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Abstract

Fusarium head blight (FHB) or scab is one of the most important plant diseases worldwide, af-
fecting wheat, barley and other small grains. Trichothecene mycotoxins such as deoxynivale-
nol (DON) accumulate in the grain, presenting a food safety risk and health hazard to humans
and animals. Despite considerable breeding efforts, highly resistant wheat or barley cultivars
are not available. We screened an activation tagged Arabidopsis thaliana population for resis-
tance to trichothecin (Tcin), a type B trichothecene in the same class as DON. Here we show
that one of the resistant lines identified, trichothecene resistant 1 (trr7) contains a T-DNA in-
sertion upstream of two nonspecific lipid transfer protein (nsLTP) genes, AtLTP4.4 and
AtLTP4.5. Expression of both nsLTP genes was induced in trr7 over 10-fold relative to wild
type. Overexpression of AtLTP4.4 provided greater resistance to Tcin than AtLTP4.5 in Arabi-
dopsis thaliana and in Saccharomyces cerevisiae relative to wild type or vector transformed
lines, suggesting a conserved protection mechanism. Tcin treatment increased reactive oxy-
gen species (ROS) production in Arabidopsis and ROS stain was associated with the chloro-
plast, the cell wall and the apoplast. ROS levels were attenuated in Arabidopsis and in yeast
overexpressing AtLTP4.4 relative to the controls. Exogenous addition of glutathione and
other antioxidants enhanced resistance of Arabidopsis to Tcin while the addition of buthionine
sulfoximine, an inhibitor of glutathione synthesis, increased sensitivity, suggesting that resis-
tance was mediated by glutathione. Total glutathione content was significantly higher in Ara-
bidopsis and in yeast overexpressing AtL. TP4.4 relative to the controls, highlighting the
importance of A{LTP4.4 in maintaining the redox state. These results demonstrate that tricho-
thecenes cause ROS accumulation and overexpression of AtL TP4.4 protects against tricho-
thecene-induced oxidative stress by increasing the glutathione-based antioxidant defense.
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Introduction

Infection of small grain cereals such as wheat and barley with Fusarium graminearum or Fusar-
ium culmorum causes Fusarium head blight (FHB), also known as scab, which is one of the
most important diseases of cereals worldwide. FHB results in yield reductions and in the con-
tamination of grain with heat stable trichothecene mycotoxins, the most prominent being
deoxynivalenol (DON) [1-3]. Trichothecenes present a significant food safety risk and health
hazard to humans and animals [4], and controlling their accumulation in small grains remains
a huge challenge. Strict limits are set for DON levels in flour products and in malting barley
and the crop is rejected by the industry if these limits are exceeded. Since the re-emergence of
FHB in the USA in 1993, epidemics and associated mycotoxin contamination have been re-
ported in wheat in different production regions [5]. Breeding for resistance to FHB has been
challenging due to the potency and persistent nature of the mycotoxins, the need to introgress
major resistance loci from exotic germplasm, and the multigenic nature of resistance [1,6].
Major quantitative trait loci (QTLs) like the FhbI region identified on the short arm of chro-
mosome 3B from the wheat cultivar Sumai 3 are rare and the resistance of Fhb1 is dependent
on the genetic background of the cultivar [6,7]. Control of FHB by the application of fungicides
has been only partially effective [8].

Trichothecene mycotoxins function as virulence factors during pathogenesis of F. grami-
nearum on wheat [9,10]. Gene disruption mutants of F. graminearum, which lack the tricho-
thecene biosynthesis gene, trichodiene synthase (Atri5), are less virulent [9,10]. Hence
resistance to trichothecenes is considered to be an important aspect of resistance to FHB. Par-
tial resistance to FHB in wheat is characterized by either inhibition of initial infection (type I)
or inhibition of the spread of infection (type II). DON has been shown to promote the spread
of F. graminearum in the rachis of wheat [11]. In barley however, the spread of the infection
within the spike is inhibited due to type II resistance [11]. Therefore, strategies that prevent ini-
tial infection and inhibit spread of the disease are needed for effective resistance against FHB in
wheat and barley.

