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ABSTRACT: Type B trichothecenes, deoxynivalenol (DON) and nivalenol (NIV), are secondary metabolites of Fusarium
species and are major pollutants in food and feed products. Recently, the production trend of their derivatives, 3-
acetyldeoxynivalenol (3-AcDON), 15-acetyldeoxynivalenol (15-AcDON), and 4-acetylnivalenol (4-AcNIV or fusarenon-X), has
been changing in various regions worldwide. Although in vivo behavior has been reported, it is necessary to acquire more detailed
information about these derivatives. Here, the yeast PDRS mutant was used for toxicity evaluation, and the growth test revealed
that DON, 15-AcDON, and 4-AcNIV had higher toxicity compared to 3-AcDON and NIV. 15-AcDON exerted the most
significant gene expression changes, and cellular localization clustering exhibited repression of mitochondrial ribosomal genes.
This study suggests that the toxicity trends of both DON products (DON and its derivatives) and NIV products (NIV and its
derivatives) are similar to those observed in mammalian cells, with a notable toxic response to 15-AcDON.
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B INTRODUCTION

Fusarium head blight is a serious plant pathogen worldwide.
This is mainly caused by Fusarium species, such as Fusarium
graminearum. These fungi attack wheat and other food plants,
and it is thought that, as a result, worldwide food and feed
productlon suffers a considerable degree of economic damage
every year." In addition, these fungi occasionally produce toxic
secondary metabolites, called trichothecene mycotoxins.
Trichothecene mycotoxins are a common group of compounds
associated with fusarium head blight. There are several end
products and derivatives that are formed by combining several
sets of functional moieties. Types A and B are prevalent groups
in all types of trichothecenes. The type A trichothecene group
contains highly toxic mycotoxins, such as T-2 and HT-2 toxins,
while the type B group includes deoxynivalenol (DON) and
nivalenol (NIV), and their derivatives, 3-acetyldeoxynivalenol
(3-AcDON), 15-acetyldeoxynivalenol (15-AcDON), and 4-
acetylnivalenol (4-AcNIV or fusarenon-X) (Figure 1). DON
and NIV have been recognized as major food-contaminating
toxins, and a regulatory value for DON has been established in
a number of countries.”

Type B trichothecenes are not as toxic as the T-2 and HT-2
toxins of the type A group, but the physical disorders observed
in livestock are frequently caused by the type B group.>* The
toxicity to livestock is mainly caused by translation inhibition,
attributed to the binding to the 60S ribosome, resulting in
protein synthesis inhibition.>® These toxins cause oxidative
stress in mitochondria, G2/M cell cycle arrest, apoptosis, and
immunotoxic effects.” '® In combination, these effects result in
the delay of repair, cell death, intestine inflammation, and
anorexia or diarrhea.

The distribution of these trichothecenes seems to be
dependent upon environmental conditions. To date, a
regulatory value has only been set for DON. However,
attention should be paid to the derivatives as well because
the synthesis of DON and NIV proceeds through the
derivatives. Indeed, the detection of the derivatives 3-
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Figure 1. Structure of type B trichothecenes.

