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Trichothecene mycotoxins are natural contaminants of small grain
cereals and are encountered in the environment, posing a world-
wide threat to human and animal health. Their mechanism of
toxicity is poorly understood, and little is known about cellular
protection mechanisms against trichothecenes. We previously
identified inhibition of mitochondrial protein synthesis as a novel
mechanism for trichothecene-induced cell death. To identify cellu-
lar functions involved in trichothecene resistance, we screened the
Saccharomyces cerevisiae deletion library for increased sensitivity
to nonlethal concentrations of trichothecin (Tcin) and identified
121 strains exhibiting higher sensitivity than the parental strain.
The largest group of sensitive strains had significantly higher re-
active oxygen species (ROS) levels relative to the parental strain. A
dose-dependent increase in ROS levels was observed in the paren-
tal strain treated with different trichothecenes, but not in a petite
version of the parental strain or in the presence of a mitochondrial
membrane uncoupler, indicating that mitochondria are the main
site of ROS production due to toxin exposure. Cytotoxicity of tri-
chothecenes was alleviated after treatment of the parental strain
and highly sensitive mutants with antioxidants, suggesting that
oxidative stress contributes to trichothecene sensitivity. Cotreat-
ment with rapamycin and trichothecenes reduced ROS levels and
cytotoxicity in the parental strain relative to the trichothecene
treatment alone, but not in mitophagy deficient mutants, suggest-
ing that elimination of trichothecene-damaged mitochondria by
mitophagy improves cell survival. These results reveal that in-
creased mitophagy is a cellular protection mechanism against
trichothecene-induced mitochondrial oxidative stress and a poten-
tial target for trichothecene resistance.

Fusarium head blight | deoxynivalenol | Fusarium graminearum

Trichothecene mycotoxins are highly toxic secondary metab-
olites produced by Trichothecium, Myrothecium, Trichoderma,
and Fusarium. Fusarium graminearum and Fusarium culmorum
cause Fusarium head blight (FHB), which is one of the most
damaging diseases of small grain cereals. FHB adversely affects
the food supply because trichothecene mycotoxins, such as
deoxynivalenol (DON), accumulate in the infected grain, pre-
senting a food safety risk and health hazard to humans and
animals (1). Controlling their accumulation in small grains remains
a huge challenge. Trichothecenes cause growth retardation, hem-
orrhagic lesions, immune dysfunction, and emesis (2, 3) and are
neurotoxic (4-6). Trichothecene poisoning causes acute gastro-
enteritis and has been linked to alimentary toxic aleukia (ATA)
and Kashin-Beck disease, an endemic and chronic degenerative
osteoarthritis (3).

Trichothecenes inhibit protein synthesis by targeting ribo-
somal protein L3 in yeast (7-9). However, their toxicity is not
entirely due to inhibition of cytosolic protein synthesis. In
mammalian cells, DON induces activation of double-stranded
RNA-associated protein kinase (PKR), promotes degradation of
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28S rRNA, and up-regulates a number of microRNAs (3, 10).
DON exposure stabilizes mRNAs encoding proinflammatory
mRNAs (3, 10). In plants, T-2 toxin (T-2) and DON cause oxi-
dative stress damage by increasing reactive oxygen species (ROS)
levels (11).

