Journal of Agricultural and Food Chemistry

(@)
WA AL i
7 6 5 4 3 2 1 ppm
(b)
200
©

- .

{ppm};

100~

120

160{

180"‘5

d 20048 L . .

7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
F2 {(ppm)

Figure 2. '"H NMR spectrum (a), *C NMR spectrum (b), and HMBC spectrum {c) of nivalenol-3-O-f-p-glucopyranoside.

in nivalenol and 4 product ion spectra. From these results, 4 silica gel column chromatography, followed by liquid—liquid
was suspected to be a nivalenol monoglycoside. extraction. Further purification by C18 cartridges and reverse-
Isolation and Structure Determination of a Nivalenol phase HPLC afforded 4 in a yield of 9.2 mg from 12 kg of
Glycoside. Compound 4 was extracted from acetonitrile/water wheat. The 'H and *C NMR spectra of 4 confirmed that it is a
(85:18, v/v) from wheat. The extracts were fractionated by monoglycoside of nivalenol (Figure 2a,b). The sugar present in
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Figure 3. LC-MS/MS chromatogram of a standard solution (30 ng/
mL concentrations of each analyte). Peaks: deoxynivalenol (1) (m/z
295 — 2685); nivalenol (2) (m/z 371 — 281); deoxynivalenol-3-O-f-
p-glucopyranoside (3) (m/z S17 — 427); nivalenol-3-O-f-p-
glucopyranoside (4) (m/z 533 — 263).

4 was identified as glucose from NMR data, which are
summarized in Table 1. A long-range coupling between C-3 of
the nivalenol moiety and C-1" of glucose observed in the
HMBC spectrum of 4 showed that 4 was a nivalenol-3-O-
glucopyranoside (Figure 2c). The Juy ., value (7.8 Hz)
indicated a f-glycosidic linkage. Treating the acid hydrolysate
of 4 with p-glucose oxidase showed the D configuration of the
glucose residue of 4. The structure of 4 was thus assigned as
nivalenol-3-O-f-p-glucopyranoside (Figure 1).

Analytical Methods for Determination of Nivalenol,
Deoxynivalenol, and Their Glucosides. Two purification
methods were examined for the simultaneous determination of
nivalenol, nivalenol-3-O-f-p-glucopyranoside, deoxynivalenol,
and deoxynivalenol-3-O-f-p-glucopyranoside. The first is a
method using a multifunctional column, InertSep VRA-3. The

column, which contains ion exchange and reverse phase resins,
is designed for purifying mycotoxins and agricultural chemicals
from cereals. Previously, our group has reported a purification
method using InertSep VRA-3 for the identification of
deoxynivalenol, 3-acetyldeoxynivalenol, 1S$-acetyldeoxynivale-
nol, and deoxynivalenol-3-O-f-p-glucopyranoside in corn-
based products.”® The reported method was slightly modified
to obtain good recoveries for nivalenol and nivalenol-3-O-f-p-
glucopyranoside. The second is a method using a commercial
immunoaffinity column. Some immunoaffinity columns that are
designed for simultaneous purification of deoxynivalenol and
nivalenol have recently been developed. In a preliminary study,
deoxynivalenol, nivalenol, and their glucosides could be
recovered from an immunoaffinity column, DON-NIV WB.
Quantitation of the mycotoxins was performed by LC-MS/MS.
A typical chromatogram is shown in Figure 3. To validate the
two methods, they were applied to the analysis of spiked wheat
samples containing nivalenol, nivalenol-3-O-f-p-glucopyrano-
side, deoxynivalenol, and deoxynivalenol-3-O-f-p-glucopyrano-
side at four levels in six replicates. Recoveries in the InertSep
VRA-3 method were 81.5—91.3% for nivalenol, 69.8—75.3% for
nivalenol-3-O-f-p-glucopyranoside, 65.8—71.7% for deoxyniva-
lenol, and 68.3—85.3% for deoxynivalenol-3-O-f-p-glucopyr-
anoside, whereas recoveries in the DON-NIV WB method were
87.1—93.3% for nivalenol, 94.1—103.5% for nivalenol-3-O-f-p-
glucopyranoside, 86.4—96.5% for deoxynivalenol, and 95.0—
100.1% for deoxynivalenol-3-O-f-p-glucopyranoside (Table 2).
The LOQs for all analytes were within the range of 1-3 ug/kg.
This result showed that both methods could be used to
determine the four mycotoxins and that the recoveries obtained
by the immunoaffinity column method were better than those
obtained by the multifunctional column method.

The concentrations of nivalenol, nivalenol-3-O-f-p-glucopyr-
anoside, deoxynivalenol, and deoxynivalenol-3-O-f-p-glucopyr-
anoside in wheat samples were quantitated by the analytical
method using an immunoaffinity column (Table 3). Nivalenol

Table 2. Limits of Quantitation (LOQ), Spiking Concentrations, and Recovery of Toxins for Validation of the Methods

’ recovery (%) -
InertSep -

> ’ DON-NIV

, L : VRA-3 T wB
analyte o 1oQ (ug/kg) spiking concn (ug/kg) .omean - RSD - mean © RSD
nivalenol 2 10 85.9 113 92.9 59
50 85.3 3.1 93.3 32
250 81.5 4.0 87.1 3.9
1000 91.3 2.5 874 11
nivalenol-3-O-f-p-glucopyranoside 3 10 75.3 12.5 96.9 6.4
50 73.6 4.9 103.1 S.S
250 69.8 1.7 94.1 2.0
1000 73.0 0.8 103.5 3.7
deoxynivalenol 2 10 71.1 9.0 94.8 12.0
50 66.1 37 96.5 4.5
250 65.8 3.0 86.4 1.0
1000 717 1.2 88.6 4.4
deoxynivalenol-3-O-f-p-glucopyranoside 1 10 68.3 8.6 99.3 4.6
50 772 5.8 100.1 43
250 77.0 2.6 95.0 2.3
1000 85.3 1.7 98.7 39
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Table 3. Concentrations of Nivalenol, Nivalenol-3-O-f-p-glucopyranoside, Deoxynivalenol, and Deoxynivalenol-3-O-f-p-

glucopyranos1de in Wheat

: 0 nivalenol 305 pivalenol:3-08
wheat - nivalenol o D- glucopyranoslde D glucopyranosuie/mvalenol
no. (Ing/ kg) (mg/ kg) : (mol %)
1 0.37 0.15 27
2 0.54 0.22 27
3 15 0.54 24
4 1.7 0.30 12
S 15 4.0 18

: o deoxymvalenol -3-0- B deoxymvalenol-S-O ﬂ
deoxymvalenol p-glucopyranoside —glucopyranomde/ deoxymvalenol
(mg/kg)  (mg/kg)  (wolw)

10 1S 10
0.67 0.15 14
3.6 0.27 S

5.6 0.62
0.23 0.05 14

and nivalenol-3-O-B-p-glucopyranoside were detected in all
samples, and the percentages of nivalenol-3-O-f-p-glucopyrano-
side to nivalenol ranged from 12 to 27%. Deoxynivalenol and
deoxynivalenol-3-O-f-D-glucopyranoside were also found in the
samples, and the percentage of deoxynivalenol-3-O-f-p-
glucopyranoside to deoxynivalenol was within the range of
5—14%.