AcDON, 15-AcDON, and 4-AcNIV has been reported, and
the quantities of DON derlvatlves are occasionally higher than
T-2 and HT-2 toxins."" The synthesis pathway of DON and
NIV is initially the same, but DON passes through the 3- or 15-
acetylation process before undergoing deacetylation, while NIV
passes through the 4-acetylation process that generates 4-
AcNIV. The route to specific end products is divided by genetic
and/or environmental conditions.'">"* The synthesis pathway
and acetylation processes that take priority are defined by
locally characterized fungi.'*'® These chemically phenotyped
strains are called chemotypes, and the chemotype distribution
has recently been changing. In North America and the Russian
Far East, the 3-AcDON chemot)gpe has been increasing and
substituting the 15-AcDON type.'®™'® Therefore, it is necessary
to pay attention to the changes in the detected derivatives.
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However, the evaluation of the derivatives has not been
sufficiently addressed, because only a small amount of these
products are usually found in comparison to the end products.
In addition, the evaluation of derivatives has not been given
high priority, because it has been pointed out that the
acetylation of the derivatives is a countermeasure to decrease
mycotoxicity."” Because acetylated products are also detoxified
rapidly in vivo, these derivatives seem to have the same toxicity
as their parental toxins.** Furthermore, the accurate detection
of these derivatives is difficult with simple assays, such as the
enzyme-linked immunosorbent assay (ELISA). However, if the
derivatives have different toxic characteristics or higher toxicity
compared to the end products, then any change in chemotype
distribution becomes important. Therefore, in this study, we
aimed to compare the end products to their derivatives using
the yeast experimental system. The yeast, Saccharomyces
cerevisiae, is an appropriate eukaryote model, which has
previously been used to evaluate trichothecene.'”*'™>* In
these studies, the type B trichothecenes, DON and NIV, were
mainly targeted, and the results were similar to studies with
mammalian cells. Furthermore, it has been reported that the
mutation in the PDRS gene, which codes the multidrug
resistance ATP-binding cassette (ABC) transporter, increases
the sensitivity to trichothecenes; hence, we used the PDRS
mutant (pdr$).>>*® The PDRS mutant has been used to study
the function of TRI genes derived from Fusarium species;””>"
thus, pdrS cells are thought to be suitable for investigating
trichothecenes. Here, we investigated the characteristics of the
type B trichothecenes, DON and NIV, and their derivatives, 3-
AcDON, 15-AcDON, and 4-AcNIV, using culture assays and
comprehensive gene expression profile analysis.

B MATERIALS AND METHODS

Yeast Strains and Chemiicals. In this study, we used the yeast (S.
cerevisiae) strain BY4743 (MATa/a his3A1/his3A1 leu2 A0/leu2 A0
LYS2/lys2A0 metl1SAO/MET1S ura3A0/ura3A0) and the derivative
pdrl, pdr3, and pdrS mutants (Thermo Fisher Scientific, Waltham,
MA) with the loss of multidrug resistance transporter function. The
frozen (—80 °C) glycerol stocks of yeast cells were transferred by an
inoculating needle into 10 mL of YPD media (1% yeast extract, 2%
peptone, and 2% glucose) in glass tubes and incubated on a rotary
shaker at 150 rpm and 25 °C for 2 days. The mycotoxins DON, 3-
AcDON, 15-AcDON, NIV, and 4-AcDON (fusarenon-X) were
dissolved in dimethyl sulfoxide (DMSO), and 20000 ppm stock
solutions were prepared.

Growth Tests on Plate and in Liquid. Mycotoxin stock solutions
were added to autoclaved YPD media with 1.5% agar (final
concentration of 25 ppm), which was then poured into Petri dishes.
A YPD agar solution with the same volume of DMSO was prepared as
a control. Pre-incubated yeast cells were transferred to fresh YPD
media and were incubated on a rotary shaker at 150 rpm and 25 °C for
several hours until absorbance at 650 nm (Ag) = 1.0. A 10 times
dilution series of each yeast mutant culture was prepared in YPD
medium, and 2 uL of dilution samples were spotted on the test plate.
After 2 days of incubation at 25 °C, test plates were examined. For the
liquid culture test, 20—50 ppm mycotoxin solutions were prepared for
each mycotoxin and DMSO was used as a control. A total of 5 uL of
yeast cells (Agso = 1.0) were dispensed into a 96-well test plate with
200 uL of conditioned YPD solutions. The test plates were incubated
at 25 °C, and the absorbance (Agg,) was measured by a plate reader
(Biomek2000, Beckman Coulter, Brea, CA) every 2 h.

