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Abstract

Fusarium graminearum produces trichothecene mycotoxins under certain nutritional
conditions. When L-Thr and its analogue L-allo-threonine were added to brown rice
flour solid medium before inoculation, trichothecene production after 4 days of
incubation was suppressed. A time-course analysis of gene expression demonstrated
that L-Thr suppressed transcription of 77i6, a trichothecene master regulator gene, and a
terpene cyclase 7ri5 gene. Regulation of trichothecene biosynthesis by altering major
primary metabolic processes may open up the possibility to develop safe chemicals for

the reduction of mycotoxin contamination.
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Introduction

Trichothecenes are mycotoxins that are known as food and feed contaminants
associated with Fusarium head blight (FHB) in important cereal crops (Kimura et al.
2006; Desjardins 2009). They are also known as phytotoxins that help the causal
pathogens Fusarium graminearum species complex and Fusarium culmorum infect the
host plants (Bai et al. 2002; Nishiuchi et al. 2006). The major trichothecenes that
accumulate in cereal grains are type B trichothecenes, such as deoxynivalenol (DON),
3-acetyldeoxynivalenol (3-ADON), 15-acetyldeoxynivalenol (15-ADON), nivalenol
(NIV), and 4-acetylnivalenol (4-ANIV) (Kimura et al. 2007; McCormick et al. 2011;
Son and Lee 2012). These mycotoxins are often found in the grains that apparently look
normal, making it difficult to discriminate between uninfected and infected grains.
Unregulated marketing and consumption of cereal grains cause human and animal
toxicosis through the ingestion of contaminated food and feed (Sugita-Konishi 2008), as
mycotoxins are chemically stable to heating and also persist after processing. A
provisional maximum tolerable daily intake (PMTDI) for DON was set at 1 pg/kg body
weight for human consumption by the Joint FAO/WHO Expert Committee on Food
Additives (JECFA) in 2001, which was later extended to include its acetylated
derivatives 3-ADON and 15-ADON in 2010 (Yoshizawa 2013). For the development of
methods to reduce the mycotoxin contamination, it is important to understand the
regulatory mechanisms of trichothecene gene (77i gene) expression (Nakajima et al.
2014).

AreAp is a GATA-type zinc finger transcription factor that is necessary for
the utilization of nitrogen sources other than ammonium and L-Gln in Aspergillus
nidulans (Todd et al. 2005). AreAp binds to DNA regions containing the
5’-HGATAR-3’ sequence and activates the gene expression (Ravagnani et al. 1997). In

F. graminearum, several consensus AreAp-binding sites are found in the promoter
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region of 77i6, a trichothecene master regulator gene that positively regulates 77i gene
expression (Merhej et al. 2011). In agreement with the occurrence of the AreAp-binding
site, trichothecene production by Ared (FgAreA) disruption mutants (AFgareA) is
markedly reduced compared to the wild type, suggesting that FgAreAp positively
regulates 77i gene expression under the experimental conditions (Min et al. 2012; Giese
et al. 2013). This led us to assume that activation of the FgAreAp transcription factor by
stimulating the catabolism of FgAreAp-dependent nitrogen sources might affect
trichothecene production by the fungus.

In this study, we examined the effect of feeding specific amino acids on
trichothecene production by F. graminearum. Autoclaved brown rice flour solid
medium was additionally supplemented with the amino acids, incubated with the fungus,
and analyzed for trichothecene content. In contrast to our initial hypothesis that the
catabolism of FgAreAp-dependent amino acids activates trichothecene biosynthesis, a

suppressive effect on trichothecene production was observed with L-Thr.

Materials and methods

Strain and reagents

F. graminearum Schwabe JCM 9873, which produces 15-ADON/DON on a solid
substrate (Nakajima et al. 2014), was obtained from Japan Collection of
Microorganisms (JCM), Tsukuba, Japan, and mainly used in this study. Fusarium
asiaticum O' Donnell, T. Aoki, Kistler et Geiser MAFF 240548 (strain NIV 2), a
4-ANIV/NIV producer, and F. graminearum Schwabe MAFF 240560 (strain ZEA 1), a
3-ADON/DON producer, were obtained from the Genetic Resource Centre, NARO

(National Agriculture and Food Research Organization), Tsukuba, Japan.. L-amino
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acids were obtained from Wako Pure Chemicals (Osaka, Japan). L-allo-threonine and
L-threonine benzyl ester hydrochloride were purchased from Tokyo Kasei Co. Ltd,
Japan. Kieselgel F,s4 TLC plates were from Merck Millipore (Darmstadt, Germany).
4-(p-nitrobenzyl)pyridine (NBP) and tetracthylene pentamine (TEPA) were from Wako
Pure Chemicals. HPLC-grade acetonitrile was obtained from Sigma (Sigma-Aldrich, St.
Louis, MO). HPLC-grade methanol and other organic solvents were from Kanto

Chemical Co. (Tokyo, Japan).