Trichothecenes target ribosomal protein L3 at the peptidyltransferase center in S. cerevisiae
and inhibit peptidyltransferase activity of eukaryotic ribosomes [12-14]. Expression of a modi-
fied ribosomal protein L3 provided enhanced resistance to DON in tobacco and to FHB in
wheat [15-17]. Additional studies demonstrated that increasing resistance of wheat to DON
enhances resistance to FHB, indicating that genes that confer resistance to DON reduce the im-
pact of FHB [18,19].

Trichothecenes are reported to have diverse roles in the cell that are not limited to the inhi-
bition of cytosolic protein synthesis [20,21]. DON targets the innate immune system and acti-
vates ribotoxic stress, resulting in upregulation of cytokine gene expression in mammalian cells
[22]. Trichothecene exposure in humans and animals can cause immunosuppression, anorexia,
emesis, growth retardation and in large doses, death [20]. In plants DON causes oxidative
stress damage by increasing reactive oxygen species (ROS) levels [21]. DON treatment of
wheat induced hydrogen peroxide synthesis and caused an increase in programmed cell death
[23]. Expression of ROS-related genes such as glutathione-S-transferase, superoxide dismutase,
and peroxidase were altered in wheat or barley in response to DON or F. graminearum [24-
27]. Hydrogen peroxide enhances DON production by Fusarium [28,29]. Moreover, upon in-
fection with F. graminearum carbohydrate and nitrogen metabolism of the plant is affected
[30]. Plant nitrogen metabolism is redirected towards the formation of polyamines, which in-
duce DON production by F. graminearum [31].

We previously carried out a genome-wide screen of the S. cerevisiae deletion collection
against trichothecin (Tcin), a type B trichothecene in the same class as DON, and identified
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mitochondrial translation inhibition and mitochondrial fragmentation as novel mechanisms of
trichothecene toxicity [32]. Tcin inhibited translation in isolated mitochondria from yeast,
demonstrating that mitochondrial translation is a direct target of trichothecene mycotoxins
[33]. We demonstrated a vital role for mitochondrial oxidative stress in trichothecene sensitivi-
ty and mitophagy in elimination of trichothecene-damaged mitochondria [34]. Here we
screened an activation tagged population of Arabidopsis thaliana against trichothecin (Tcin), a
type B trichothecene in the same class as DON and identified a gain-of-function mutant in
which two closely linked non-specific lipid transfer protein (nsLTP) genes were overexpressed.
Overexpression of AtLTP4.4 in Arabidopsis or in S. cerevisiae enhanced resistance to Tcin. Tcin
treatment increased reactive oxygen species (ROS) production and caused an imbalance of the
redox state in wild type Arabidopsis and yeast. Glutathione content was higher and ROS levels
were attenuated in both systems when AtLTP4.4 was overexpressed.

Results

Identification of trichothecin resistant Arabidopsis gain-of-function
mutants

To investigate the mechanisms underlying trichothecene resistance, we screened activation
tagged Arabidopsis thaliana (Col-0) seeds for resistance to 4 uM Tcin (1.33 mg/L). This con-
centration of Tcin was chosen because treatment of Arabidopsis (Col-0) leaves with 4 uM Tcin
resulted in uniform leaf bleaching in detached leaf assays and caused ~90% inhibition of root
growth in germination assays and strong inhibition of vegetative growth. This concentration of
Tcin is also similar to the ICs, for Tcin in yeast [32] as shown in Table 1. A population of
~250,000 M2 generation Arabidopsis seeds transformed with the T-DNA vector, pSKI015,
which contains four copies of the cauliflower mosaic virus (CaMV) 35S enhancer [35], were
screened. One of the resistant lines identified in our screen, trr1 (trichothecene resistant 1) grew
on agar containing 4 uM Tcin, which inhibited germination and root growth of the wild type,
Col-0 (Fig 1A). The untreated plants from the resistant line were indistinguishable from the
untreated wild type plants. To identify the flanking sequences of the T-DNA insertion locus in
trrl, thermal asymmetric interlaced (TAIL) PCR was used [35]. Sequence analysis indicated
that the T-DNA tag was inserted into the last exon of the At5G55440 gene (Fig 1B), which en-
codes a protein of unknown function. To determine the effect of the insertion on transcription
in this region, expression of At5G55440, two upstream genes (At5G55420 and At5G55430)
and two downstream genes (At5G55450 and At5G55460) was analyzed using qRT-PCR with
primers specific for each gene (S1 Table). There was little difference in expression of
At5G55420 and no expression was detected from At5G55430 or At5G55440 in either trrl or in