RNA Preparation for DNA Microarray Analysis. For RNA
extraction and purification, triplicate yeast cultures (Agso = 1.0, 10 mL)
were grown at 25 °C in YPD media containing 25 ppm DON, 3-
AcDON, 15-AcDON, NIV, or 4-AcNIV. The same volume of DMSO
was added to the control culture. Culture solutions were incubated in a
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shaker at 150 rpm and 25 °C for 2 h. Cell pellets were obtained by
centrifugation at 3000 rpm for 5 min, and total RNA was extracted
using a commercial kit (FastRNA Pro Red kit, MP Biomedicals, Irvine,
CA), following the instructions of the manufacturer. To avoid
contamination of genomic DNA, samples were treated with DNase
(DNase I, Takara, Shiga, Japan) before reverse transcription. The
quality of total RNA was evaluated by a nucleic acid analyzer
(Experion, Bio-Rad, Hercules, CA). RNA samples were used for
synthesizing labeled RNA (amplified RNA) with 3'IVT Express kit
(Affymetrix, Santa Clara, CA), and DNA microarrays (GeneChip
Yeast Genome 2.0 array, Affymetrix) were processed according to the
instructions of the manufacturer. Array data sets were transferred into
GeneSpring analysis software (version 10, Agilent Technologies, Santa
Clara, CA), and cluster analyses were performed for each treatment.
After using the MASS algorithm to obtain summarized probe-level
expression data, the average expression of three replicates was
normalized to the control. An analysis of variance (ANOVA) was
used for statistical analysis, and differences in gene expression with p
value < 0.05 were considered significant. To avoid the detection of
false positives, a multiple testing correction (Benjamini-Hochberg
FDR) was applied to obtain corrected p values. Selected genes were
categorized accordingg to the Munich Information Center for Protein
Sequences (MIPS®) and the Saccharomyces Genome Database
(SGD*°) annotation. Several clusters were visualized with spreadsheet
software (Excel 2007, Microsoft, Redmond, WA). The microarray data
set has been assigned the accession number GSE36954 in the Gene
Expression Omnibus Database (GEO31).

Quantitative Polymerase Chain Reaction (PCR). cDNA
templates were synthesized from the total RNA samples prepared
for the DNA microarray analysis, using a commercial reverse
transcription kit (Transcriptor First Strand cDNA Synthesis Kit,
Roche, Basel, Switzerland). Sequence information of the target genes
(HXT9, HXT11, HXT12, PDRI, and PDR3) was obtained from SGD,
and each primer set that corresponded to the position around the 3'-
end sequence was manually designed (Figure 7). ACT1 was used as an
internal control. The ACT1 primer set (forward, S'-ATTGCCGAAA-
GAATGCAAAAGG-3'; reverse, 5'-CGCACAAAAGCAGAGATTA-
GAAACA-3'), which has the same sequence as in a previous report,®*
was prepared. The PDRI primer set (forward, S'-ACAATATTAA-
CAACAACAACAGTAACAA-3’; reverse, 5'-GGAAGGAAGTTTTT-
GAGAACTTTTA-3’) and the PDR3 primer set (forward, 5'-
CAACAGACAAAAAGACAACATTCTG-3'; reverse, S'-CCATT-
TACTATGGTTATGCTCTGCT-3') were designed by Primer3.”
For quantification, positive-control templates for constructing standard
curves were prepared using standard PCR. In this study, 20 uL of
reaction solutions [1 L of each 10 M primer, 4 uL of SX buffer, 1.4
uL of 25 mM MgCl,, 0.6 uL of 10 mM dNTPs, 1 uL of DNA
template, 11 uL of distilled water, and 0.1 uL of taq polymerase
(KAPA taq Extra, Kapa Biosystems, Woburn, MA)] were prepared and
subjected to 95 °C for 2 min, followed by 33 cycles of 95 °C for 25 s,
55 °C for 15 s, and 72 °C for 45 s, in a thermal cycler (C1000, Bio-
Rad). For each probe set, a template dilution series was prepared from
these PCR products and 1 L of the samples was dispensed into a 96-
well PCR plate. The same volume of mycotoxin-treated sample
templates was also dispensed into the plate. A total of 19 uL of
reaction mix [0.4 uL of each 10 uM primer, 8.2 uL of distilled water,
and 10 uL of 2X Master mix (KAPA SYBR FAST gqPCR kit, Kapa
Biosystems)] was added to the PCR plate. The sample plate was
subjected to 95 °C for 20 s, followed by 40 cycles of 95 °C for 3 s, and
60 °C for 20 s, in a thermal cycler (MX3000P, Agilent Technologies).
The amplified ACT1 product was used as an internal control, and
triplicates were averaged.