Preparation of conidia

Conidia induced from mycelial plugs of V8 juice agar [20% (v/v) V8 juice, 0.3% (w/v)
calcium carbonate, and 2% (w/v) agar] and YG agar [0.5% (w/v) Bacto™ yeast extract,
2% (w/v) glucose, and 2% (w/v) agar] do not consistently yield sufficient amount of
trichothecenes when directly inoculated on autoclaved brown rice flour solid medium.
Thus, fresh conidia induced from germinating spores were used as inocula for the assay.
Briefly, conidial suspension, induced from the mycelial plugs and stored at -80 °C (10’
spores/ml in 30% glycerol), was used as an inoculum [5% (v/v)] for spore germination
in CMC medium [1.5% (w/v) carboxymethyl cellulose sodium salt, 0.1% (w/v)
NH4NO3, 0.1% (w/v) KH,PO4, 0.1% (w/v) yeast extract and 0.05% (w/v) MgSQO4
heptahydrate]; spores germinated in CMC medium subsequently developed into new
conidia. The fresh conidia thus obtained in each experiment (recorded with conidial
suspension lot number; Supplementary Fig. S1) were immediately used for the

trichothecene assay on the solid medium.

Treatment of solid culture with amino acids and related compounds
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For the inhibition assay, brown rice (5 g) was ground to a powder using a coffee mill.
The brown rice flour was then mixed with water (2.5 ml) in a 100 ml beaker, covered
with aluminum foil, and allowed to stand for 3 h at room temperature. The solid
medium was autoclaved at 121 °C for 15 min. After cooling to room temperature,
solutions (500 pl) of candidate amino acids (in water) were immediately added to 5 g of
autoclaved brown rice flour and mixed well using a sterilized spatula under aseptic
conditions. As mock-treated controls, sterilized water (500 ul) was added in the same
manner. After 30 min of absorption, the modified solid medium was inoculated with 1 x
10° /ml conidial suspension (500 ul), mixed well, and incubated at 25 °C in the dark.
During the incubation periods, the solid culture was mixed well with a spatula with

every 24 h.

Extraction and analysis of trichothecenes

After an appropriate incubation period, an aliquot of the solid culture was taken and
suspended in four times the amount of 84% (v/v) acetonitrile. The supernatant solution
was placed under a gentle stream of nitrogen to remove acetonitrile, water-insoluble
residues were removed by centrifugation, and the trichothecenes were extracted twice
with an equal amount of ethyl acetate. The solvent was evaporated and the dried
material containing the trichothecenes was dissolved in a small volume of ethanol for
subsequent TLC and HPLC analyses. For semiquantitative TLC analysis, the samples
spotted on a Kieselgel Fas4 plate were developed with ethyl acetate:toluene (3:1) and
visualized by NBP/TEPA as the color-developing reagents (Takahashi-Ando et al.
2008Db). For quantification by HPLC-UV analysis, trichothecenes were separated by
reverse-phase column chromatography with PEGASIL ODS SP100 (4.6x250 mm, 5 um,
100A; Senshu Scientific Co., Ltd., Tokyo), as previously described (Etzerodt et al.
2015).
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Analysis of ergosterol content

Half of the 4-day-old fungal culture with brown rice flour residue (ca. 3.5 g) was
suspended in methanol (12.5 ml) in a 50 ml plastic tube and vigorously mixed using a
vortex mixer. The 50 ml tube was then attached to a floating rack “Jellyfish” (Watson
Biolabs, Kobe, Japan), floated in a model EYELA MUS-10D sonication bath (Tokyo
Rikakikai Co., Ltd., Tokyo), and treated for 3 min at maximum sonication amplitude
and 100% duty cycle. The methanol solution was filtered through filter paper (filter
paper No. 1; Advantech Toyo Co., Tokyo) and a portion of the recovered sample (500
ul) was transferred to a 1.5-ml plastic tube. The sample was then mixed with potassium
chloride (70 mg), n-hexane (250 ul) was added to the tube, and the mixture was
incubated at 65 °C for 30 min. After cooling to room temperature, water (125 ul) and
n-hexane (250 pl) were added, mixed well, and the solvent layer was recovered by
centrifugation. To the remaining water-methanol phase, n-hexane (250 pl) was added
and the same extraction process was repeated. The combined solvent layers were dried
under a gentle stream of nitrogen, the dried sample was dissolved in HPLC-grade
ethanol (500 pl), and an aliquot (10 pl) was used for ergosterol analysis using a
PEGASIL ODS column (diameter, 4.6 mm; length, 250 mm; Senshu Scientific Co.,
Tokyo) with acetonitriletmethanol+water (49+49+2 by volume) at a flow rate of 1
ml/min. The eluates were monitored at 282 nm, and the peak area of samples was

normalized to an ergosterol standard (Wako) of known concentration eluted at 21.1 min.