Despite the importance of trichothecenes in food safety and
chronic environmental exposure, the molecular mechanism of
their toxicity is not well-understood and there is a critical gap in
our knowledge about the mechanisms that can protect cells
against trichothecenes. To understand the trichothecene mech-
anism of action, we previously carried out a genome-wide screen
of Saccharomyces cerevisiae for resistance to trichothecin (Tcin)
and showed that the largest group of resistant strains were af-
fected in mitochondrial functions (12). We showed that tricho-
thecenes inhibit mitochondrial translation, before depolarization
and fragmentation of the mitochondrial membrane and in-
dependent of the cytosolic translation inhibition (12, 13). Pre-
vious studies showed a link between ROS generation and
mitochondrial translation (14, 15). Yeast mutants with impaired
mitochondrial translation exhibited faulty oxidative phosphory-
lation resulting in toxic levels of ROS, overwhelming the cell’s
antioxidant capacity, and causing oxidative stress (14). These
results suggested that mitochondrial dysfunction and the result-
ing oxidative stress might contribute to trichothecene sensitivity.
To obtain a comprehensive view of the cellular functions needed
for tolerance to trichothecenes, we screened the complete set of
viable S. cerevisiae deletion strains for increased sensitivity to
Tcin, a representative type B trichothecene that has a similar
IG5 for Vero cells (0.5 pM) and yeast grown on nonfermentable

Significance

Despite the importance of trichothecene mycotoxins in food
safety and environmental exposure, molecular mechanism of
their toxicity is not well-understood and there is a critical gap
in our knowledge about cellular protection mechanisms against
trichothecenes. To identify cellular functions that provide resis-
tance to trichothecenes, we screened the yeast deletion library
for increased sensitivity to trichothecin and identified a vital role
for mitochondrial oxidative stress in trichothecene sensitivity
and for mitophagy in protecting cells against trichothecenes. Our
data show that enhancing degradation of trichothecene-
damaged mitochondria by mitophagy reduces mitochondrial
oxidative stress and increases cell survival. These results reveal a
previously unidentified mechanism against trichothecenes.

Author contributions: M.A.B.-U., J.E.M., and N.E.T. designed research; M.A.B.-U., J.EM.,
and M.S.B. performed research; S.M. contributed new reagents/analytic tools; M.A.B.-U.,
J.E.M., and N.E.T. analyzed data; and M.A.B.-U., J.E.M., and N.E.T. wrote the paper.

The authors declare no conflict of interest.
*This Direct Submission article had a prearranged editor.
To whom correspondence should be addressed. Email: tumer@aesop.rutgers.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1403145111/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1403145111


http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1403145111&domain=pdf&date_stamp=2014-07-31
mailto:tumer@aesop.rutgers.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1403145111/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1403145111/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1403145111

L T

/

D\

media (0.75 puM) (12, 13). Analysis of the identified strains
revealed a vital role for mitochondrial oxidative stress in tricho-
thecene sensitivity and provided the first evidence to our knowl-
edge for a prosurvival role for the autophagic degradation of
damaged mitochondria or mitophagy in the reduction of tricho-
thecene-mediated mitochondrial oxidative stress.

Results

Genome-Wide Profiling of Yeast Knockout Mutants Reveals a Role for
Oxidative Stress in Trichothecene Sensitivity. To identify cellular
genes that increase resistance to trichothecenes, we systemati-
cally screened the 4,720 nonessential S. cerevisiae deletion strains
for increased sensitivity to 1 pM Tcin, which is nonlethal to the
parental strain, BY4743 (12, 13). The screen was repeated four
times, and 121 strains consistently exhibiting higher sensitivity
than the parental strain were identified (Table S1). Classification
of these strains using the Munich Information Center for Protein
Sequences (MIPS) FunCat database revealed that they were
disrupted in signaling and protein modification (SP; 20%), metab-
olism (19%), DNA repair and damage response (DNA; 16%),
RNA degradation and stability (RNA; 15%), vacuolar protein
sorting (VPS; 13%) pathway, cell cycle (CC;13%), and ribo-
some biogenesis and protein degradation (Protein; 12%)
(Fig. 14). At 1 uM Tcin, growth of BY4743 was only slightly
inhibited (< 15%) (Fig. 1B). However, growth of the Tcin
sensitive strains was severely inhibited, with the most sensitive 27
strains showing greater than 75% growth inhibition (Fig. 1B).