In this study, a new derivative of nivalenol was isolated from
nivalenol-contaminated wheat and was identified as nivalenol-3-
O-f-p-glucopyranoside. Methods for the simultaneous deter-
mination of nivalenol, deoxynivalenol, and their glucosides in
wheat were successfully developed and validated. Co-contam-
ination of nivalenol-3-O-f-p-glucopyranoside with nivalenol,
deoxynivalenol, and deoxynivalenol-3-O-f-p-glucopyranoside
was observed in wheat, and the ratio of nivalenol-3-O-f-b-
glucopyranoside to nivalenol was equivalent to that of
deoxynivalenol-3-O-f-p-glucopyranoside to deoxynivalenol re-
ported previously."” Because glycosylation is considered to be a
detoxification process, it seems likely that nivalenol-3-O-$-p-
glucopyranoside shows lower toxicity than nivalenol. However,
as with deoxynivalenol-3-O-p-p-glucopyranoside, nivalenol-3-
O-f-p-glucopyranoside may be hydrolyzed by intestinal bacteria
and toxic nivalenol may be produced in the body. Therefore,
nivalenol-3-O-f-p-glucopyranoside can be an important con-
tributor to dietary exposure to trichothecene mycotoxins and
should be monitored together with nivalenol, deoxynivalenol,
and deoxynivalenol-3-O-f-p-glucopyranoside in foodstuffs.
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HPLC chromatograms of the three steps of purification of
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Quenchbody (Q-body) is a novel fluorescent biosensor based on the antigen-dependent removal of a
quenching effect on a fluorophore attached to antibody domains. In order to develop a method using Q-
body for the quantitative determination of deoxynivalenol (DON), a trichothecene mycotoxin produced
by some Fusarium species, anti-DON Q-body was synthesized from the sequence information of a
monoclonal antibody specific to DON. When the purified anti-DON Q-body was mixed with DON, a dose-
dependent increase in the fluorescence intensity was observed and the detection range was between
0.0003 and 3 mg L. The coefficients of variation were 7.9% at 0.003 mg L™, 5.0% at 0.03 mg L™! and
13.7% at 0.3 mg L™, respectively. The limit of detection was 0.006 mg L~! for DON in wheat. The Q-body
showed an antigen-dependent fluorescence enhancement even in the presence of wheat extracts. To
validate the analytical method using Q-body, a spike-and-recovery experiment was performed using four
spiked wheat samples. The recoveries were in the range of 94.9—-100.2%. The concentrations of DON in
twenty-one naturally contaminated wheat samples were quantitated by the Q-body method, LC-MS/MS
and an immunochromatographic assay kit. The LC-MS/MS analysis showed that the levels of DON
contamination in the samples were between 0.001 and 2.68 mg kg~'. The concentrations of DON
quantitated by LC-MS/MS were more strongly correlated with those using the Q-body method
(R? = 0.9760) than the immunochromatographic assay kit (R? = 0.8824). These data indicate that the Q-
body system for the determination of DON in wheat samples was successfully developed and Q-body is
expected to have a range of applications in the field of food safety.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Deoxynivalenol (DON) is a trichothecene mycotoxin produced

by some species of Fusarium, such as Fusarium graminearum and,

Fusarium culmorum. Because these fungi have a large geographical
distribution, contamination of DON in agricultural products,
including wheat, barley and maize, has occurred worldwide |1-4].
The studies about the toxicity of DON using experimental animals
has showed that DON causes vomiting, the loss of appetite, lower
body weight gains and immunosuppression [5,6]. Some epidemi-
ological studies indicate that human exposure to DON induces
acute symptoms, such as diarrhea, headache, nausea and vomiting.
Outbreaks of mycotoxicoses associated with the consumption of
cereals contaminated with trichothecenes have been reported in
Asian countries {7]. In order to prevent the intake of DON, regula-
tory or guideline limits for DON in food have been set in some
counties in the late 1990s. Japan has set a provisional regulatory
limit of 1.1 mg kg~! of DON for wheat in 2002. In the EU, the
maximum limits are set between 200 ug kg~ for processed cereal-
based foods and baby foods for infants and young children and
1750 pg kg~ for unprocessed durum wheat, oats and maize, while
the USA has proposed a guidance level of 1000 pg kg™! for DON in
final wheat products {8}].

Many analytical methods for the determination of DON in ce-
reals have been developed. In order to quantitate a small amount of
DON accurately, instrumental analytical techniques using HPLC,

A method using a multifunctional clean-up column coupled with
HPLC has been validated by an interlaboratory study and is used as
the official analytical method for the determination of DON
contamination in wheat in Japan [13]. An HPLC method with
immunoaffinity column cleanup and UV detection for determina-
tion of DON in cereal and cereal products has been adopted by the
European Committee for Standardization (EN 15891:2010). For
rapid screening of DON contamination in food, several methods
based on immunochromatographic (IC) assay, enzyme-linked
immunosorbent assay (ELISA), a surface plasmon resonance
immunoassay and a fluorescence polarization immunoassay have
been developed | 14--19]. Some analytical kits based on IC assay and
ELISA for DON detection in cereals are commercially available. In
Japan, ELISA has been adopted as an official method for screening of
DON in wheat. In the case that the measured value by ELISA is
above the cut-off value, 0.7 mg kg~’, the concentration of DON in
the sample is required to be quantitated by the official instrumental
method. It is recommended to take technical training before using
the ELISA kit because experience is essential for accurate and reli-
able testing. Therefore, in order to perform more efficient screening
of DON in foods, development of a method which enables rapid
quantitation of DON without requiring a specific skill is needed.

Quenchbody (Q-body) is a novel fluorescent biosensor based on
the antigen-dependent removal of a quenching effect on a fluo-
rophore attached to antibody domains [20--22}. In the absence of a
target molecule of Q-body, the fluorescence of Q-body is quenched
by the interaction between a fluorophore and conserved trypto-
phan residues in antibody variable region, whereas, in the presence
of a target molecule, a conformational change of Q-body by anti-
gen—antibody interaction causes fluorescence emission from the
unquenched fluorophore. This reaction occurs just after mixing Q-
body and antigen, and the result can be obtained only by measuring
the fluorescence without some time-consuming steps, such as
washing and soaking. By designing the antigen biding site in Q-
body, detection systems targeting a variety of compounds have
been developed until now. For example, bisphenol A, osteocalcin
and some drugs, such as morphine and cocaine, have been suc-
cessfully quantified by using Q-body system [20].

The aim of this study was to develop a rapid method for quan-
titation of DON using Q-body. Q-body for analysis of DON was
designed from sequence information of a monoclonal antibody
specific to DON, and a recovery test using spiked wheat samples
was performed in order to validate the analytical method using the
Q-body. The concentrations of DON in naturally contaminated
wheat samples were quantitated by three different methods, the Q-
body system, IC assay kit and LC-MS/MS, and the usefulness of the
Q-body system was evaluated by comparing the resulits.

2. Materials and methods
2.1. Materials

The stock solution of DON (100 mg L~') was prepared by dis-
solving crystalline DON (Sigma—Aldrich, St. Louis, MO, USA) in
distilled water. The stock solution was diluted with distilled water
to make the standard solutions of DON. LC/MS-grade acetonitrile
and water were purchased from Wako Pure Chemical Industries,
Ltd. (Osaka, Japan). The naturally contaminated wheat samples
were imported from USA, Australia or Canada. They were supplied
by an import inspection agency in 2012 and 2013.