Analysis of Tri gene expression by quantitative real-time reverse-transcription

(RT)-PCR
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The expression of 77i6 (Proctor et al. 1995) and 77i5 (Hohn and Beremand 1989) were
analyzed by real-time RT-PCR using a LightCycler 1.5 Instrument (Roche Diagnostics
Japan, Tokyo) with THUNDERBIRD® Probe qPCR Mix (Toyobo Co., Ltd., Otsu,
Japan). Ten 100-ml beakers containing the inoculated solid medium (see the third
section of Material and methods), five for the L-Thr treatment and five for a mock
treatment, were sampled after incubation for 36, 48, 60, 72, and 96 h. At each sampling
time, half of the fungal culture sample (ca. 3.5 g) was collected and used for
trichothecene analysis, and the remaining half (except at # = 96 h) was used for RNA
analysis. cDNA was synthesized using the ReverTra Ace” qPCR RT Master Mix
(Toyobo Co., Ltd.) using total RNA prepared as previously described (Etzerodt et al.
2015). A single standard DNA (Ohno et al. 2012) containing cDNA fragments of 77i/0,
Tri6, Tri5, Tri4, and a ubiquitin conjugating enzyme gene (FGSG_10805; Ubc)
(Supplementary Fig. S2A) was used as a reference to determine the number of cDNA
molecules in the reverse-transcribed samples. Ubc was previously identified as a
suitable reference gene for the normalization of 7ri gene expression (Kim and Yun
2011; Faltusové et al. 2015). Specific primers and Universal ProbeLibrary probes
(Roche Applied Science, Basel, Switzerland) used for the amplification analysis are
described in Supplementary Fig. S2B. The reactions were carried out in LightCycler®
capillaries (20 pl) with 0.5 ul of the reverse transcription reaction mixture, 0.2 uM
specific primers, and a Universal ProbeLibrary probe for each gene, as previously
reported (Etzerodt et al. 2015). The concentrations of sample cDNA were determined
by applying to the standard curves of the crossing point (Cp) values versus
concentrations of 10-fold serial dilutions of a single standard DNA. Expression levels of
Tri6 and Tri5 were normalized to the expression level of Ubc, which was used as an
endogenous reference in the same RNA sample by dividing target 77i gene cDNA copy

number by the Ubc cDNA copy number.
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Results

L-Thr as a trichothecene biosynthesis inhibitory amino acid when added to

autoclaved rice flour medium

Previous study revealed that an Fig4dreA disruption mutant of F. graminearum is not
able to grow on the medium containing L-Asp, L-Cys, L-Gly, L-Glu, L-Ile, L-Leu, L-Lys,
L-Thr, L-Trp, L-Tyr, and L-Val as a sole nitrogen source (Giese et al. 2013). The result
implies that an activated FgAreAp transcription factor is necessary for utilization of
these amino acids. To investigate whether these FgAreA-dependent nitrogen sources
facilitate binding of FgAreAp to the 7ri6 promoter and activate trichothecene
biosynthesis, each amino acid was added to autoclaved brown rice flour solid medium
at a concentration of 10 umol/g medium.

After 4 days of incubation, trichothecenes produced by JCM 9873 were
quantified as described in Materials and methods. Contrarily to our initial hypothesis,
some amino acids suppressed trichothecene production (Supplementary Fig. S3).
Among the amino acids, L-Thr most significantly suppressed trichothecene production
by F. graminearum. There were apparently no growth and morphological differences
among the fungal culture supplemented with the amino acids (data not shown). The
result suggested that catabolism of L-Thr afforded considerably negative impacts on
induction of trichothecene biosynthesis. We thus examined the inhibitory activity of

L-Thr in more detail and carefully, as demonstrated below.

Effects of L-Thr concentration on trichothecene production by F. graminearum on

the solid medium
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L-Thr solution (diluted to an appropriate concentration from a 200 mM stock solution)
was added to autoclaved brown rice flour at a final concentration of 2, 10, and 20
umol/g and strain JCM 9873 was cultured for 4 days. Growth of the fungus was
unaffected at these L-Thr concentrations, as measured by the amount of ergosterol
extracted from the solid culture (Table 1). However, trichothecene accumulation was
significantly reduced when L-Thr was used at a concentration of 2 pmol/g brown rice
flour solid medium for the assay. The amount of trichothecene decreased as the
concentration of L-Thr increased; the total amount of trichothecene after treatment with
10 and 20 pmol/g brown rice flour solid medium of L-Thr was approximately 1/4 and
1/6 that of the mock-treated control, respectively (Table 1).