A large group of the Tcin-sensitive mutants (42%) exhibited
high sensitivity to oxidative stress based on the Saccharomyces
genome database (SGD) (www.yeastgenome.org). ROS levels
were measured by flow cytometry after 2',7'-dichlorfluorescein-
diacetate (DCFH-DA) staining in the parental strain, BY4743,
and the 27 most sensitive mutants after treatment with 1 pM Tcin
for 1 h. All 27 strains exhibited significantly higher ROS levels
upon Tcin treatment with depl A, snfoA, reil A, sap30A, atg32A,
and yorl52CA showing a twofold or greater increase relative to
the parental strain (Fig. 1C). We examined ROS levels in the
previously identified 15 deletion strains that exhibited the high-
est resistance to Tcin (12). Treatment of BY4743 with 4 uM Tcin
for 1 h led to a twofold increase in ROS levels (Fig. S14). In
contrast, ROS levels were significantly lower in the Tcin resistant
mutants after treatment with 4 uM Tcin for 1 h (Fig. S14).

A dose-dependent inhibition of yeast growth was observed
upon treatment with type A trichothecenes, T-2 toxin (T-2) and
diacetoxyscirpenol (DAS), and type B trichothecenes, Tcin and
DON (Fig. 24). Treated cells accumulated higher levels of ROS
(two- to fourfold) relative to the untreated cells, and the re-
sponse was dose-dependent (Fig. 2B). The increase in tricho-
thecene-induced ROS levels was confirmed with the Amplex
Red/peroxidase assay, which showed a significant increase in
endogenous H,O, levels in BY4743 after treatment with 300 pM
T-2 or 8 uM Trcin relative to untreated cells (Fig. S1B).

To determine whether scavenging trichothecene-induced ROS
would alleviate cytotoxicity, yeast cells were cotreated with tri-
chothecenes and either ascorbic acid (vitamin C) or vitamin E
overnight, and relative growth was examined (Fig. 2C). Treat-
ment with the antioxidants alone did not substantially affect
growth. Survival of T-2-treated cells increased from 10 to 36%
upon cotreatment with vitamin E and from 10 to 40% upon
cotreatment with vitamin C (Fig. 2C). A greater increase in cell
growth was observed when Tcin-exposed cells were treated with
antioxidants (Fig. 2C). Cell survival increased from 12 to 97%
with vitamin E and from 12 to 62% with vitamin C (Fig. 2C). We
found a twofold or higher increase in cell survival in 19 of the
27 most sensitive strains after treatment with 1 pM Tcin in the
presence of vitamin E (Fig. 1B). These results strongly implicate
ROS production in the trichothecene sensitivity.

To determine whether ROS generation is a secondary effect of
translation inhibition by trichothecenes, we examined ROS levels
in cells treated with increasing concentrations of cycloheximide
or anisomycin for 1 h (Fig. 34). Trichothecene treatment
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Fig. 1. Analysis of yeast deletion mutants, which showed increased sensi-
tivity to Tcin. (A) The mutants were classified based on MIPS FunCat Data-
base terms such as signaling and protein modification (SP), ribosome
biogenesis and protein degradation (Protein), RNA degradation and stability
(RNA), DNA repair and damage response (DNA), VPS, mitochondria (Mito),
unclassified (UQ), cell cycle (CC), and the remaining characterized mutants
were grouped as Other. (B) The top 27 mutants exhibiting the highest sen-
sitivity to Tcin and BY4743 were grown with or without 1 uM Tcin and in the
presence or absence of 4.5 mM vitamin E. At 18 h after treatment, growth at
ODgoo Was measured and relative growth was calculated as the ratio of
growth of treated cells to that of untreated cells, with a ratio of 1 indicating
no effect on growth. (C) Following 1 h after treatment of the Tcin-sensitive
strains and BY4743 with 1 pM Tcin, equal ODggo cells were stained with
DCFH-DA. The ratio of ROS-positive cells for each Tcin-treated mutant was
normalized to the ratio of ROS-positive cells for Tcin-treated BY4743, and
fold increase was plotted. Error bars represent SE calculated from four in-
dependent experiments. Differences relative to BY4743 were assessed by
using ANOVA followed by post hoc LSD tests (*P < 0.05).

