl-4-deoxynivalenol in contaminated whole wheat flour by liquid chromatography with diode array detection and gas
chromatography with electron capture detection. J. AOAC Int. 1998, 81, 741–748. [CrossRef]

11. Aoyama, K.; Akashi, H.; Mochizuki, N.; Ito, Y.; Miyashita, T.; Lee, S.; Ogiso, M.; Maeda, M.; Kai, S.; Tanaka, H.; et al.
Interlaboratory study of LC-UV and LC-MS methods for the simultaneous determination of deoxynivalenol and nivalenol in
wheat. Shokuhin Eiseigaku Zasshi 2012, 53, 152–156. [CrossRef]

12. Girolamo, A.D.; Ciasca, B.; Pascale, M.; Lattanzio, V.M.T. Determination of zearalenone and trichothecenes, including deoxyni-
valenol and its acetylated derivatives, nivalenol, T-2 and HT-2 toxins, in wheat and wheat products by LC-MS/MS: A collaborative
study. Toxins 2020, 12, 786. [CrossRef]

13. Pestka, J.J. Enhanced surveillance of foodborne mycotoxins by immunochemical assay. J. Assoc. Off. Anal. Chem. 1988,
71, 1075–1081. [CrossRef] [PubMed]

14. Fremy, J.M.; Usleber, E. Policy on characterization of antibodies used in immunochemical methods of analysis for mycotoxins and
phycotoxins. J. AOAC Int. 2003, 86, 868–871. [CrossRef] [PubMed]

15. Lattanzio, V.M.T.; von Holst, C.; Lippolis, V.; Girolamo, A.D.; Logrieco, A.F.; Mol, H.G.J.; Pascale, M. Evaluation of mycotoxin
screening tests in a verification study involving first time users. Toxins 2019, 11, 129. [CrossRef] [PubMed]

16. Xu, Y.C.; Zhang, G.S.; Chu, F.S. Enzyme-linked immunosorbent assay for deoxynivalenol in corn and wheat. J. Assoc. Off. Anal.
Chem. 1988, 71, 945–949. [CrossRef] [PubMed]

17. Abouzied, M.M.; Beremand, M.N.; McCormick, S.P.; Pestka, J.J. Reactivity of deoxynivalenol (vomitoxin) monoclonal antibody
towards putative trichothecene precursors and shunt metabolites. J. Food Prot. 1991, 54, 288–290. [CrossRef] [PubMed]

18. Sinha, R.C.; Savard, M.E.; Lau, R. Production of monoclonal antibodies for the specific detection of deoxynivalenol and 15-
acetyldeoxynivalenol by ELISA. J. Agric. Food Chem. 1995, 43, 1740–1744. [CrossRef]

19. Maragos, C.M.; McCormick, S.P. Monoclonal antibodies for the mycotoxins deoxynivalenol and 3-acetyl-deoxynivalenol. Food
Agric. Immunol. 2000, 12, 181–192. [CrossRef]

20. Kohno, H.; Yoshizawa, T.; Fukugi, M.; Miyoshi, M.; Sakamoto, C.; Hata, N.; Kawamura, O. Production and characterization of
monoclonal antibodies against 3,4,15-triacetylnivalenol and 3,15-diacetyldeoxynivalenol. Food Agric. Immunol. 2003, 15, 243–254.
[CrossRef]

21. Santos, J.S.; Takabayashi, C.R.; Ono, E.Y.S.; Itano, E.N.; Mallmann, C.A.; Kawamura, O.; Hirooka, E.Y. Immunoassay based on
monoclonal antibodies versus LC-MS: Deoxynivalenol in wheat and flour in Southern Brazil. Food Addit. Contam. Part A 2011,
28, 1083–1090. [CrossRef]

22. Sanders, M.; Guo, Y.; Iyer, A.; García, Y.R.; Galvita, A.; Heyerick, A.; Deforce, D.; Risseeuw, M.D.P.; van Calenbergh, S.; Bracke, M.;
et al. An immunogen synthesis strategy for the development of specific anti-deoxynivalenol monoclonal antibodies. Food Addit.
Contam. Part A 2014, 31, 1751–1759. [CrossRef]