Although the suppressive effects of L-Thr were dose-dependent, as shown by
the average concentration of trichothecenes, no statistical significance was detected
between the range of 2 to 20 pmol/g brown rice flour solid medium in our experiments
(n=4). The lack of significance is caused due to very high standard deviations in the
amount of trichothecenes produced by each conidial lot (Supplementary Fig. S1). When
toxin/ergosterol ratios to that of a mock-treated control were used for the analysis,
statistical significance between 2 and 20 umol/g brown rice flour solid medium was
detected (Table 1).

The suppressive effect of L-Thr was also significant in fungal strain MAFF
240548 (strain NIV 2) that produces a moderate amount of 4-ANIV/NIV
(Supplementary Fig. S4). Trichothecene accumulation also decreased after L-Thr
treatment in the 3-ADON/DON chemotype MAFF 240560 (strain ZEA 1) that produces
a large amount of the mycotoxin (Supplementary Fig. S4), although the difference was

not significant.

Effects of L-Thr analogues on trichothecene accumulation on autoclaved brown

rice flour solid medium
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In addition to L-Thr, treatment of the medium with L-allo-threonine (10 pmol/g brown
rice flour solid medium) also had a suppressive effect on trichothecene production by
the fungus (Table S1). Conversely, L-threonine benzyl ester stimulated trichothecene
production without morphological difference of the fungal culture (data not shown),
suggesting that the metabolism of a benzyl ester serves as the stimulus for mycotoxin
biosynthesis. We thus focused on the effect of L-threonine benzyl ester on fungal
growth and measured the amount of ergosterol and trichothecenes after 4 days of
incubation in independent experiments. As shown in Table 2, there were no significant
differences in fungal mass but the mycotoxin accumulation significantly increased to
1.9-fold to that of the mock-treated control. Since a benzyl alcohol arises by hydrolysis
of L-threonine benzyl ester and serves as a substrate of Fusarium galactose oxidase, its
metabolism could yield H,O; as a byproduct (Whittaker and Whittaker 2001; Yin et al.
2015). Indeed, we previously demonstrated that addition of H,O, at concentrations that
do not inhibit fungal growth activate trichothecene biosynthesis (Ochiai et al. 2007).
Thus, L-threonine benzyl ester could have stimulated accumulation of trichothecenes in

a similar manner (Ponts et al. 2006).

Expression analysis of 7ri6 and Tri5

Suppression of 77i6 expression inhibits the expression of 7ri pathway genes, such as
Tri5 encoding a trichodiene synthase (Proctor et al. 1995). To determine the effect of
L-Thr (10 pmol/g brown rice flour solid medium) on 77i gene expression, we estimated
the transcript levels of 77i6 and 77i5 using real-time RT-PCR with locked nucleic acid
probes. The experiment was repeated three times using different conidial suspension
lots as an inoculum, and all yielded similar results in four biologically independent

experiments (data not shown). A representative result with conidial suspension lot
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#KM1010 (n = 3) is shown in Fig. 1. Strong suppression of both 77i6 and Tri5
expression was observed after 36-h incubation, which supports the suppressive effect of
L-Thr for mycotoxin accumulation observed for incubation at 48, 60, 72, and 96 h (Fig.
1). After 48 h of incubation, the differences of the 77i gene expression levels between
L-Thr-treated and mock-treated cultures became smaller. Despite the small differences
of the Tri gene expression levels, the trichothecene yield was not recovered during the

incubation period of the experiment by 96 h.

Discussion

By adding L-Thr and L-allo-threonine solutions to sterilized grain substrate,
trichothecene production by F. graminearum decreased considerably. Since catabolism
of L-Thr on the solid culture did not affect fungal growth, the reduced mycotoxin
production after 4 days of incubation (Table 1) is most likely to be attributed to a small
change in the physiological conditions of the fungus grown in the presence and absence
of the amino acid. In other similar instances, increasing percentage of galactose relative
to total carbon source of the medium negatively affected trichothecene biosynthesis
induction by an inducing sugar sucrose (Nakajima et al. 2016), and acivicin treatment at
non-growth-inhibitory concentrations in minimal media suppressed trichothecene
production (Maeda et al. 2014; Maeda et al. 2016). Thus, subtle differences in metabolic
conditions of the fungus appear to be responsible for the failure to activate signaling
pathways necessary for trichothecene biosynthesis.