increased ROS levels 2.2-2.7-fold with T-2 and 1.7-2.0-fold with
Tcin. ROS levels did not increase when total translation was
inhibited with cycloheximide or anisomycin (Fig. 34), suggesting
that trichothecene-triggered ROS generation was not solely due
to the inhibitory effects of trichothecenes on cytosolic protein
synthesis. We further examined ROS levels in cells cotreated
with 2.5 mM H,0, and either trichothecenes or cycloheximide
(Fig. 3B). A 42% increase in ROS levels was seen in H,O,-
treated cells at 1 h after treatment relative to untreated cells
(3%). The ROS levels in cells cotreated with H,O, and tricho-
thecenes were significantly higher than in cells cotreated with
H,0; and cycloheximide (CHX) (Fig. 3B). These results dem-
onstrate that trichothecene treatment increases the sensitivity to
oxidative stress in a manner that does not solely depend on the
inhibition of cytosolic translation.
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Fig. 2. Effect of trichothecenes on growth and ROS generation. (A) BY4743
cells were treated with increasing concentrations of trichothecenes for 18 h,
and the ratio of ODggq for treated cells relative to untreated cells (UT) was
plotted as relative growth. (B) For ROS measurement, equal ODg cells were
stained with DCFH-DA at 1 h after treatment with trichothecenes. (C)
BY4743 cells were cotreated with either vitamin E or vitamin C and tricho-
thecenes overnight, and relative growth was calculated as the ratio of ODggo
for treated cells relative to untreated cells. Error bars represent SE calculated
from three independent experiments.

Mitochondria Are the Main Site of ROS Production in Trichothecene-
Treated Cells. Because mitochondria are a major source of ROS
(16, 17), we examined ROS levels in trichothecene-treated
BY4743 (grande, rho™) or a petite strain (#h0") derived from
BY4743 (12). Grande (rho™) cells exhibited a significant increase
in the number of ROS-positive cells 1 h after treatment with
T-2 or Tcin (Fig. 44). In contrast, trichothecenes failed to in-
duce similar levels of ROS in the petite strain (770°) (Fig. 34).
When grande cells were treated with carbonyl-cyanide p-
trifluoromethoxyphenylhydrazone (FCCP), a mitochondrial mem-
brane uncoupler that permeabilizes the inner mitochondrial
membrane, ROS levels did not increase in T-2 or Tcin-treated
cells (Fig. 44). FCCP pretreatment increased survival of yeast
treated with 150 pM and 300 uM T-2 by 1.8- and 1.7-fold, re-
spectively (Fig. 4B). Similarly, survival of FCCP pretreated cells
increased by 2- and 2.6-fold after treatment with 2 pM and 4 pM
Tcin, respectively (Fig. 4B). These results are consistent with mi-
tochondria as the main site of ROS production in trichothecene-
treated cells.

We showed that Tcin treatment led to fragmentation of the
tubular mitochondrial network (12). The ROS generated by
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mitochondria upon mycotoxin exposure may be responsible for
the disruption of mitochondrial membrane morphology. To ad-
dress this hypothesis, we examined mitochondrial membrane
morphology of yeast cells constitutively expressing a green
fluo-rescent protein (GFP)-tagged mitochondrial matrix
protein (18) after treatment with 300 pM T-2 or 4 pM Tcin in
the presence of either vitamin C or vitamin E. Significant frag-
mentation of the tubular network of mitochondria was observed
in trichothecene-treated cells in the absence of the antioxidants
(Fig. 5). However, this fragmentation was only moderately visible
when cells were cotreated with vitamin C (Fig. 5). The tubular
network remained largely intact with little to no fragmentation
when cells were cotreated with vitamin E (Fig. 5). Treatment
with antioxidants protected mitochondrial membranes, suggest-
ing that trichothecene-induced mitochondrial ROS leads to mi-
tochondrial membrane damage.