B RESULTS

Comparison of Sensitivity to Trichothecenes. It has
been reported that the PDRS mutant (pdrS) is sensitive to
trichothecenes, such as DON and T-2 toxin.>“?*** PDRS
expression is regulated by a number of transcription factors,
including dimers that consist of both Pdrl and Pdr3, and these
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dimers regulate a number of multidrug transporters.*> >’

However, it was not clear whether the transcription factor
complex is more important than the presence of PdrS. Thus,
using the growth rate test, the sensitivity of the PDRI and
PDR3 mutants (pdrl and pdr3) was compared to pdrS cells.
The plate growth test with 25 ppm of mycotoxins
demonstrated that most of the toxins did not cause any growth
inhibition to the transcription factor gene mutants (pdrl and
pdr3), except for a slight repression by 15-AcDON (Figure 2a).
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Figure 2. Growth inhibition by mycotoxins. (a) A 10-fold dilution
series of yeast cells (parental strain BY4743 and the derivatives, pdrl,
pdr3, and pdrS) was spotted onto YPD agar plates with 25 ppm of
mycotoxins. (b) In the YPD liquid culture media, pdrS cells were
exposed to 20—50 ppm of each mycotoxin. DMSO was used as a
control. (4) DMSO, (M) 20 ppm, (A) 30 ppm, (gray X) 40 ppm,
and (black X) SO ppm. n = 3.

In contrast, pdrS showed high sensitivity to DON, 15-AcDON,
and 4-AcNIV, resulting in a significantly different growth
pattern. As for 3-AcDON and NIV, none of the mutant strains
showed any growth inhibition. Because of the weak sensitivity
to 3-AcDON and NIV, we examined the effect of different
concentrations (20—50 ppm) of the mycotoxins on the growth
of pdrS cells in liquid media. This assay showed the same
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sensitivity profile, and no differences were observed under both
3-AcDON and NIV treatments (Figure 2b). Furthermore, the
most significant growth inhibition was observed with 15-
AcDON.

Gene Expression Changes Observed by the DNA
Microarray. Because pdrS$ cells showed different sensitivities to
the different mycotoxins, we continued to examine their effect
on the gene expression of these cells. pdrS cultures were
incubated for 2 h with 25 ppm of each mycotoxin. RNA
samples were obtained and used for DNA microarray analysis,
and the data set was analyzed by ANOVA. A total of 2252
genes that showed an expression change of more than 2-fold at
any condition were extracted. Approximately 40% of the genes
mounted on the microarray chip was extracted in this study. In
comparison to the extracted genes as a whole, the gene
expression analysis more or less corresponded with the growth
tests. According to the hierarchical clustering, the expression
patterns of both 3-AcDON- and NIV-treated samples were very
similar to the DMSO (control) sample. However, the
expression patterns of DON-, 15-AcDON- and 4-AcNIV-
treated samples were clearly different (Figure 3). The DNA

=
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Figure 3. Hierarchical clustering map. ANOVA analysis was
performed for each mycotoxin treatment, and genes that showed an
expression change of more than 2-fold were extracted. Extracted genes
were visualized and hierarchically clustered. DMSO was used as a
control. Unchanged genes are shown in black.

microarray results were confirmed by quantitative PCR of
PDRI, PDR3, and ACT1. ACT1, which codes the actin protein,
was used as an internal control (see Figure S1 of the
Supporting Information).