Three catabolic pathways of L-Thr are known to occur in living organisms
(Edgar 2005; Nelson and Cox 2008), the first steps of which are catalyzed by one of the
following rate-limiting enzymes: dehydrogenase [L-threonine 3-dehydrogenase (TDH);

EC 1.1.1.103], aldolase [L-threonine aldolase (TA); EC 4.1.2.5 and low-specificity TA;
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EC 4.1.2.48], and deaminase [threonine ammonia-lyase (threonine dehydratase); EC
4.3.1.19 (originally EC 4.2.1.16)]. In the catabolic pathways with TDH and TA,
acetyl-CoA and Gly are provided as common products after the second steps, which are
catalyzed by glycine C-acetyltransferase (EC 2.3.1.29) and acetaldehyde dehydrogenase
(acetylating) (EC 1.2.1.10), respectively. Gly is then ultimately catabolized to pyruvate
and ammonia through a series of reactions, including C1 unit charging of
tetrahydrofolate (THF) via the Gly cleavage system. In the degradation route with the
threonine ammonia-lyase, L-Thr is first converted to 2-oxobutanoate and then
metabolized to succinyl-CoA via propionyl-CoA and methylmalonyl-CoA. Among the
catabolic genes in these L-Thr degradation pathways, probable TA and the
ammonia-lyase genes were identified in the MIPS Fusarium graminearum Genome
Database. Our preliminary microarray analysis [using the RNA from the L-Thr-treated
mycelia after 36-h incubation (Fig. 1)] revealed upregulated transcription of a probable
low-specificity TA gene (FGSG _12344), but not of probable threonine ammonia-lyase
genes (FGSG 00296, FGSG_03147, FGSG_07162, FGSG_10119). Thus, we speculate
that enhanced L-Thr catabolism stimulated production of both acetyl-CoA and Gly in F.
graminearum. Such a metabolic state is somewhat similar to that of mouse embryonic
stem (ES) cells, in which activated L-Thr metabolism is essential for maintenance of the
pluripotency (Wang et al. 2009). Indeed, recycling of S-adenosylhomocysteine (SAH)
to S-adenosylmethionine (SAM) is significantly upregulated in mouse ES cells through
the increased supplies of Gly and acetyl-CoA, which provide a C1 unit for the THF
charging and optimal energy for SAM synthesis, respectively (Shyh-Chang et al. 2013).
Abundance of SAM affects histone H3 methylations on lysines, which could account
for a possible mechanistic link between the L-Thr metabolic pathway and epigenetic
state of the cells. In this context, it is interesting to investigate the ratio of SAM/SAH

and methylation profile of proteins in the mycelia treated with L-Thr.
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Although several fungicides have been used to control FHB, their preventive
effects are unsatisfactory. In an attempt to alleviate the problems associated with
mycotoxin contamination, synthetic and natural products have been searched for to
identify chemicals that reduce the level of trichothecene production by the fungus
(Sakuda et al. 2016). Continuing efforts have resulted in the identification of ancymidol
(Desjardins et al. 1987), furanocoumarins (Desjardins et al. 1988), flavones (Desjardins
et al. 1988), catechins (Takahashi-Ando et al. 2008a), phenolic acids (Boutigny et al.
2009; Boutigny et al. 2010; Pani et al. 2014), benzoxazinoid hydroxamic acid (Etzerodt
et al. 2015), lignins (Kulik et al. 2014), acivicin (Maeda et al. 2014), and precocenes
(Yaguchi et al. 2009). However, the effects of these inhibitors are restricted to weak
trichothecene-inducing conditions, high inhibitor concentrations, specific fungal strains,
and/or limited incubation period. To date, none of them has been developed as practical
protective additives against mycotoxin contamination.

The suppressive effect of L-Thr exogenously added to brown rice flour
medium on trichothecene production was not maintained after a longer incubation
period (data not shown). The lack of long-lasting effect of L-Thr is not surprising as
predominant catabolism of this nutrient is limited at an earlier stage of the batch culture;
decrease of L-Thr in the medium leads to increased use of other nitrogen sources (i.e.,
similar to the mock-treated condition) and eventual recovery of the secondary
metabolism. However, this may not be a particular disadvantage compared with other
mycotoxin production inhibitors listed above, considering that none of them show the
suppressive activities with prolonged incubation periods under strong
trichothecene-production inducing conditions (Takahashi-Ando et al. 2008a; Pagnussatt
et al. 2014; Etzerodt et al. 2015; Maeda et al. 2016). In most studies, effectiveness of the
inhibitors was demonstrated under weak-to-moderate mycotoxin inducing-conditions by
using liquid cultures in Erlenmyer flasks (Pinson-Gadais et al. 2008; Boutigny et al.