Rapamycin Treatment Reduces Mitochondrial ROS Levels and Rescues
Trichothecene-Treated Cells. A number of highly Tcin-sensitive
strains (vps25A, vps20A, vps8A, snf7A, vps36A, pepl2A, brol A,
vps4A, vac7A, vps3A, did4A, vps34A, vps16A) (Table S1) encode
components of the VPS pathway, which is critical for selective
autophagic processes, including mitophagy (19, 20). The VPS
pathway is required for broad resistance to oxidative stress (21).
We identified components of the ubiquitin-mediated protein deg-
radation pathway (doalA, ubp2A, ubp6A, shplA, rad6A, bre5A,
ubp3A), including the Ubp3-Bre5 complex (22) and Doal/Ufd3
(23), which are involved in the selective autophagic degradation
of mature ribosomes in yeast, also called ribophagy. Mutants
defective in the ubiquitin-proteasome system and ribophagy are
hypersensitive to trichothecenes, possibly because damaged
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Fig. 3. ROS generation in response to translation inhibition. (A) BY4743
cells were treated with increasing concentrations of T-2, Tcin, cycloheximide
(CHX), or anisomycin (Aniso) for 1 h, and equal ODg, cells were stained with
DCFH-DA. The ratio of mean fluorescence of treated cells to that of un-
treated control were plotted as relative fluorescence units (RFU). (B) BY4743
cells were cotreated with 2.5 mM H,0; and 300 pM T-2, 4 uM Tcin, or 3.6 pM
cycloheximide (CHX) for 1 h and stained with DCFH-DA. Error bars represent
SE calculated from three independent experiments. Significant difference
between cotreatment with H,0,/T-2 and H,O,/Tcin relative to H,O,/CHX is
indicated (ANOVA with post hoc LSD tests, *P < 0.05).
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Fig. 4. The role of mitochondria in trichothecene-induced ROS generation
and growth inhibition. (A) BY4743 cells that are either grande (rho™), petite
(rho%), or grande (rho™) pretreated with 0.4 uM FCCP for 1 h were treated
with trichothecenes for 1 h and stained with DCFH-DA. Differences relative
to the no toxin treatment were assessed by using ANOVA followed by the
Fisher Test (LSD) (*P < 0.05). (B) BY4743 cells were pretreated with 1 uM FCCP
before treating with increasing concentrations of trichothecenes overnight.
Relative growth is calculated as the ratio of ODggp Of treated cells to the
untreated control. Error bars represent SE calculated from three independent
experiments.

ribosomes produce defective translation products that cause
stress to the cell’s degradation machinery. Mutants defective in
mitophagy (atg32A, slt2A, bck1A) (Table S1) exhibited higher
sensitivity to Tcin (Fig. 1B) and accumulated significantly higher
levels of ROS than the parental strain (Fig. 1C), suggesting that
impaired mitophagy causes an increase in trichothecene-mediated
oxidative damage.

Rapamycin has been shown to enhance autophagy and spe-
cifically mitophagy after preculturing yeast in nonfermentable
medium, which induces proliferation of mitochondria (24). We
treated yeast cells with 5 nM rapamycin and either 300 pM T-2
or 4 pM Tcin for 1 h and stained for ROS (Fig. 64). The number
of ROS-positive cells significantly increased from 3% (un-
treated) to 15% after T-2 treatment, to 9% after Tcin treatment,
and to 42% after H,O, treatment (Fig. 64). Cotreatment with
rapamycin reduced trichothecene-induced ROS levels from 15 to
9% after treatment with T-2 and from 9 to 6% after treatment
with Tcin (Fig. 64). Rapamycin treatment also reduced H,O,-
induced ROS levels from 42 to 19% (Fig. 6A4).