The extracted genes were divided into functional categories
based on the MIPS database® (Table 1). When examining the
total detection ratio, metabolism, energy, transcription, stress
response, and cell differentiation functions showed a higher
level than average (total extraction ratio of 40%). Conversely,
protein activity regulation and protein fate showed a low
detection ratio. Individual extraction numbers derived from
each mycotoxin are listed on the right side of the tables. A large
number of genes were extracted at all functional categories from
the DON and 15-AcDON treatments, while a small number of
genes were extracted from the 3-AcDON and NIV treatments.
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Table 1. Functional Classifications of Detected Genes

gene category probe set number?

metabolism
amino acid 171 101
nitrogen and sulfur 93 46
nucleotide 221 103
phosphate 418 174
C compound and carbohydrate 495 256
lipid, fatty acid, and isoprenoid 287 114
vitamins 158 72
secondary metabolite 76 S0
energy 339 199
cell cycle and DNA processing 969 397
transcription 1012 488
protein synthesis 469 200
protein fate 1133 401
protein with binding function 1026 428
protein activity regulation 245 80
cellular transport 1010 396
cellular communication 231 88
cell rescue and defense response 521 240
cellular interaction 445 195
development 67 36
biogenesis of cellular components 844 347
cell type differentiation 449 209
unclassified proteins 879 410

detection number

piecemeal detection number®

detection ratio (%) 1S-AcDON DON 4-AcNIV ~ 3-AcDON NIV

59.1 61 69 35 10 8
49.5 34 32 17 6 8
46.6 73 63 48 11 10
41.6 123 99 60 20 12
51.7 153 167 103 27 20
39.7 75 60 30 12 13
45.6 41 52 27 8 6
65.8 28 34 21 S S
58.7 116 139 78 15 14
41.0 293 234 154 54 30
482 331 378 273 29 24
42.6 157 174 126 2 7
35.4 270 248 146 21 18
41.7 298 285 202 37 37
32.7 59 53 34 11 7
39.2 280 226 127 37 31
38.1 65 52 29 13 9
46.1 175 149 89 32 18
43.8 132 117 5SS 27 20
53.7 31 22 12 S 2
41.1 240 220 135 31 22
46.5 147 122 83 25 2§
46.6 282 256 174 38 41

“Each categorized gene was divided into toxic conditions; however, the sum of the piecemeal detection number at each category is not equal to the
total detection number, because there are multiple counted genes. “Probe set number indicates the array chip mounted gene number. “Detection
ratio indicates the ratio of the detection number divided by the probe set number. Because of the existence of multifunctional genes, the sum of the
detection number is not equal to the total detection number of ANOVA.

Under the 4-AcNIV treatment, the number of extracted genes
was intermediate. In comparison to the ratio, which was
obtained by dividing the smallest number by the largest number
in each functional category, protein synthesis demonstrated the
most dramatic change. Transcription and protein fate
demonstrated a similar trend (Figure 4).

Significant Expression Patterns in Particular Cellular
Components. Every gene has an intracellular localization site;
thus, the extracted genes were categorized on the basis of the
cellular localization listed on MIPS* (Table 2). The total
detection ratio in each category indicated that cell wall protein
coding genes changed the most and endosome genes changed
the least. However, the number of genes localized in the
mitochondria, nucleus, or cytoplasm was much larger than cell
wall or endosome genes. Moreover, the significant rate of
change, which was obtained by dividing the smallest number
observed with NIV by the largest number observed with DON,
was observed in the mitochondria. DON induces translation
inhibition by binding to the 60S ribosome; hence, it was
thought that the expression patterns of ribosomal or translation
system genes change because of abnormal translation and
feedback regulation. Ribosomal and translation regulation genes
are shown in Figure 5. The difference in expression patterns
between cytoplasm and mitochondria is quite obvious. DON,
15-AcDON, and 4-AcNIV induced ribosomal and translation
genes localized in the cytoplasm or nucleus, while they
repressed the genes in the mitochondria.

Regulation of Multidrug Transporters under Myco-
toxic Stress. The Pdr1-Pdr3 complex regulates many
transporter genes, including PDRS. In addition, Pdr8 and
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Figure 4. Changes in detection ratios in all functional categories. Each
ratio was obtained by the division of the piecemeal detection number
in Table 1. The smallest number of genes in the piecemeal detection of
each functional category was divided by the largest number.
Significantly changed categories are highlighted.