2009; Ponts et al. 2011; Aristimufio Ficoseco et al. 2014; Pani et al. 2014). The concept
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of regulating secondary metabolism by alteration of the major primary metabolic
processes may provide an alternative possible means for the development of

environmentally safe strategies to reducing mycotoxin contamination.
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Table 1. Dose-dependent effects of L-Thr on fungal growth and trichothecene

production on autoclaved brown rice flour solid medium®

Dose Ergosterol 15-ADON + DON Toxin/ergosterol ratio
(umol/g medium) (png/g medium) (ng/g medium) to mock-treated control
0 1729+ 16.2a 343+102a 1.00 a
2 187.0+9.5a 16.4+10.7b 042+0.17b
10 188.7+18.2a 86+2.1b 0.25+0.09 be
20 1842+19.2a 54+£34bD 0.14+£0.08 ¢

* Mean =+ standard deviation of the mean (SD) of four replicates (conidial suspension lot

numbers #KM 1001, #KM 1022, #KM 1102, and #KM1104). The difference was

analyzed by one-way analysis of variance (ANOVA) followed by a Tukey-Kramer test.

Values followed by the same letter in each column are not significantly different; P <

0.05.
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Table 2. Effects of L-Thr and L-threonine benzyl ester (10 pmol/g brown rice flour

solid medium) on trichothecene production on autoclaved brown rice flour solid

medium®
) ) Ergosterol 15-ADON + DON Toxin/ergosterol ratio
Amino acid ) )
(ng/g medium) (ng/g medium) to mock-treated control
Mock-treated control 207.3+£229a 9.1+29a 1.00 a
L-Thr 213.5+20.8a 38+18a 0.40+0.13b
L-threonine benzyl ester 213.0+14a 17.2+£35Db 1.87+£0.05¢

“ Mean + SD in triplicate (conidial suspension lot numbers #YN0828, #YN0830, and
#YNO0831). The difference was analyzed by single-factorial ANOVA followed by a
Tukey-Kramer test. Values followed by the same letter in each column are not

significantly different; P < 0.05.
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Fig. 1 Real-time RT-PCR analysis of 77i6 and 7ri5 expression in F. graminearum JCM
9873 with or without L-Thr (10 pmol/g) added to the solid medium.
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Tri gene expression levels were expressed relative to Ubc expression at each time point
(n =3). Filled and empty bars indicate the relative expression levels of 7¥i genes in
mycelia grown on autoclaved brown rice flour solid medium amended with or without
(i.e., mock-treated control) 10 pmol/g medium of L-Thr, respectively. Asterisks on
filled bars denote a significant difference (*P < 0.05, **P < 0.01; Student’s ¢ test)
relative to the corresponding control samples (empty bars). Trichothecenes that
accumulated in the medium at each time point were extracted with 84% (v/v)
acetonitrile, separated by TLC, and visualized as blue spots, as described in Materials
and methods. The position of 15-ADON on a TLC plate is shown above the filled and
empty bars at each time point, with slanted letters representing combined amounts of
15-ADON and DON (pg/g medium) determined by HPLC. Only the spot of 15-ADON
is shown for simplicity of presentation, because the amount of DON was marginal
during the incubation period. Each lane in TLC contains metabolites extracted from

1/20 (ca. 0.35 g) of the solid culture.
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Table S1 Inhibitory effects of L-Thr and its analogues (10 pmol/g brown rice flour solid

medium) on trichothecene production on autoclaved brown rice flour solid medium®

Amino acid 15-ADON + DON (ng/g medium)
Mock-treated control 16.3£7.0

L-Thr 29+2.1*

L-allo-threonine 23+1.1%

L-threonine benzyl ester 31.7£48*

L-Ser 73+£1.6

* Mean + SD in triplicate (conidial suspension lot numbers #KM0911, #KM0914, and
#KM1016). The difference was analyzed by single-factorial ANOVA followed by a
Dunnett’s test. Asterisk indicates a significant difference between mock-treated control

and treated brown rice flour solid medium; *P < 0.01.
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Fig. S1 Preparation of conidia used for the assay.
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Table 1
Dose (umol/g medium) 15-ADON + DON (Ergosterol) (pg/g medium)
0 30 5 (150.6) 30.9 (183.8) 49.2 (171.3) 26.5 (185.9)
2 6 (187.7) 9.4 (187.6) 32 1 (198.0) 14 5 (174.8)
10 11 8 (165.4) 7.7 (199.7) 8 (206.1) 3 (183.6)
20 8 (166.3) 2.1 (190.7) 8 (208.4) 8 (171.5)
inoculation onto brown rice flour solid medium 2015/10/4 2015/10/25 2015/1 1/5 2015/1 117
conidia lot # used for inoculation #KM1001 #KM1022 #KM1102 #KM1104
Table 2
Amino acid 15-ADON + DON (Ergosterol) (pg/g medium)
Mock-treated control 6.9 (201.5) 8.0 (187.9) 124 (232.6)
L-Thr 1.8 (209.9) 4.7 (235.9) 4.9 (194.8)
L-threonine benzyl ester 13.6 (212.8) 17.5 (214.5) 20.5 (211.8)
inoculation onto brown rice flour solid medium 2016/8/31 2016/9/2 2016/9/3
conidia lot # used for inoculation #YNO0828 #YNO0830 #YNO0831
Table S1
Amino acid 15-ADON + DON (pg/g medium)
Mock-treated control 8.7 17.8 224
L-Thr 1.0 26 5.2
L-allo-Thr 14 2.0 3.4
L-threonine benzyl ester 26.9 36.5 31.6
L-Ser 71 5.8 8.9
inoculation onto brown rice flour solid medium 2015/9/14 2015/9/17 2015/10/19
conidia lot # used for inoculation #KM0911 #KM0914 #KM1016
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The scheme of conidial suspension preparation is depicted. The results of ergosterol and