2.2. Vector construction

Vectors for anti-DON Q-body expression were constructed ac-
cording to a previous report [21]. The details are as follows. The PCR
primers used in this study are shown in Supplementary Material 1.
An expression vector pROX-DON-VH-CH1, harboring a T7
promoter-controlled heavy-chain Fd (VH—CH1) gene of anti-DON
antibody [23] fused with an N-terminal ProX tag and a C-termi-
nal FLAG tag, was generated by splice-overlap-extension (SOE) PCR.
The VH chain was combined by SOE PCR with specific primers
(Don-H-P1, Don-H-P2, Don-H-P3, Don-H-T1, Don-H-T2, Don-H-T3,
Don-H-P and Don-H-T). CH1 was amplified using CH1-P and
CH1-FLAG-T from a vector, pCHCk, harboring the mouse IgG1 CH1
gene and Ck gene. pCHCk was prepared by an artificial gene syn-
thesis service (Funakoshi, Japan). The vector has the CH1 and Ck
sequences, AKTTPPSVYPLAPGSAAQTNSMVTLGCLVKGYFPEPVTVT
WNSGSLSSGVHTFPAVLESDLYTLSSSVTVPSSPRPSETVTCNVAHPASST
KVDKKIVPRDC and ADAAPTVSIFPPSSEQLTSGGASVVCFLNNFYPK-
DINVKWKIDGSERQNGVLNSWTDQDSKDSTYSMSSTLTLTKDEYERHN
SYTCEATHKTSTSPIVKSENRNEC. The amplified VH and CH1 genes
were linked by SOEPCR with 5’ GS-primer and CH1-FLAG-T, and the
construct was cloned into the Ncol- and BamHI-digested pROX-
FL92 (ProteinExpress, Chiba, Japan) using the In-Fusion PCR cloning
kit (Clontech, USA). In addition, an expression vector pROX-DON-
VL-Ck harboring a T7 promoter-controlled light-chain (VL-Ck) gene
of anti-DON antibody fused with an N-terminal ProX tag containing
an amber codon (ATG TCT AAA CAA ATC GAA GTA AAC TAG TCT AAT
GAG) and a C-terminal His tag was constructed by SOE PCR. The VL
chain was combined by SOE PCR with primers (Don-L-P1, Don-L-P2,
Don-L-P3, Don-L-T1, Don-L-T2, Don-L-T3, Don-L-P and Don-L-T).
The mouse Ck gene was amplified using the 5-primer (Cx Pv3)
and 3’-primer (Ck+C-His_T) from pCHCk. The amplified VL and Ck
genes were linked by SOE PCR using 5’ 2 GS-primer and Ck+C-
His_T, and the construct was then cloned into Ncol- and Smal-
digested pROX-FL92 using the In-Fusion PCR cloning kit.

2.3. Cell-free co—trahscription/translation

Cell-free co-transcription/translation and purification to obtain
the anti-DON Q-body solution were conducted as previously
described {21]. TAMRA-C6-tRNA was synthesized as previously
described [20]. The incorporation of TAMRA-C6-AF into the N-
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terminal region of Fab was performed using a cell-free transcription/
translation system. The reaction mixture (60 pL) consisted of 41.1 uL
of the reaction mix, 4.5 pL of amino acid mix, 0.4 pL of 120 mM
glutathione (GSSG/GSH = 10/1), 4 pL of distilled water, 4 pL of
plasmid DNAs (50 ng pL~!) and 6 pL of aminoacyl-tRNA (1440 pmol).
All the reagents used, with the exception of the plasmid and tRNA,
were provided in Musaibou-kun kit (Taiyo Nippon Sanso Corpora-
tion, Japan). The reaction mixture was incubated at 37 °C for 2 h and
subsequently incubated at 4 °C for 16 h. Tandem affinity purification
with anti-Flag- and nickel-affinity chromatography was then per-
formed. First, the reaction mixture (60 pL) was incubated with 20 pL
of Flag M2 affinity gel. After incubation at room temperature for
15 min, the column was washed three times with wash buffer
(20 mM phosphate, 0.5 M Na(l, 0.1% polyoxyethylene lauryl ether,
pH 7.4). The bound proteins were subsequently eluted with two 200-
pL volumes of wash buffer containing 100 pg mL~" of Flag peptide.
The eluted proteins were then applied to a His Spin Trap Column (GE
Healthcare, Piscataway, NJ, USA). After incubation at room temper-
ature for 15 min, the column was washed three times with wash
buffer containing 60 mM imidazole. The bound proteins were then
eluted with two 200-pL volumes of wash buffer containing 0.5 M
imidazole. The eluate was subsequently passed through an
UltraFree-0.5 centrifugal device (Millipore, Billerica, MA) and equil-
ibrated with phosphate buffered saline supplemented with Tween-
20 (PBST, 10 mM phosphate, 137 mM NaCl, 2.7 mM KCl, 0.05%
Tween 20, pH 7.4) to concentrate the protein in the buffer. The
concentration of the labeled Fab protein was determined by
comparing the fluorescence intensities of a known concentration of
free TAMRA dye (Anaspec, Fremont, CA) and the sample under
denaturing conditions in 7 M GdnHCl, 100 mM DTT, pH 74.

2.4. Quantitation of DON by the Q-body method

The purified anti-DON Q-body (16 nM, 30 uL) in PBST containing
0.2% BSA was mixed with 30 pL of the standard solution of DON,
and the fluorescence intensity was measured at 580 nm with
excitation set at 530 nm on a SpectraMax Paradigm Multi-Mode
reader (Molecular Devices, USA). The ECs values were calculated
using curve fitting of the observed fluorescence intensities at the
maximum emission wavelength and employing a sigmoidal dos-
e—response model based on the Image] software (http://rsbweb.
nih.gov/ij/). All the fluorescence intensities were normalized by
setting the intensity of each sample at the zero dose (without an-
tigen) as one, at the maximum emission wavelength, unless
otherwise stated. The limit of detection was assessed by analyzing a
blank sample 6 times and calculating the 3.3 SD (standard devia-
tion) limit. For the quantitation of DON in wheat, 10 g of the wheat
sample was extracted with 40 mL of distilled water and then
shaken for 10 min. After centrifugation (12,000 g, 10 min), the su-
pernatant was diluted four times by distilled water and 30 pL of the
dilution was mixed with the purified anti-DON Q-body (16 nM,
30 pL) in PBST containing 0.2% BSA, and the fluorescence intensity
was measured. The water extract from wheat was prepared from
DON-negative wheat (batch number: D-W-100; Trilogy Analytical
Laboratory Inc., Washington, MO, USA). For the spike-and-recovery
experiment, the DON-negative wheat was spiked at four concen-
trations (0.5, 1.0 2.0, and 5.0 mg kg~ 1). The concentration of DON in
wheat was calculated from a calibration curve, which was created
by plotting the fluorescence intensity of eight standard solutions at
different concentrations (0.0001, 0.0003, 0.001, 0.003, 0.01, 0.03,
0.1, 0.3, 1.0 and 3.0 mg L~! final concentrations).