Cotreatment with rapamycin increased survival of T-2-treated
cells from 17 to 41% (Fig. 6B) and Tcin-treated cells from 15 to
23% (Fig. 6C). Rapamycin treatment also increased survival of
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H,0, treated cells from 57 to 74%. Several strains (slt2A, whi2A,
uthlA, atg32A, and hoglA) deficient in mitophagy (25) were
treated with trichothecenes in the presence or absence of rapa-
mycin. Treatment with 5 nM rapamycin alone did not affect the
growth of these mutants. Survival of the mitophagy-defective
strains did not increase when they were cotreated with 5 nM
rapamycin and T-2 (Fig. 6B) or 5 nM rapamycin and Tcin (Fig.
6C). We cotreated the mutants, which showed greater than 75%
growth inhibition upon 1 pM Tcin treatment, with rapamycin
(Fig. S2). Although the growth of these mutants was not affected
by treatment with 5 nM rapamycin alone, rapamycin alleviated
toxicity of Tcin moderately in some mutants (mbfIA, pho23A,
ubp3A, vac7A) but not in the others (Fig. S2). These results sug-
gest that enhancing the efficiency with which cells clear damaged
mitochondria through mitophagy decreases ROS levels, allowing
cells to escape oxidative damage due to trichothecene exposure.

Discussion

Mitochondrial Oxidative Stress Contributes to Trichothecene
Sensitivity. Our genome-wide screen of the yeast deletion li-
brary identified 121 genes that encode functions critical for Tcin
tolerance. A substantial number of gene deletions (42%) af-
fected resistance to various oxidants including H,O,, menadione,
diamide, and cumene hydroperoxide (21), indicating a potential
overlap between cellular response to oxidative stress and
trichothecene tolerance. Consistent with our results in yeast,
F. graminearum inoculation of barley induced expression of pro-
teins associated with oxidative stress (26). DON treatment of
wheat elicited hydrogen peroxide production and induced de-
fense responses (27) and T-2-induced hydrogen peroxide pro-
duction in Arabidopsis leaves (28). Tcin induced significantly
higher levels of ROS in the most highly sensitive strains relative
to the parental strain (Fig. 1C). In contrast, Tcin failed to gen-
erate ROS in previously identified Tcin-resistant strains (Fig.
S1A). Other trichothecenes (T-2, DAS, and DON) increased
ROS levels in the parental strain in a dose-dependent manner
(Fig. 2 A and B). These results provided evidence for a critical
role for oxidative stress in trichothecene sensitivity.

Exogenous addition of antioxidants alleviated growth inhi-
bition by trichothecenes (Fig. 2C), indicating that toxicity of
trichothecenes is a consequence of increased ROS production.
Addition of ascorbic acid, which scavenges ROS (29) or vitamin
E, which stabilizes and maintains membrane integrity against lipid
peroxidation induced by ROS (30), significantly increased sur-
vival of the parental strain (Fig. 2C). Vitamin E also increased
growth of the Tcin-sensitive mutants (Fig. 1B). Both antioxidants
protected against trichothecene-mediated disruption of the tu-
bular mitochondrial membrane network (12) with vitamin E
providing the greatest protection (Fig. 5). The protection of mi-
tochondrial membranes from trichothecene damage correlated

Untreated

Vitamin E  Vitamin C  Untreated

Fig. 5.

Effect of antioxidants on mitochondrial membrane morphology
in trichothecene-treated cells. BY4743 cells constitutively expressing mito-
chondrial targeted GFP were cotreated with either vitamin C or vitamin E
and 300 pM T-2 or 4 pM Tcin for 6 h. Cells were photographed by using an
epifluorescence microscope. (Magnification: 100x.) (Scale bar: 5 um.)
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Fig. 6. Effect of rapamycin on trichothecene sensitivity and ROS genera-
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BY4743 and mutants were cotreated with 5 nM rapamycin and either
300 uM T-2 (B) or 4 uM Tcin (C) overnight. Relative growth is calculated as
the ratio of ODgqp Of treated cells to the untreated control. Error bars rep-
resent SE calculated from three independent experiments.