trichothecene analyses (raw data) are provided below the scheme.
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Fig. S2 Use of a single standard DNA for copy number determination of

reverse-transcribed cDNA in expression analysis.
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GACGGCCAGTATTCTCTCGCTACCCTAGAGAATCTCCCTTACCTGAACGGTGTCATCCATGAGGGGCTCTTAAGCGTATC
H#8 ———e——————————————— - - - -

S #9
AACAAGGAGTTGACTGATCTCGGCCGAGACCCTCCTTCATCCTGCTCCGCCGGCCCTGTTGGCGAGGATTTGTTTCACTG

GCAAGCTACGATCATGGGTCCTTCTGACTCCCCTTACTCTGGCGGTGTCTTCTTCCTTGCGATCCACTTCCCTACCGACT

ACCCCTTCAAGCCTCCCAAGGTCAACTTCACJ:IL\SACGCATCTACCACCCCAACAGGGGATCCTCTAGAG ———————————
—~——————————————— - mm e

#1, GA_pUC18-Tri10_Fw: 5- TCGAGCTCGGTACCCATGGCCTCAGAAAGTCATAAG -3'
#2, GA_Tri10-6_Rev: 5- CATGTAATCTTCTCTTCCAAGCGTCTTC -3'

#3, GA_10-Tri6_Fw: 5- AGAGAAGATTACATGGAGGCCGAATCTCA -3’

#4, GA_Tri6-5_Rev: 5- AAGTGCCTGGCAGGATCGGGAGACGCA -3'

#5, GA_6-Tri5_Fw: 5~ TCCTGCCAGGCACTTGTGCGACGCTCGAT -3

#5, GA_Trn5-4_Rev: 5- AATACGGCCCGAACGTTTGCCAGTTGT -3'

#7, GA_5-Trid_Fw: 5'- CGTTCGGGCCGTATTATACCTCTTGACCC -3'

#8, GA_Trid-ubc_Rev: 5- AAGAGCCCCTCATGGATGACACCGTTC -3'

#9, GA_4-UBC_Fw: 5'- CCATGAGGGGCTCTTAAGCGTATCAACAAG -3'

#10, GA_ubc-pUC18_Rev: 5'- CTCTAGAGGATCCCCTGTTGGGGTGGTAGATGCGT -3'
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——————————— TCGAGCTCGGTACCCATGGCCTCAGAAAGTCATAAGGACTTTTTCAGAAATACTCTGAGGTCGTATGAG

e #11 UPL probe #17
GCGACATTCAGCTCCTTAAAAAAGTATGACGGAACTCTTCAGGTCTTGGAAGACGCTTGGAAGAGAAGATTACATGGAGG
#12 =<

— . #13
CCGAATCTCACTACGAATICTTGGAGCGCCTTGCCCCTCTTTGATCGAGTTGCGTCTCCCGATCCTGCCAGGCACTTGTGE
UPL probe #125 ~ #14 =

- #15

S #17
GGGCCGTATTATACCTCTTGACCCATCCAGAATGTTTGAAAAAGCTCCGAGAGGAGTTGAACAGCCTCCCACCTGTCAAG

UPLprobe #75 #18 ==
GACGGCCAGTATTCTCTCGCTACCCTAGAGAATCTCCCTTACCTGAACGGTGTCATCCATGAGGGGCTCTTAAGCGTATC
#19

——
AACAAGGAGTTGACTGATCTCGGCCGAGACCCTCCTTCN | CCTGCTCCGCCGGCCCTGTTGGCGAGGATTTGTTTCACTG
UPL probe #15 ~ #20 —=<

GCAAGCTACGATCATGGGTCCTTCTGACTCCCCTTACTCTGGCGGTGTCTTCTTCCTTGCGATCCACTTCCCTACCGACT

ACCCCTTCAAGCCTCCCAAGGTCAACTTCACTACACGCATCTACCACCCCAACAGGGGATCCTCTAGAG-----------

#11, JCM_Tri10_gRT-F: 5- GAGGTCGTATGAGGCGACA -3'
#12, JCM_Tri10_gRT-R: 5- AAGACCTGAAGAGTTCCGTCAT -3'
#13, qPCR-Tri6_P125_L: 5~ TTACATGGAGGCCGAATCTC -3'
#14, qPCR-Tri6_P125_R: 5- AGACGCAACTCGATCAAAGAG -3'
#15, qQRT-Tri5_Fw2: 5- TGAAAAGGTCAAGGATCAGGA -3'