2.5. LC-MS/MS analytical method

The LC-MS/MS method was developed and validated in our

previous study [24]. Twenty-five grams of the wheat sample was
extracted with 100 mL of distilled water and then shaken for
30 min. After centrifugation (3000 g, 10 min), the supernatant was
collected. Aliquots of 10 mL of the supernatant were diluted with
50 mL of phosphate-buffered saline (PBS). After the diluted extract
was filtered through a glass fiber filter GA-55 (Toyo Roshi Kaisha,
Japan), 6 mL of the filtrate was applied to a DON-NIV WB immu-
noaffinity column (VICAM, Milford, MA, USA). The column was
washed with 10 mL of PBS followed by a wash with 10 mL of
distilled water. Toxins were eluted using 0.5 mL of methanol fol-
lowed by 1.5 mL of acetonitrile. The eluate was dried under nitro-
gen at 40 °C. The residue was dissolved in 0.25 mL of 10%
acetonitrile in water. LC-MS/MS analyses were performed with a
3200 Q TRAP LC-MS/MS system (AB Sciex, Foster City, CA, USA)
equipped with an ESI source and an LC-20A series high perfor-
mance LC system (Shimadzu Corp., Kyoto, Japan). The column used
was a 150 mm x 2.1 mm i.d., 3 pm, Inertsil ODS-3 (GL Sciences, Inc.,
Tokyo, Japan). Chromatographic separation was achieved at 40 °C
using a gradient elution of 5—73% acetonitrile in water from 0 to
8 min and followed by an isocratic elution of 90% acetonitrile in
water from 8 to 10 min at a flow rate of 0.2 mL min~". The ESI source
was operated at 400 °C in the negative ionization mode. The
following multiple reaction monitoring transitions were used:
DON, 295 [M - H]™ to 265 (quantifier ion: collision energy, —12 eV)
and 138 (qualifier ion: collision energy, —28 eV). The other condi-
tions were described in our previous report [24].

2.6. Immunochromatographic assay

The DON-V kit (VICAM) was used for the immunochromato-
graphic (IC) assay. The assay was performed according to the
manufacturer's protocol. The extraction was performed similarly to
the Q-body method. Aliquots of 100 uL of the extract were diluted
with 1.0 mL of distilled water. One hundred microliters of the
diluted solution was mixed with 100 pL of the provided diluent, and
100 pL of the mixture was applied to the DON-V test strip. The strip
was incubated at 25 °C for 3 min, and the signal was quantitated by
a Vertu Lateral Flow Reader (VICAM).

3. Results and discussion

In order to confirm the antigen-dependent fluorescence
enhancement of the synthesized Q-body for DON, the Q-body was
mixed with the standard solutions of DON (0.0001, 0.0003, 0.001,
0.003, 0.01, 0.03, 0.1, 0.3, 1.0 and 3.0 mg L~ final concentrations)
and the fluorescence emission was measured (Fig. 1). The fluores-
cence intensities increased dose-dependently at the concentrations
between 0.0003 and 3 mg L~ The relative 3.9-fold intensity was
reached at a concentration of 3 mg L™, as compared with the basal
intensity without DON, and the ECsg value was 0.03 mg L~ . The
coefficients of variation were 7.9% at 0.003 mg L™, 5.9% at
0.03 mg L~! and 131% at 0.3 mg L™, respectively. The limit of
detection was 0.006 mg kg~! for DON in wheat. The concentration
of DON in the wheat sample is 32-fold of the measured value
because 10 g of the wheat sample was extracted with 40 mL of
distilled water and the extract was diluted four times and the
dilution was mixed with equal volume of the Q-body solution. The
influence of the wheat matrix on the fluorescence increase was
evaluated by mixing the Q-body and DON with or without the
water extracted from the wheat. A dose-dependent increase of the
fluorescence intensity was observed under both conditions
(Supplementary Material 2). The water extracted from wheat
significantly decreased the fluorescence increase of the Q-body, but
the decreasing rate of the intensity was less than 1%. In order to
evaluate cross-reactivity of the anti-DON Q-body against other
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Fig. 1. The dose-dependent fluorescence enhancement of anti-DON Q-body. The
standard solutions of DON were mixed with anti-DON Q-body and the fluorescence
intensities were measured. Data are presented as the mean + SD (n = 6).
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Fig. 2. Evaluation of cross-reactivity of anti-DON Q-body against mycotoxins occurring
in wheat. The standard solutions of DON (O), nivalenol (@), T-2 toxin (A), HT-2 toxin
( A), ochratoxin A ([1) or zearalenone ( B) were mixed with anti-DON Q-body and the
fluorescence intensities were measured (n = 3).

mycotoxins in wheat, the Q-body was mixed with nivalenol, T-2
toxin, HT-2 toxin, ochratoxin A or zearalenone and the fluorescence
emission was measured (Fig. 2). The Q-body was most specific for
DON (ECso 0.03 mg L~1) followed by HT-2 toxin (ECs 0.55 mg L™ 1).
The ECso values of other compounds were more than 1 mg L.
These results indicated that the Q-body method for DON was suc-
cessfully constructed and can be used for the quantitation of DON.
Because the wheat matrix hardly affected the fluorescence increase
of the Q-body, purification steps were considered to be unnec-
essary for the determination of DON in wheat by the Q-body.

An analysis of the blank wheat sample and the spiked samples
containing DON at four concentrations (0.5, 1.0 2.0, 5.0 mg kg~ 1) in
six replicates was performed to validate the method using Q-body.
DON was extracted from the samples by water. The extract was
diluted by distilled water and the dilution was mixed with Q-body
and the emitted fluorescence was measured. The concentrations of

Table 1
Spiking concentrations and the recovery of DON for validation of the methods.

Table 2
DON concentrations (mg kg~") in naturally contaminated wheat samples measured
by LC-MS/MS, the Q-body system and an immunochromatographic kit.

Sample LC-MS/MS Q-body IC kit
Conc. p orn® Conc. porn Conc. porn

1 0.001 n <0.007 n <0.25 n
2 0.002 n 0.01 n <0.25 n
3 0.07 n 0.05 n <0.25 n
4 0.09 n 0.07 n <0.25 n
5 0.23 n 0.19 n <0.25 n
6 0.28 n 0.24 n <0.25 n
7 0.29 n 0.30 n <0.25 n
8 0.38 n 0.33 n 0.28 n
9 0.46 n 0.37 n 045 n
10 0.46 n 0.39 n 0.28 n
11 0.51 n 042 n 0.37 n
12 0.52 n 041 n 0.26 n
13 0.65 n 0.48 n 0.37 n
14 0.70 n 0.62 n 0.45 n
15 0.77 p 0.72 p 0.52 n
16 0.82 p 0.77 P 0.71 p
17 0.88 p 0.76 p 0.75 p
18 0.90 P 0.81 p 0.66 n
19 1.84 P 1.59 p 1.26 p
20 1.90 p 1.74 P 149 p
21 2.68 p 192 P 3.55 p

Abbreviation: IC, immunochromatographic; Conc., concentration.
@ “p” means positive (more than 0.70 mg kg~') and “n” means negative (equal to
or less than'0.70 mg kg™ 1).

DON in the samples were calculated by comparing the fluorescence
intensity of the samples with that of the standard solutions. The
calculated recoveries are shown in Table 1. The recoveries from the
spiked samples were in the range of 94.9—-100.2%. When the con-
centrations of DON in the spiked samples were quantitated by an IC
kit, the recoveries were between 75.7 and 89.1%. This result showed
that the Q-body could be used for the quantification of DON in
wheat without any purification steps, and had the same capabilities
at a commercially available IC kit.