Yrrl regulate similar types of genes.38 Because these regulator
genes were detected in this study, we analyzed them further
(panels a and b of Figure 6). The Yrrl-regulated genes, PLBI,
YLR179C, YLR046C, SFKI1, AZR1, SNGI, and YLLOS6C,
correlated well with the YRRI expression. The expression of
SNQ2, FLRI1, YPL088W, and YMR102C, which are regulated by
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Table 2. Localization of Detected Genes

piecemeal detection number®

localization probe set number® detection number detection ratio (%)° 15-AcDON DON 4-AcNIV 3-AcDON NIV

cell wall 40 25 62.5 16 15 16 7 S
peroxisome 52 28 53.8 18 13 8 0 1
plasma membrane 181 97 53.6 61 49 38 22 17
extracellular 49 26 53.1 21 18 14 6 S
cell periphery 211 103 48.8 64 57 35 20 15
integral membrane 158 77 48.7 62 44 27 13 10
mitochondria 993 476 479 325 340 171 24 19
nucleus 2036 941 46.2 662 659 458 81 61
bud 145 66 45.5 45 29 16 13 9
cytoplasm 2645 1122 424 734 742 466 92 88
cytoskeleton 202 83 41.1 64 36 17 9 N
ambiguous 225 88 39.1 63 S1 30 8 9
endoplasmic reticulum 521 196 37.6 133 113 59 15 15
vacuole 269 98 36.4 69 52 39 18 15
punctate composite 131 46 35.1 23 25 13 1 0
transport vesicle 137 41 29.9 28 25 8 0 2
golgi membrane 94 25 26.6 17 11 4 2 2
golgi 154 39 25.3 28 18 7 3

endosome 54 13 24.1 10 7 2 0

“Bach categorized gene was divided into toxic conditions; however, the sum of the piecemeal detection number at each category is not equal to the
total detection number, because there are multiple counted genes. “Probe set number indicates the array chip mounted gene number. “Detection
ratio indicates the ratio of the detection number divided by the probe set number. Because of the existence of multifunctional genes, the sum of the
detection number is not equal to the total detection number of ANOVA.

both Pdr1—Pdr3 and Yrrl, correlated with the expression of
PDRI and PDR3. Both Pdr1—Pdr3 and Pdr8 are transcription
regulators of PDRIS, but the expression pattern of that gene
did not demonstrate any correlation with the expression of
PDRI, PDR3 or PDRS. Except for several genes and conditions,
the expression of the Pdrl—Pdr3-regulated genes, PDRIO,
IPT1, RTAl, YLR346C, PUGI, RSBI, TPO1, TPO2, TPO4,
AQRI, DTRI, and YHKS, largely correlated with the expression
of PDRI and PDR3. A correlation with PDR8 was not observed,
because only a few genes that are regulated by this protein were
extracted in this study.

Relationship between the Induction of HXT9 and
HXT11 and Toxicity. The Pdr1—Pdr3 complex regulates the
expression of HXT9 and HXT11.>>* In this study, changes in
the expression of these genes were detected but it was hard to
interpret the relationship between the expression patterns of
PDRI and PDR3 and HXT9 and HXT11. It has been suggested
that Hxt9 and Hxtll have a feedback regulation relationship
with PdrS; thus, we focused on these genes. However, the
microarray probes for HXT9, HXT11, and HXTI12 were so
similar that it was hard to distinguish between them. Therefore,
we constructed individual primer sets for these genes (Figure
7) and measured their expression in pdrS cells. The expression
patterns of HXT9 and HXTI11 roughly correlated with the
toxicity of the different mycotoxins. 15-AcDON induced the
most significant change, except for HXT12, which is thought to
be a pseudo-gene. The result indicating that DON induced a
lower expression level compared to 4-AcNIV was confirmed.