23. Maragos, C.; Busman, M.; Sugita-Konishi, Y. Production and characterization of a monoclonal antibody that cross-reacts with the
mycotoxins nivalenol and 4-deoxynivalenol. Food Addit. Contam. 2006, 23, 816–825. [CrossRef] [PubMed]

24. Tatsuno, T.; Fujimoto, Y.; Morita, Y. Toxicological research on substances from fusarium nivale III.: The structure of nivalenol and
its monoacetate. Tetrahedron Lett. 1969, 10, 2823–2826. [CrossRef]

25. Yoshizawa, T.; Morooka, N. Deoxynivalenol and its monoacetate: New mycotoxins from Fusarium roseum and moldy barley.
Agric. Biol. Chem. 1973, 37, 2933–2934. [CrossRef]

26. Onji, Y.; Aoki, Y.; Yamazoe, Y.; Dohi, Y.; Moriyama, T. Isolation of nivalenol and fusarenon-X from pressed barley culture by
centrifugal partition chromatography. J. Liq. Chromatogr. 1988, 11, 2537–2546. [CrossRef]

27. Tanaka, T.; Hasegawa, A.; Matsuki, Y.; Ishii, K.; Ueno, Y. Improved methodology for the simultaneous detection of the tri-
chothecene mycotoxins deoxynivalenol and nivalenol in cereals. Food Addit. Contam. 1985, 2, 125–137. [CrossRef]

28. Fruhmann, P.; Skrinjar, P.; Weber, J.; Mikula, H.; Warth, B.; Sulyok, M.; Krska, R.; Adam, G.; Rosenberg, E.; Hametner, C.; et al.
Sulfation of deoxynivalenol, its acetylated derivatives, and T2-toxin. Tetrahedron 2014, 70, 5260–5266. [CrossRef]

29. Weber, J.; Fruhmann, P.; Hametner, C.; Schiessl, A.; Häubl, G.; Fröhlich, J.; Mikula, H. Synthesis of isotope-labeled deoxynivalenol-
15-O-glycosides. Eur. J. Org. Chem. 2017, 2017, 7012–7018. [CrossRef]

30. Uchigashima, M.; Saigusa, M.; Yamashita, H.; Miyake, S.; Fujita, K.; Nakajima, M.; Nishijima, M. Development of a novel
immunoaffinity column for aflatoxin analysis using an organic solvent-tolerant monoclonal antibody. J. Agric. Food Chem. 2009,
57, 8728–8734. [CrossRef]

31. Kondo, M.; Tsuzuki, K.; Hamda, H.; Yamaguchi, Y.; Uchigashima, M.; Saka, M.; Watanabe, E.; Iwasa, S.; Narita, H.; Miyake, S.
Development of an enzyme-linked immunosorbent assay (ELISA) for residue analysis of the fungicide azoxystrobin in agricultural
products. J. Agric. Food Chem. 2012, 60, 904–911. [CrossRef]

32. Miyake, S.; Hayashi, A.; Kita, H.; Ohkawa, H. Polyclonal and monoclonal antibodies for the specific detection of the herbicide
acifluorfen and related compounds. Pestic. Sci. 1997, 51, 49–55. [CrossRef]

33. Miyake, S.; Hayashi, A.; Kumeta, T.; Kitajima, K.; Kita, H.; Ohkawa, H. Effectiveness of polyclonal and monoclonal antibodies
prepared for an immunoassay of the etofenprox insecticide. Biosci. Biotechnol. Biochem. 1998, 62, 1001–1004. [CrossRef] [PubMed]

34. CODEX Alimentarius. General Standard for Contaminations and Toxins in Food and Feed. CXS 193-1995. Available on-
line: https://www.fao.org/fao-who-codexalimentarius/sh-proxy/en/?lnk=1&url=https%253A%252F%252Fworkspace.fao.
org%252Fsites%252Fcodex%252FStandards%252FCXS%2B193-1995%252FCXS_193e.pdf (accessed on 9 September 2022).