The DON concentrations in the naturally contaminated wheat
samples were quantitated by three methods, LC-MS/MS, the Q-body
assay system and the IC assay kit for the comparison of the analytical
methods (Table 2). The values greater than 0.7 mg kg™, a cut-off
value for the screening of DON in Japan, were considered to be
positive (p) and those equal to or less than 0.7 mg kg~ were
regarded as negative (n). Fourteen samples (No. 1—14) were negative
and 7 samples (No. 15—21) were positive in the both LC-MS/MS and
the Q-body assay system, and the concordance rate of the results
between the two methods was 100%. On the other hand, the
concordance rate of the results between the LC-MS/MS analysis and
the IC assay kit was 90%. The values measured by LC-MS/MS and the
Q-body assay system or the IC assay kit were plotted (Fig. 3a and b).
The concentrations of DON quantitated by LC-MS/MS were more
strongly correlated with those using the Q-body assay system
(R? = 0.9760) than the IC assay kit (R*> = 0.8824). These results
suggested that the Q-body assay system for DON has an equivalent
performance to the widely used, commercially available IC assay kit.

Spiking conc. (ug kg™") Recovery (%)

Q-body Immunochromatographic assay

Mean RSD Mean RSD
500 96.1 1.5 823 19.2
1000 94.9 1.3 75.7 125
2000 100.2 3.8 86.4 6.9
5000 98.3 2.8 89.1 8.9
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Fig. 3. Comparison of the concentrations of DON in the naturally contaminated wheat
samples using LC-MS/MS and the Q-body assay system (a) or an immunochromato-
graphic (IC) kit (b).

4. Conclusion

The results of a spike-and-recovery experiment and the com-
parison of the quantitative values of DON in the wheat samples
indicate that the Q-body assay system has an adequate capacity to
determine DON levels in wheat. This assay system is easier to use
than the IC assay and ELISA kits, thus making it possible to perform
rapid measurements. DON contaminates various types of foods and
feedstuffs. In order to prove its practicality, whether the Q-body
assay system is also applicable to other samples in addition to
wheat is now being evaluated. Contamination with not only DON,
but also various toxic compounds in foods is a significant concern
from the viewpoint of food safety, and the development of easy and
rapid methods for detecting contaminants in foods can contribute
to alleviating the problem of food poisoning. Because the Q-body
assay system can target a wide variety of compounds by simply
altering the antigen binding, this system is therefore expected to
have a wide range of applications in the field of food safety.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doiorg/10.1016/1.aca.2015.07.020.
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Species of the genus Fusarium are well-known plant pathogens and mycotoxigenic fusaria are associated with health
hazards to humans and animals. There is a need to understand the mechanisms of mycotoxin production by Fusarium
species and to predict which produce mycotoxins. In this study, the Fusarium phylogenetic tree was first inferred among
trichothecene producers and related species. We reconstructed the maximum likelihood (ML) tree based on the combined
data from nucleotide sequences of rDNA cluster regions, the f-tubulin gene (f-fub) and the elongation factor 1o gene
(EF-1a). Second, based on this tree topology, the ancestral states of the producing potential of type A and B trichothecenes
(TriA and TriB), zearalenone (ZEN), moniliformin (MON), beauvericin (BEA) and enniatins (ENN) were reconstructed
using the maximum parsimony (MP) method based on the observed production by extant species as reported in the
literature. Finally, the species having the potential to produce each of these six mycotoxins was predicted on the basis of the
parsimonious analysis. The ML tree indicated that the Fusarium species analysed in this study could be divided into two
major clades. Clade I was divided into four distinct subclades: I-a, I-b, I-c and I-d. Furthermore, the parsimony
reconstruction suggested that the potential for producing MON and ZEN was gained or lost only once, and that the
producing potential for TriA and TriB, BEA and ENN was repeatedly gained and lost during the evolutionary history of the
Fusarium species analysed in this study. Interestingly, the results showed the possibility that several species, about which
reports were scarce with regard to mycotoxin production, have the potential to produce one or more of the six evaluated in
this study. The phylogenetic information therefore helps one to predict the mycotoxin-producing potential by Fusarium
species, and these “phylotoxigenic relationships” may be useful for predicting the pathogenicity of fungi.

Keywords: Fusarium; phylotoxigenic relationship; mycotoxin production; trichothecene; zearalenone; moniliformin;

beauvericin; enniatin

Introduction

Species of the genus Fusarium are well-known, important
plant pathogens, are mycotoxin producers, and are asso-
ciated with human and animal health hazards (Marasas
et al. 1984; Pitt & Hocking 2009). The Fusarium species
produce several kinds of mycotoxins including trichothe-
cenes, zearalenones (ZEN), moniliformin (MON), beauver-
icin (BEA) and enniatins (ENN) (e.g. Marasas et al. 1984;
Yli-Mattila 2010). Trichothecenes elicit a range of toxic
effects and some trichothecenes have been associated with
deadly food-borne intoxications (Pitt & Hocking 2009).
More than 70 trichothecenes have been identified and are
classified into six categories, designated A—F based on their
chemical structure, with type A and B trichothecenes (TriA
and TriB) being among the most toxic. Therefore, there is a
need to understand the mechanisms governing the produc-
tion of trichothecenes by Fusarium species, and to predict
which can produce these mycotoxins.

To solve these problems, it is necessary to infer a reli-
able species tree of trichothecene producers. Such a phylo-
genetic tree provides a platform for comparative studies

about genetic and other states. Because characteristics are
transferred to progeny genealogically, the evolutionary his-
tory of the trichothecene-producing potential of species
within the Fusarium phylogenetic tree can be traced.
Phylogeny can be regarded as a powerful tool for predicting
the characteristics of living organisms as, for example, pre-
vious studies have found a correlation between phylogenetic
lineages and the producing potential for particular mycotox-
ins (Knutsen et al. 2004; Kristensen et al. 2005).

One problem in the field of Fusarium research is the
imprecise taxonomic system of the genus. The existing
classification schemes for fungi are dominantly based on
their morphological characteristics (Taylor et al. 2000).
Although traditional taxonomic systems for the genus
Fusarium have also been proposed based on the morpho-
logical states, the taxonomy of this genus has been
debated for many years (Wollenweber & Reinking 1935;
Booth 1971; Joffe 1974; Gerlach & Nirenberg 1982;
Nelson et al. 1983). Recently, researchers have applied
molecular phylogenetic analyses to the taxonomy of
Fusarium species (e.g. Seifert & Levesque 2004

*Corresponding author. Email: mwatanabe@nihs.go.jp

© 2013 Taylor & Francis
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O’Donnell et al. 2007, 2010; Gilmore et al. 2009;
Grafenhan et al. 2011). Some phylogenetic relationships
remain unclear, however, because many molecular—phylo-
genetic analyses for a particular lower taxonomic group
have been narrowly focused and some phylogenetic trees
have had low resolution due to the lack of suitable nucleo-
tide and amino acid substitution rates. Watanabe et al.
(2011) and Kristensen et al. (2005) reported the compre-
hensive phylogenetic tree of the entire Fusarium species
and trichothecene producers and its related species,
respectively, and were able to show some new phyloge-
netic relationships. However, their studies did not
sufficiently elucidate the evolutionary history of the tri-
chothecene producers because their dataset did not include
a sufficient number of species.

Food Additives & Contaminants: Part 4 1371

In this study, the Fusarium phylogenetic tree was
inferred among trichothecene producers and related spe-
cies. Furthermore, the ancestral states of trichothecene
production capacity were reconstructed based on this tree
topology, and the producing potential of extant species
was predicted.