B DISCUSSION

In this study, we performed an evaluation of type B
trichothecenes using the yeast experimental system. Plate and
liquid culture growth assays revealed that the PDRS mutant is
the most sensitive strain to type B trichothecenes and, hence,
suitable for evaluation (Figure 2). The Pdr1—Pdr3 transcription
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regulation system may not play a critical role in the resistance
to trichothecenes. Dysfunction of PDRI or PDR3 resulted in
normal cell growth, despite the loss of control of many
multidrug transporter genes; therefore, it was thought that
trichothecene resistance or efflux function is not inherent in the
Pdr1—Pdr3-regulated proteins. PDRS is also regulated by
Pdr1—Pdr3; however, it is thought that PDRS expression is
normally regulated by other transcription regulators, such as
Yapl, StpS, and Rdr1.*'~* The sensitivities to 3-AcDON and
NIV were not observed in the growth test, and the DNA
microarray analysis only showed minor changes under these
conditions. According to our previous study and other reports,
there is no doubt that Pdr5 contributes greatly to the efflux of
trichothecenes;””**** however, in this study, there were some
exceptions, such as 3-AcDON and NIV. This trend of 3-
AcDON corresponds to a previous study using Pichia pastoris,
in which 3-AcDON was less toxic compared to DON and its
derivatives.”> Meanwhile, NIV showed high toxicity in
mammalian cell lines,**~*° although it had no significant effect
in this study. However, in mouse 3T3 cells, the toxicity trend of
DON, 3-AcDON, 15-AcDON, NIV, and 4-AcNIV was similar
to our results.** Therefore, these mycotoxins seem to have a
toxic trend in yeast that is consistent with the trend in
mammalian cells, even though the toxic mechanisms in yeast
and mammalian cells do not always correspond. Additionally,
Pestka® reported that 3-AcDON has slightly lower toxicity
compared to DON and 15-AcDON. Taken together with our
results, yeast is a good model for investigating trichothecenes.
The great differences in toxicities between 3-AcDON, NIV, and
other trichothecenes may be attributed to the yeast stress
resistance mechanism, which may be a useful characteristic for
clearly distinguishing between toxicities.

Examining gene expression, DNA microarray analysis
demonstrated significant changes in the functional category of
protein synthesis (Table 1), which is the major toxicity of type
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Figure S. Expression changes of ribosomal proteins. Ribosomal and
translation factor genes were categorized by localization. DMSO was
used as a control. Unchanged genes are shown in black.

B trichothecenes. The total detection ratios of both protein
synthesis and activity regulation genes were lower than the
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Figure 6. Expression changes of multidrug resistance genes. (a) The
pleiotropic drug resistance transporter regulator genes and the
regulated genes were extracted from the detected genes that were
visualized in Figure 3. (b) Venn diagram showing the categories with
the regulation relationships.

other categories. These results suggested that protein regulation
genes are sensitive and appropriate markers for trichothecenes,
even though the detection number is limited.

Pdr1—Pdr3 regulates various genes, and a number of the
regulated genes roughly showed the corresponding expression
patterns (Figure 6). Yrrl-regulated genes were detected in this
study, but the number of transporter genes was much lower
than Pdrl1—Pdr3-regulated genes. The multidrug transporter
capable of trichothecene efflux,”* Snq2, which is regulated by
both Pdr1—Pdr3 and Yrrl, was also detected in this study.
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Figure 7. Quantitative PCR of hexose transporters. Real-time PCR-
based quantitative estimation was executed using ACT1 expression as
an internal control. (A) HXT9, (@) HXTI11, and (M) HXTI2 gene
expression changes. Each primer set was designed manually. Inverted
sites mean identical sequences. cDNA templates were prepared from

the same RNA samples used for the DNA microarray analysis. Bars =
standard error (SE); n = 3.