with the reduction in trichothecene-induced growth inhibition
after antioxidant treatment (Fig. 2C), suggesting that mitochon-
drial membrane is a critical target for oxidative damage.
Evidence for the mitochondrial origin of trichothecene-
induced ROS generation was provided by the lack of increase in
ROS levels after trichothecene treatment of a petite version of
the parental strain and after cotreatment of the parental strain
with FCCP and trichothecenes (Fig. 44). The increase in ROS
levels could not be attributed to inhibition of cytosolic translation
by the trichothecenes (Fig. 3). We propose that trichothecene-
mediated inhibition of mitochondrial translation (13) may be
responsible for the increase in ROS levels. Genetic perturbations
in yeast, which cause imbalanced and reduced mitochondrial
translation, lead to increased sensitivity to H,O,-mediated oxi-
dative stress, high levels of intracellular ROS, and, subsequently,
to complete inactivation of respiration (14, 15). Mitochondrial
translation inhibition would cause formation of ROS by affecting
translation of mitochondrial DNA-encoded oxidative phosphor-
ylation complexes, leading to an increase in oxygen concentration,
favoring formation of ROS (14, 15). ROS produced above a cer-
tain threshold level can overwhelm cell’s antioxidant capacity,
resulting in damage to mitochondrial DNA and respiratory chain
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components (14, 31). The initial increase in ROS levels at 1 h
after treatment with trichothecenes (Fig. 2B) dropped at 6 h,
possibly due to depolarization of the mitochondrial membrane
(13). The decrease in mitochondrial membrane potential (13)
may ultimately lead to further damage to mitochondria and other
cellular functions and to eventual cell death.

Trichothecene mycotoxins function as virulence factors allow-
ing the spread of F. graminearum within infected wheat heads (32,
33). An oxidative burst of hydrogen peroxide has been shown to
enhance DON production by F. graminearum via up-regulation
of various 77 genes involved in trichothecene biosynthesis (34).
Our results provide evidence that inhibiting trichothecene-in-
duced oxidative stress may protect against FHB by scavenging
excess ROS, which may decrease mycotoxin production by
F. graminearum, leading to a reduction in the spread of the
disease.

Elimination of Trichothecene Damaged Mitochondria Protects Cells
Against Trichothecenes. Autophagy and particularly mitophagy
have been reported to play an essential role in reducing mito-
chondrial production of ROS, allowing mitochondria to escape
oxidative damage in yeast (35). Deletion of components of
the endosomal sorting complex required for transport (ESCRT)
machinery (vps20A, vps25A, snf7A, vps36A, brol A, vps4A, did4A),
class C core vacuole/endosome tethering (CORVET) complex
(vps8A, vps3A, vps16A), and t-SNARE protein, Pepl2, which
binds to the CORVET complex, led to increased sensitivity to
Tcin (Table S1). These complexes are needed for tethering and
fusion of the autophagasome with the vacuole (36). They may
control trafficking of proteins that respond to trichothecene-
mediated oxidative damage and trafficking of trichothecene-
damaged proteins to the vacuole for degradation. Mutants
defective in mitophagy (atg32A, slt2A, bcklA) (Table S1)
exhibited higher sensitivity to Tcin (Fig. 1B) and accumulated
higher levels of ROS than the parental strain (Fig. 1C). Atg32
is a mitophagy-specific receptor necessary for the recognition
of mitochondria in yeast (37). During mitophagy, the mitogen-
activated protein kinases (MAPKs) SIt2 and Hogl activate
Atg32, which facilitates the removal of damaged mitochondria
(38). Bck1 is a MAPK kinase kinase identified in a screen for
mitophagy defective strains (19). Deletion of genes involved in
mitophagy may increase trichothecene-mediated oxidative dam-
age by increasing the accumulation of damaged mitochondria.