Materials and methods
Strains

The strains used in this study are listed in Table 1. We
selected 14 species or subspecies from the genus Fusarium.
To select these species, we referred to the nomenclature
system proposed by Nelson et al. (1983), which is a very
simple and systematic morphological taxonomy that is

Table 1. Strains of the genus Fusarium and Fusarium-related species used in this study.
Species registered by resource
Section® organisation Species in the traditional taxonomic system Strain number
Arthrosporiella  F. incarnatum F. semitectum MAFF® 236521
MAFF 236386
F camptoceras F camptoceras CBS° 193.65
Discolour F. culmorum F. culmorum MAFF 236454
IFM? 50210
E cerealis FE crookwellense MAFF 241212
MAFF 101144
E. crookwellense NBRC*® 32585
F. asiaticum F graminearum MAFF 240264
F. graminearum MAFF 240270
Gibbosum F. equiseti F equiseti MAFF 236434
MAFF 236723
E longipes F longipes IFM 50036
F. scirpi F scirpi CBS 448.84
F acuminatum subsp. armeniacum  F. acuminatum CBS 485.94
MAFF 236716
F. acuminatum subsp. acuminatum NZ 50
ICMP10524Q
Lateritium F. lateritium F lateritium MAFF 235344
MAFF 840045
Roseum F. avenaceum F. avenaceum ATCCF 200255 (type)
MAFF 239206
Sporotrichiella  F. kyushuense Not described MAFF 237645 (ex-holotype)
NRRLE 6490 (type)
F. langsethiae Not described CBS 113234 (holotype)
FRC" T-1000
F. poae F poae FRC T-0796
MAFF 305947
F. sporotrichioides F. sporotrichioides ATCC 34914
CBS 119839

Gibberella tricincta
F. tricinctum

F. tricinctum

ATCC 38183 (type)
CBS 393.93 (epitype)

Notes: *Nelson et al. (1983).

“Ministry of Agriculture, Forestry and Fisheries.
“Centraalbureau voor Schimmelcultures.

“Medical Mycology Research Center, Chiba University.
°National Institute of Technology and Evaluation, Biological Resource Center.
fAmerican Type Culture Collection.
EAgricultural Research Service Culture Collection of the US Department of Agriculture.
"Fusarium Research Center, Pennsylvania State University.
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widely applied in the field to identify Fusarium isolates. To
cover a wider range of taxonomic groups, we selected two
additional species referring to morphological, molecular
phylogenetic and mycotoxin profile studies (Aoki &
O’Donnell 1998; Knutsen et al. 2004; Thrane et al. 2004;
Torp & Nirenberg 2004), and two subspecies, namely F
acuminatum subsp. armeniacum and subsp. acuminatum
(Table 1). Between these subspecies there is a large genetic
distance, a distant phylogenetic relationship and different
states of mycotoxin production. This analysis tested a total
of 32 strains including one to three strains for each species
or subspecies examined.

DNA extraction and sequence determination of genes

In this study, nucleotide sequences of genes of eight strains
were determined: MAFF 236386, CBS 193.65, MAFF
236454, TIFM 50210, MAFF 101144, NBRC 32585, IFM
50036 and CBS 448.84. We used two subcultures of each of
eight Fusarium species obtained by the single spore method
(Nelson et al. 1983) for sequencing. We checked the
sequence identity between two subcultures to confirm the
purity of the strain. Incubation of the fusaria and extraction of
genomic DNAs from these samples were performed as pre-
viously described (Watanabe et al. 2011).

The ribosomal RNA gene (rDNA) cluster region,
including the 3’ end of the 18S rDNA, the internal tran-
scribed spacer region 1 (ITS1), the 5.8S rDNA and the 5’
end of the 28S tDNA, as well as the B-tubulin gene (f-tub)
and the elongation factor 1a gene (EF-1a), were analysed.
These regions were selected because some parts of the

rDNA cluster region, S-tub and EF-Ia have previously
been used as genetic markers for the phylogenetic analysis
of fungal taxonomic groups, including Fusarium species
(O’Donnell 1993; O’Donnell et al. 1998; Watanabe et al.
2011). These genes were amplified and sequenced with the
primer pairs as previously described (Watanabe et al.
2011). The sequences were assembled using the ATGC
software program (Genetyx Corporation, Tokyo, Japan).
The sequences determined in this study were deposited in
GenBank (Accession Nos AB820701-AB820724).

Downloaded sequences of genes from earlier studies

Nucleotide sequences of the genes of 24 strains (which do
not include the eight strains listed in Table 1) that were
determined in previous studies (Harrow et al. 2010,
Watanabe et al. 2011) were downloaded from GenBank
(Accession Nos AB586983, AB586988-586992, AB586
999-05, AB587015, AB587016, AB587019-587021, AB
587024-587026, AB587036, AB587038-587040, AB587
047-587053, AB587063, AB587064, AB587067-5870609,
AB587072-587078, AB674263, AB674264, AB674267-
674270, AB674277-674282, AB674292, AB674293,
AB674296-AB674298, AB674301-674304, EU008509,
EU008531, EU490248 and EU490226).

Alignment

Sequences were automatically aligned by the MAFFT
software program, v.6 (Katoh et al. 2009) with the
G-INS-i option, and were also carefully checked by

Table 2. Mycotoxin production of the extant species based on the literature.

Mycotoxin
Species Clade number in Figure 1 Tri-A Tri-B ZEN MON BEA ENN
E graminearum s.l. I-a 1? 1 1 0° 0 0
F. crookwellense 0 1 1 2 0 0
F. culmorum 0 1 1 1 0 0
F. poae I-b 1 1 1 ? 1 1
F. kyushuense 0 1 ? ? 0 1
F. langsethiae I¢c 1 0 ? ? 1 1
F. sporotrichioides 1 0 1 1 1 1
F. acuminatum subsp. armeniacum 1 ? ? ? ? ?
E scirpi I-d ? ? ? ? ? 1
F equiseti 1 1 1 1 1 0
F longipes ? ? ? ? 1 ?
F. semitectum 1 0 1 1 1 ?
E camptoceras ? ? ? ? ? ?
F. tricinctum I 0 0 ? 1 ? 1
F. lateritium 0 0 0 ? ? 1
F. avenaceum 0 0 0 1 1 1
F. acuminatum subsp. acuminatum 1 ? ? ? ? ?

Notes: “This species has the potential for mycotoxin production.
“This species does not have the potential for mycotoxin production.

“This species may or may not produce mycotoxin, regarded as missing data.

-131-



(a)

MAFF241212
MAFF101144
o8y IFM50210

NBRC32585 §

=3

cBs448.84 F. scirpi
MAFF236434  F- equiseti
MAFF236723 F. equiseti
\FMs0036 T longipes

100 MAFF236521 F. semitectum

MAFF236386 §i
CBS193.65 F. camptocerus

ATCC38183

CBS393.93

g F. tritinctum

Food Additives & Contaminants: Part A

graminearums. |.

Subclade i-a

F. crookwellense

F. culmorum
MAFF23645:

100] MAFF237645
o) NRRL64S0
100| MAFF305947
FRC T-796
CBS113234 .
100 § F. langsethiae
%0 FRC T-1000
ATCC34914 i
10 100 g F. sporotrichioides
CBS119839

100]MAFF235716 F. acuminatum
CBS485.94 &  subsp. armeniacum

% F. kyushuense

g F. poae

Subclade I-d

Subclade I-b

Subclade I-c

(b)

1373

NZ50

100

—t
0.02

Figure 1.