According to our study, SNQ2 approximately corresponded to
the Pdr1—Pdr3 expression pattern. Unfortunately, except for
Pdr5, most multidrug transporters do not possess the resistance
ability to trichothecenes; however, these data suggest that
Pdr1—Pdr3 is a more influential transcription regulation system
than Yrrl under the toxic conditions caused by mycotoxins.
Thus, we asked whether Pdr1—Pdr3 regulation affects these
transporters. Many multidrug transporters are localized on the
plasma membrane. Looking at the gene expression changes that
influence transporter distribution on the membrane, the
transporter expressions corresponded to Pdr1—Pdr3, suggest-
ing that the influence of Pdr1—Pdr3 is comprehensive. HXT9
and HXT11, which encode hexose transporters, were also
detected in our study. The transcription of these genes is also
regulated by Pdr1—Pdr3, and they are categorized as multidrug
resistance genes.””*’ The function of these transporters does
not correspond with other multidrug transporters; however,
Hxt9 and Hxtl1 are involved in a feedback regulation of Pdr$
via the competing distribution on the membrane. Additionally,
the loss of HXT9 and HXTII1 induces tolerance to cyclo-
heximide, and the overexpression of these genes induces high
sensitivity to this compound. Interestingly, the loss of the PdrS
function increases the expression of HXT9 and HXT11;* thus,
their expression levels in the PDRS mutant are thought to be
somewhat higher than in the BY4743 parental strain. In this
study, the expression of these genes was further induced by
exposure to mycotoxins (Figure 7), with the highest change
observed with 15-AcDON. HXT12, which is thought to be a
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pseudo-gene,*®*” did not demonstrate significant changes
compared to HXT9 and HXT11, suggesting that Hxt12 does
not play an important role in the feedback regulation. The fact
that the expression of HXT9 and HXTII1 was significantly
higher under the 15-AcDON treatment compared to the other
mycotoxins implies that 15-AcDON was the most toxic
mycotoxin in our experimental system.

The cellular localization clustering results (Table 2) showed
that the expression of a large number of genes was changed in
the mitochondria, nucleus, and cytoplasm. Using the yeast
experimental system, it has been reported that type A and B
trichothecenes, such as T-2 toxin and DON, induce oxidative
stress in mitochondria, as well as translation inhibition, which is
independent of cytoplasmic reactions.”® Furthermore,
McLaughlin et al.'® reported that a large number of
mitochondrial gene mutant strains demonstrated sensitivity to
trichothecin, which is a trichothecene compound,*® and nearly
half of the mutant strains encode mitochondrial ribosomal
genes. In our study, it is clear that the gene expression of
mitochondrial ribosomal genes was different from the nucleic
ribosomal genes (Figure S) and these mitochondrial genes were
significantly repressed by highly toxic conditions. Apoptosis is a
general reaction in cells, which is caused by mitochondrial
disorder. It has been reported that the exposure of human
cervical cancer cells to T-2 toxin induces the release of
cytochrome ¢ from mitochondria to the cytosol.* Moreover,
the DON exposure experiment of human colon carcinoma cells
reported the opening of permeability transition pore (PTP),
loss of transmembrane potential, and caspase induction.>
These effects cause the loss of respiratory activity, and the
mitochondrial activity is thought to be dispersed. However,
Bensassi et al.*® reported that DON exposure does not directly
induce PTP permeabilization. In our study, mitochondrial gene
repression, which represents the loss of mitochondrial activity,
and the induction of cytosolic genes were observed. This
comprehensive information will provide new insight into the
toxicities of trichothecene mycotoxins. Furthermore, it will
make it possible to evaluate the toxicity of trichothecene
mycotoxins simply by observing ribosomal protein genes with
specific localizations.

Trichothecin was used as a representative compound to
evaluate trichothecene toxici'cy;10 however, a few differences in
the structure result in a large difference in sensitivity. In fact, 3-
AcDON and NIV induced distinctly different results compared
to 15-AcDON and 4-AcNIV. This suggests that the toxicity
evaluation of individual compounds is important to fully
understand their toxic characteristics. In addition, a large
number of ABC transporters, which function like PdrS, are also
localized in plant and mammalian cells. Consequently, further
research focused on individual mycotoxins and transporters is
required to understand their characteristics, because the
structure of different transporters is not identical.

Both DON and NIV are generated through several pathways,
including a constitution process of trichothecene derivatives in
fungi. Except for the end products, it is thought that the toxicity
of the derivatives is usually reduced to avoid an autotoxic effect;
however, this does not necessarily mean that the derivatives
have low toxicity against animals and plants. The high toxicity
of 15-AcDON observed in this study has not been reported in
mammalian cell studies,”** and most studies have not used
multidrug transporter mutants. Thereby, studying efflux
function using mammalian or plant transporters may help to
understand the difference in intracellular behavior between
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mycotoxin end products and their derivatives. In the future, it
might be necessary to carefully monitor the fungal products.
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