http://doi.org/10.1093/jaoac/81.4.741
http://doi.org/10.3358/shokueishi.53.152
http://doi.org/10.3390/toxins12120786
http://doi.org/10.1093/jaoac/71.6.1075
http://www.ncbi.nlm.nih.gov/pubmed/3071526
http://doi.org/10.1093/jaoac/86.4.868
http://www.ncbi.nlm.nih.gov/pubmed/14509448
http://doi.org/10.3390/toxins11020129
http://www.ncbi.nlm.nih.gov/pubmed/30791649
http://doi.org/10.1093/jaoac/71.5.945
http://www.ncbi.nlm.nih.gov/pubmed/3235414
http://doi.org/10.4315/0362-028X-54.4.288
http://www.ncbi.nlm.nih.gov/pubmed/31051634
http://doi.org/10.1021/jf00054a061
http://doi.org/10.1080/09540100050140722
http://doi.org/10.1080/09540100400003535
http://doi.org/10.1080/19440049.2011.576442
http://doi.org/10.1080/19440049.2014.955887
http://doi.org/10.1080/02652030600699072
http://www.ncbi.nlm.nih.gov/pubmed/16807207
http://doi.org/10.1016/S0040-4039(01)88281-2
http://doi.org/10.1080/00021369.1973.10861103
http://doi.org/10.1080/01483918808076745
http://doi.org/10.1080/02652038509373534
http://doi.org/10.1016/j.tet.2014.05.064
http://doi.org/10.1002/ejoc.201700934
http://doi.org/10.1021/jf901826a
http://doi.org/10.1021/jf203534n
http://doi.org/10.1002/(SICI)1096-9063(199709)51:1&lt;49::AID-PS571&gt;3.0.CO;2-Y
http://doi.org/10.1271/bbb.62.1001
http://www.ncbi.nlm.nih.gov/pubmed/9648233
https://www.fao.org/fao-who-codexalimentarius/sh-proxy/en/?lnk=1&url=https%253A%252F%252Fworkspace.fao.org%252Fsites%252Fcodex%252FStandards%252FCXS%2B193-1995%252FCXS_193e.pdf
https://www.fao.org/fao-who-codexalimentarius/sh-proxy/en/?lnk=1&url=https%253A%252F%252Fworkspace.fao.org%252Fsites%252Fcodex%252FStandards%252FCXS%2B193-1995%252FCXS_193e.pdf


Toxins 2022, 14, 747 13 of 13

35. Aoki, T.; O’Donnell, K. Fusarium kyushuense sp. nov. from Japan. Mycoscience 1998, 39, 1–6. [CrossRef]
36. Hirakawa, Y.; Yamasaki, T.; Harada, A.; Ohtake, T.; Adachi, K.; Iwasa, S.; Narita, H.; Miyake, S. Analysis of the fungicide boscalid

in horticultural crops using an enzyme-linked immunosorbent assay and an immunosensor based on surface plasmon resonance.
J. Agric. Food Chem. 2015, 63, 8075–8082. [CrossRef] [PubMed]

37. Ministry of Education, Culture, Sports, Science and Technology of Japan. Fundamental Guidelines for Proper Conduct of An-
imal Experiment and Related Activities in Academic Research Institutions; Ministry of Education, Culture, Sports, Science and
Technology of Japan: Tokyo, Japan, 2006. Available online: https://www.mext.go.jp/b_menu/hakusho/nc/06060904.htm
(accessed on 9 September 2022). (In Japanese)

http://doi.org/10.1007/BF02461571
http://doi.org/10.1021/acs.jafc.5b03637
http://www.ncbi.nlm.nih.gov/pubmed/26340386
https://www.mext.go.jp/b_menu/hakusho/nc/06060904.htm

	Introduction 
	Results and Discussion 
	Preparation of NIV 
	Introduction of a Carboxy Group into NIV 
	Preparation of PoAbs That React with NIV 
	Preparation of MoAbs That React with NIV 
	Reactivity of PoAbs and MoAbs with NIV Based on dc-ELISA 
	Reactivity of PoAbs and MoAbs with 15-Ac-NIV and Other Analogues of NIV 

	Conclusions 
	Materials and Methods 
	Materials 
	Culture of Fusarium sp. for NIV Production 
	Preparation of NIV 
	HPLC Analysis of NIV 
	Synthesis of 15-Glt-NIV and 15-Ac-NIV 
	Preparation of 15-Glt-NIV–Protein Conjugate 
	Preparation of PoAbs and MoAbs 
	d-ELISA and dc-ELISA Creation 

	Patents 
	References