MAFF840045 F. lateritium
MAFF239206 F. avenaceum

100 ICMP10524Q§ F-acuminatum
MAFF235344 F. lateritium
ATCC200255 F. avenaceum

Clade Il

Subclade
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(a) Maximum likelihood tree as inferred from the combined nucleotide sequence data of three independent genetic regions:

the tDNA cluster, EF-/a and S-tub. Tree topology was inferred by the RAXML program using the GTR + I + I model with the partition.
Nodal numbers indicate bootstrap probabilities (1000 replications). Branch lengths were re-estimated by using a more realistic model
(CS + I" model for exon regions, GTR + I" model for introns and the rDNA cluster, with the PAML package). Nodes that were supported
at a 50% bootstrap probability level or lower were treated as multifurcations. Branch lengths are proportional to the numbers of
nucleotide substitutions per nucleotide site. Numbers of codon substitutions per codon sites were recalculated based on the numbers of
codon substitutions per nucleotide site. The relationships among five clades were fixed, referring to the ML tree in Watanabe et al. (2011),
because these basal relationships are very important for the ancestral state reconstructions of mycotoxin productivities. (b) Phylogenetic
relationships among the subclades in clade I. The CS + I model and GTR + I" model were applied by using the PAML. Nodal number
indicates the RELL bootstrap value (100, 000 replications) determined using the CONSEL program.

visual inspection. All ambiguous sites of alignment were
excluded from the analyses. The final sequence lengths of
each gene locus were as follows: tDNA (801 bp; ITS1 was
109 bp, 5.8S rRNA was 159 bp, 28S rRNA was 533 bp),
EF-1a (597 bp; exons were 201 bp and introns were 376
bp), and p-tub (871 bp; exons were 786 bp and introns
were 85 bp).

Phylogenetic inference

The phylogenetic tree was inferred by the maximum like-
lihood (ML) method (Felsenstein 1981). The data con-
sisted of the exon regions (EF-la, B-tub), intron regions
(EF-1a., p-tub), an internal spacer region of tDNA (ITS1),
and rDNA regions (5.8S, 28S) of the selected genes. The
tempo and modes of the nucleotide substitutions for these
regions are very different, and the codon substitution (CS;

Yang et al. 1998) model is suitable for a reconstruction of
a “true” tree even with these differences, because the
evolutionary unit of the CS model is a codon site. This
model takes into account the differences in the physico-
chemical distance between the amino acids and the ratios
of synonymous and non-synonymous substitution rates, as
well as the correlation of the three nucleotide sites
included in the codon. Yonezawa et al. (2008) demon-
strated that the support value of a “true” tree was increased
by improvement of the model, and it became the highest
when the CS mode was applied. However, computation
using the CS model is time-, labour- and cost-intensive,
and almost impossible to apply for tree searches from the
huge numbers of candidate trees. Therefore, a heuristic
search using a simple model was first carried out to reduce
the number of candidate trees. An exhaustive search using
the CS model was then carried out after the candidate tree
topologies had been narrowed down.
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Figure 2. Ancestral state reconstruction of the mycotoxin-producing potential production: (a) type A trichothecene; (b) type B
trichothecene; (c) zearalenone; (d) moniliformin; (e) beauvericin; and (f) enniatins. The ancestral states of the internal nodes were
reconstructed based on the character states of the production of the extant Fusarium species, profiled based on the literature. The ancestral
states were reconstructed by the MP method using the MESQUITE program v.2.75 (see http://mesquiteproject.org/mesquite/mesquite.
html) on the tree topology inferred in this study (Figure 1). The white branch means the absence of the toxic productivity. The black
branch means the presence of the toxic productivity, estimated by the ancestral state reconstruction. The black and white branch means
both the absence and the presence equally supported by the parsimonious criterion. The character state of a species from the literature is
indicated beside the terminal branch; the open circle means the absence of the toxic productivity; the filled circle means the presence of
the toxic productivity; and the question mark means the states of the production is unclear in the literature.

The heuristic search was carried out by using the
RAXML program, v.7.2.6 (Stamatakis et al. 2008). The
confidence levels of the internal nodes were evaluated by
the rapid bootstrap (BP) method (Stamatakis et al. 2008)
with 1000 replications. The GTR + I + I' model
(Hasegawa et al. 1985; Yang 1996) was used as the
nucleotide substitution model. Watanabe et al. (2011)
demonstrated that the tempo and mode of the nucleotide
substitutions in each locus used as a genetic marker for
Fusarium phylogeny in that study were variable. Taking
into account such differences among loci, the partition
model (Pupko et al. 2002) was applied. The fitting of the

partitioning to the respective gene loci was evaluated by
the Akaike information criterion (AIC; Akaike 1973) to
avoid over-parameterisation (data not shown). Eight par-
titions were set for the concatenated data as follows:
ITS1, 5.8S rRNA + 28S rRNA, first and second codon
positions of EF-1a, third codon positions in the exon of
EF-la, introns of EF-Ia, first codon position of S-fub,
second codon position of f-tub, third codon position of
p-tub and introns of f-tub.

An exhaustive search was carried out using both the
BASEML and CODEML programs in PAML v.4.4 (Yang
2007). The GTR + I' model (Yang 1996) was applied for
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Figure 2. Continued.

the non-coding regions; the CS + I' model (Yang et al.
1998) was applied for the exon regions. The amino acid
distances were then estimated (Miyata et al. 1979). In this
analysis we also evaluated the partitioning by AIC using
the information obtained from this exhaustive search.
Five partitions were set for the concatenated data as
follows: rDNA cluster, exons of EF-I/a, introns of EF-
la, exons of B-tub and introns of pB-tub. The branch
lengths for each partition were independently estimated.
The CONSEL program (Shimodaira & Hasegawa 2001)
was applied for summing up the likelihood score for each
gene locus; the SH test (Shimodaira & Hasegawa 1999)
was applied to evaluate the differences among tree
topologies.

Profiling the mycotoxin production and ancestral state
reconstruction

To trace the evolutionary history of mycotoxin-producing
potential, the ancestral states of the internal nodes were

D F poae

D F kyushuense

O £ sporotrichioides

& F. crookwellense

22 Foscipi

& F. equiseti-1

Food Additives & Contaminants: Part A 1375

I Subclade I-b

© F langsethiae

Subclade
I-c

== ? . acuminatumsubsp. armeniacum

F. graminearum s. |.

Subclade I-a

% F. culmorum

) F. equiseli-2

Subclade I-d

wmmm ? /. longipes
© F semitectum
s ? [ CAMpPloceras

F. lateritium-1

b F. tritinctum

— } ; E:0 F. avenaceum-1

? F. acuminatumsubsp. acuminatum

Clade 1l

O F /ateritium-2

F. avenaceum-2

© F verticillioides | Outgroup

reconstructed using the Fusarium tree topology inferred in
this study (Figure 1). The production capacities of six
mycotoxins, namely TriA, TriB, ZEN, MON, BEA and
ENN, of the extant species were profiled based on the
literature (Rabie et al. 1982; Marasas et al. 1984; Lee et al.
1986; Scott et al. 1987; Chelkowsk et al. 1990; Gupta
et al. 1990; Bosch & Mirocha 1992; Wing et al. 1993;
Herrman et al. 1996; Logrieco et al. 1998; Turner et al.
1998; Logrieco et al. 2002; Nicholson et al. 2004; Thrane
et al. 2004; Leslie et al. 2006; Yli-Mattila 2010). In this
procedure, a species was regarded as having the potential
to be a mycotoxin producer when two or more strains have
been reported to produce it. If no literature was available
on the mycotoxin-production capability of a species, this
was regarded as missing data. The constructed character
state matrix is shown in Table 2.