#16, qRT-Tri5_Rev2: 5'- CCTGCTCAAAGAACTTGCAGA -3'

#17, qQRT-Tri4_Fw: 5- TTGAAAAAGCTCCGAGAGGA -3’

#18, qRT-Trid4_Rev: 5- AGAATACTGGCCGTCCTTGA -3'

#19, qRT-UBC-Fw: 5- AAGCGTATCAACAAGGAGTTGAC -3'
#20, qRT-UBC-Rev: 5'- AAACAAATCCTCGCCAACAG -3'

(A) Construction of a single standard DNA containing cDNA fragments of 77i/0
(purple), Tri6 (green; this study), 7ri5 (orange; this study), 7ri4 (blue), and Ubc
(reddish brown,; this study) genes. Five PCR fragments amplified with two adjacent
primer pairs of opposite orientation (#1 — #10; dotted lines representing sequences of
adjacent DNA fragments to create the necessary 15 bp overlap) and a Smal-linearized

vector pUC18 were assembled using a NEBuilder” HiFi DNA Assembly Cloning kit
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(New England Biolabs Japan Inc., Tokyo). (B) Primers and probes used for quantitative
real-time RT-PCR. The primer/probe sets of 77i6 (#13, #14, and UPL probe #125), Tri5
(#15, #16, and UPL probe #142), and Ubc (#19, #20, and UPL probe #15) were used for
amplification of the target 77i genes and the endogenous reference Ubc gene from both

cDNA samples and a single standard DNA.
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Fig. S3 Effect of each amino acid added to autoclaved brown rice flour solid medium

(final 10 umol/g medium) on trichothecene production by F. graminearum JCM 9873.
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The solid medium (5 g) was treated with 500 pl of amino acid solution (100 mM; L-Cys,
L-Gly, L-Ile, L-Leu, L-Lys, L-Thr, and L-Val) or suspension (100 mM; L-Asp, L-Glu,
L-Trp, and L-Tyr). After 4 days of incubation with F. graminearum (conidial suspension
lot numbers #KM0425 and #KM0521), trichothecenes were extracted and analyzed as
described previously (Etzerodt et al. 2015). Trichothecenes that accumulated in the
media were visualized as blue spots on a TLC plate, whose intensities are proportional

to their amount. Only the spot of 15-ADON is shown for simplicity of presentation,

because the amount of DON was marginal during the incubation period.
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Fig. S4 Effects of L-Thr on trichothecene production by different strains of F.

graminearum.
(A) (B) _
MAFF 240548 (strain NIV 2) MAFF 240560 (strain ZEA 1)
~ 35 € 3000
E =
g 07 £ 2500 } T
E 25t 2
o > 2000 f
> 20 2
2 . Zz 1500 }
> 15 ¢ Q
2 10} & 1000
< s
+ 2 500
> o
= A o 0 2
0 20 0 20
L-Thr (upmol/g) L-Thr (umol/g)

Strains MAFF 240548 (A) produces a moderate amount of 4-ANIV/NIV, while strain
MAFF 240560 (B) produces a large amount of 3-ADON/DON on autoclaved brown
rice flour medium. The solid medium was treated with L-Thr (20 pmol/g brown rice
flour medium), incubated with the fungal strains for 4 days, and the amount of toxin
was quantified by HPLC using a PEGASIL ODS column (diameter, 4.6 mm; length,
250 mm; Senshu Scientific Co., Tokyo, Japan) eluted at a flow rate of 1.0 ml/min at 40
°C as follows: isocratic elution with 12.5% acetonitrile (0 — 10 min) and 25%
acetonitrile (10 — 25 min) for quantification of DON (8.3 min) and 15-ADON (20.0
min); isocratic elution with 12.5% acetonitrile (0 — 8 min) and 25% acetonitrile (8 — 16
min) for quantification of NIV (6.3 min) and 4-ANIV (15.6 min). Asterisk indicates a
significant difference [*P < 0.05; (A) P =0.015, (B) P =0.083] between L-Thr-treated

and mock-treated cultures (n = 4; Student’s ¢ test).
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