Rapamycin, which inhibits the target of rapamycin (TOR)
kinases (38, 39), reduced trichothecene and H,O,-induced ROS
levels (Fig. 64) and alleviated growth inhibition of the parental
strain by trichothecenes (Fig. 6 B and C). In contrast, rapamycin
did not improve growth of the mitophagy-defective strains after
treatment with trichothecenes, suggesting that rapamycin reduces
intracellular ROS most likely by up-regulating mitophagy. Inhi-
bition of TOR signaling has been shown to enhance life span in
yeast by increasing respiration via enhanced mitochondrial trans-
lation (15). It is possible that increased mitochondrial translation
due to rapamycin treatment also contributes to improved growth
of the trichothecene-treated parental strain.

We propose that Tcin inhibits mitochondrial translation,
leading to the formation of ROS. If trichothecene-damaged
mitochondria are not efficiently cleared by mitophagy, then they
accumulate, leading to further production of ROS and oxidative
stress, resulting in a dramatic loss of viability. Although in-
creasing the antioxidant capacity of the cell is one way to protect
against trichothecenes, our results provide the first evidence, to
our knowledge, that mitophagy is a cellular protection mecha-
nism to reduce trichothecene-mediated mitochondrial oxidative
damage and to increase tolerance to trichothecenes. Our find-
ings linking mitophagy to trichothecene tolerance in yeast pro-
vide novel insights into trichothecene resistance in higher
organisms. Mitochondrial dysfunction and defective mitophagy
have been implicated in several neurodegenerative diseases, in-
cluding Parkinson, Alzheimer’s, and Huntington disease (40). It
will be important to investigate whether enhancing selective

Bin-Umer et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1403145111/-/DCSupplemental/pnas.1403145111.st01.doc
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1403145111/-/DCSupplemental/pnas.1403145111.st01.doc
www.pnas.org/cgi/doi/10.1073/pnas.1403145111

removal of dysfunctional mitochondria through mitophagy would
reduce trichothecene sensitivity in mammalian cells.

Materials and Methods

Yeast Strains and Reagents. Homozygous diploid yeast strain BY4743 (MATa/a
his3A1/his3A1 leu2A0/leu2A0 LYS2/lys2A0 met15A0/MET15 ura3A0/ura3A)
was used in all experiments. Ascorbic acid and vitamin E were purchased
from Sigma-Aldrich. FCCP was purchased from Enzo Life Sciences.

Trichothecene Isolation. Tcin was isolated from Trichothecium roseum and pre-
pared as described (12). DAS, T-2, and DON were prepared as described (41).

Yeast Knockout Library Screen. The homozygous diploid (BY4743) knockout
collection was obtained from Thermo Scientific and screen was carried out as
described (12) except using 1 pM Tcin as described in S/ Materials and Methods.

ROS Measurement. The ROS levels were quantified by staining with DCFH-DA
(Sigma-Aldrich). An equal number of cells were collected after treatment with
trichothecenes or antioxidants, cells were washed and resuspended in 1x PBS
with 2% glucose (wt/vol) and stained with DCFH-DA for 30 min at 30 °C, and
were washed with water and analyzed by using the Accuri C6 Flow
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Cytometer (Accuri Cytometers) as described in S/ Materials and Methods.
H,0, levels were quantified by using the Amplex Red/peroxidase assay (42)
as described in S/ Materials and Methods.

Microscopy. Mitochondrial morphology was examined with an Olympus BX41
epifluorescence microscope as described (12). Cells were transformed with
pVT100U-mtGFP, which encodes GFP targeted to the mitochondria (18).

Statistics. The data are shown as means + SEM, graphed by using Microsoft
Excel, and analyzed by ANOVA using the Fisher Test (least significant dif-
ference; LSD) to test differences between individual treatments with Origin
9.1 (OriginLab) software.
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