Because we confirmed that the MP method is reliable for
the ancestral state reconstruction of the mycotoxin production,
in addition to the ML method (see Supplementary Text 2,
available via the article webpage), the ancestral states were
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Figure 2. Continued.

reconstructed by the MP method (Pagel 1999) using the
MESQUITE program v.2.75 (see http://mesquiteproject.org/
mesquite/mesquite.html). The topology of the Fusarium tree
of the combined sequences of the three genetic regions was
provided from the results of the ML tree used in this study.

Results and discussion
There are four major groups of the trichothecene species

In this study we used three independent gene loci as
genetic markers. Inconsistencies among gene trees have
often been reported (Nishihara et al. 2009; Watanabe et al.
2011). It is therefore necessary to confirm that there are no
inconsistencies among the gene trees and, in this study, we
evaluated the conflict among the tree topologies supported
by each gene (see Supplementary Text 1). Because no
statistically significant differences were found, we inferred
that the ML tree, which was constructed based on the
combined sequence data for the three genetic regions,

8:7 F. tritinctum
g o) F. avenaceum-1

'7 F. acuminatumsubsp. acuminatum

- s 17 F camptoceras

O F. lateritium-1

Clade II

1O £ lateritium-2

'O F avenaceum-2

O F. verticillivides

could be used: the rDNA cluster, f-tub and EF-la. The
results are shown in Figure 1(a). The Fusarium species
analysed in this study were divided into two major clades,
I and II, a result strongly supported by a 100% BP. This
result was consistent with a previous study (Watanabe
et al. 2011).

Furthermore, clade 1 was divided into four distinct
subclades, I-a to I-d, which corresponded to four
previously reported clades (Kristensen et al. 2005).
Subclade I-a consists of F. crookwellense, F. graminearum
sensu lato (s.1.), and F. culmorum. Subclade I-b consists of
F kyshuense and F. poae, while subclade I-c consists of F.
langsethiae, F. sporotrichioides and F. acuminatum subsp.
armeniacum. Subclade I-d consists of F. camptoceras, F.
semitectum, F. longipes, F. equiseti and F. scirpi. Clade 1T
includes the remaining species.

Within clade I, the basal position of subclade I-d was
strongly supported with a 100% BP. Furthermore, the
monophyly of subclades I-a and I-b was weakly supported
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Figure 2. Continued.

with a 46% BP (in Figure 1(a), subclades I-a, I-b and I-¢
formed a polyphyletic clade). Since the monophyly of
subclades I-b and I-c has been suggested by both morpho-
logical (Booth 1971; Nelson et al. 1983) and molecular
(Kristensen et al. 2005) studies, we carried out a more
detailed comparison of relationships among subclades I-a,
I-b and I-c using the CS substitution model (see the
“Materials and methods” section).

The ML tree inferred from this further analysis (see
Supplementary Table 5) is shown in Figure 1(b). The
monophyly of subclades I-b and I-c was consistent with
the previous morphological and molecular studies men-
tioned above, although this clade was weakly supported
with a 63.4% BP in the analysis. Therefore, we assumed
that there was a monophyletic relationship between sub-
clades I-b and I-c, and this topology was used in the
reconstruction of the ancestral states of the mycotoxin
production in this study.

Ancestral states of mycotoxin-producing potential

We estimated the ancestral states of the mycotoxin-pro-
ducing potential by the MP method (see Supplementary
Text 2) using the dataset of the mycotoxin production of
the extant species based on the literature (Table 2). The
results showed the possibility that the common ancestor
of all tested species in this study had the potential to
produce MON, BEA and ENN (Figures 2(d), (e¢) and
(©). In a parsimonious manner, the potential to produce
MON and ZEN was gained or lost only once in the
evolutionary history of the Fusarium species analysed
in this study. The common ancestor of the clade I
gained the ZEN-producing potential (Figure 2(d)). The
common ancestor of £ graminearum s.l. or one of F.
graminearum s.1./F. crookwellense lost the MON-produ-
cing potential only once (Figure 2(c)). These results
suggest that the structures responsible for the ZEN and
MON-producing potential had a lower incidence of
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Figure 2. Continued.

changes, and it is thought that this structure was stable
during the evolution of Fusarium species. On the other
hand, the potential to produce TriA, TriB, BEA or ENN
was independently gained or lost repeatedly. In the case
of TriA, TriB, BEA or ENN, the producing potential
was gained or lost four times, three times, twice and
three times, respectively, in the evolutionary history of
clade I (Figures 2(a), (b), (e) and (f)). The TriA-produ-
cing potential was gained one more time in the common
ancestor of F. acuminantum subsp. acuminatum in clade
IL. In the case of the BEA-producing potential, F. kyush-
uense and the common ancestor of subclade I-a gained
the producing potential (Figure 2(e)). Our parsimony
reconstruction showed that the TriA-producing potential
had the most frequent events of gain or loss among the
six mycotoxins analysed. This suggested that the struc-
ture responsible for the production of TriA, such as the
biosynthetic gene cluster (Desjardins & Proctor 2007),

was comparably easy to change, thus resulting in a loss
or gain of function.

In the case of the TriA- and TriB-producing potential,
the parsimony reconstruction indicated that there are dif-
ferent trends between clade I which underwent many
changes and clade II which did not (Figures 2(a) and
(b)). Based on these results, it is possible that the species
in clade II have a factor that prevents changes in the
structure responsible for producing these mycotoxins.
Therefore, we can presume that the ease by which myco-
toxin-production changes in these two clades may have
varied throughout the history of Fusarium evolution.

The genes encoding the enzymes involved in the bio-
synthesis systems for many mycotoxins have been identi-
fied and found to form gene clusters. In addition, other
genes are involved in mycotoxin production and include
transcriptional regulators, transporters and others. Because
the genes in the cluster should be co-expressed when
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mycotoxin is produced, the genome requires that all or
almost all genes in the cluster have a role in mycotoxin
production so that if the function of any gene(s) in a
biosynthetic gene cluster is inhibited, the mycotoxin
could not become produced. Previous studies revealed
that some evolutionary factors have had an impact on
gene function stability in fungal genomes. In other
words, the evolutionary rate of mycotoxin-producing
genes was accelerated or slowed by these factors. For
example, the adaptive evolution involved in the biological
role of mycotoxins was identified (Ward et al. 2002;
Reverberi et al. 2010) and, furthermore, it has been sug-
gested that a particular mycotoxin productivity was
acquired by horizontal gene transfer (Khaldi & Wolfe
2011). These evolutionary events may be related to the
frequency of gain/loss in productivities of the six myco-
toxins analysed in this study via changes in the biosyn-
thetic gene cluster. There remains a need for future
investigations to reveal the evolutionary event(s) affecting

@@ F proliferatum

Fusarium genomes and the variability in production of the
six mycotoxins considered in this study.

Predicting mycotoxin production

We predicted mycotoxin production by Fusarium species
(which had no literature reports for the six mycotoxins
analysed in this study) based on the results shown in
Figures 2(a)—(f). It is of interest that the results showed
the possibility that some species, including F campto-
ceras, F. longipes and F. scirpi, about which previous
reports were scarce with regard to mycotoxin production,
have the potential to produce some mycotoxins (Nelson
et al. 1983; Marasas et al. 1984; Leslie et al. 2006). These
three species are generally thought to have little to no
toxicity, even though they are closely related to other
species of subclade I-d that produce trichothecenes,
ZEN, MON and BEA. The findings suggested that these
“little or non-toxic species” may have the potential to
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