Table 1. IC5, values for trichothecenes in yeast expressing Arabidopsis nsLTPs.

T-2 DAS Tcin DON
Vector Control 127 £ 6 uM 256 + 5 yM 2.8+04 uM 1.3£0.1 mM
AtLTP4.4 182 + 15 pM* 353 + 6 pM*** 4.7 £ 0.5 yM* 1.7 £ 0.2 mM*
AtLTP4.5 154 + 7 yM* 304 + 27 uM 3.7+ 0.7 uM 1.6+£0.1mM
AtLTP1.1 NA NA 2.6+0.4 uM NA

Error indicates S.E where n = 3 independent replicates. Two-sample unpaired t-tests for equal means were performed between the different vectors
containing the nsLTPs relative to the vector control for each toxin

*P<0.05

***P < 0.001.

doi:10.1371/journal.pone.0130204.t001
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Fig 1. Characterization of trr1. (A) Screening of the activation tagged Arabidopsis lines identified a mutant, which was able to form roots/leaves on 4 yM
Tcin. (B) The T-DNA tag was inserted into the last exon of the At5G55440 gene in trr1. (C) Expression analysis of the activation tagged AT5G55440 locus
and the flanking genes, At5G55420, At5G55430, At5G55450 (AtLTP4.4), At5G55460 (AtLTP4.5) and wild type Arabidopsis Col-0 by gRT-PCR. Expression
levels of AtLTP4.4 and AtLTP4.5 were significantly higher in the activation tagged trr7 line compared to the wild type Col-0. (D) Immunoblot analysis of total
protein (25 pg) isolated from Col-0 and 3 independent Arabidopsis lines containing AtLTP4.4:GFP or AtLTP4.5:GFP, separated on a 12% SDS
polyacrylamide gel and probed with monoclonal anti-His IgG (1:500) (GenScript) followed by Amersham ECL Plex C anti-mouse IgG (1:2500) conjugated
with Cy3 and scanned using the Typhoon FLA 9500 (GE Healthcare Life Sciences). The blot was stained with Ponceau S and the ~52 kD band is shown for
equal loading. (E) Analysis of AtLTP4.4 RNA expression in two independently transformed Arabidopsis lines and in the LTP4.4/LTP4.5 knockout line
(SALK_207859c).

doi:10.1371/journal.pone.0130204.g001

wild type. However in trrl, expression of At5G55450, which is ~220 bp downstream of the
T-DNA insert was induced 12-fold and expression of At5G55460, which is 424 bp downstream
of At5G55450, was induced 14-fold relative to wild type (Fig 1C). At5G55450 and At5G55460
encode two novel non-specific lipid transfer protein (nsLTP) genes, which belong to type IV
nsLTPs previously designated as AtLTP4.4 and AtLTP4.5, respectively [36].
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To determine if overexpression of AtLTP4.4 or AtLTP4.5 was responsible for Tcin resistance
in trr1, C-terminal GFP fusions of each gene were constructed and cloned downstream of the
CaMV 35S promoter in the pEarleyGate 103 vector [37]. Arabidopsis Col-0 plants were trans-
formed with AtLTP4.4:GFP and AtLTP4.5:GFP using the floral dip method [38]. Homozygous
lines for each construct and the vector were identified based on segregation on media contain-
ing BASTA. AtLTP4.4:GFP and AtLTP4.5:GFP overexpressing lines were phenotypically nor-
mal and indistinguishable from wild type plants. Immunoblot analysis showed that AtLTP4.4:
GFP (39.4 kDa) was expressed at a higher level than AfLTP4.5:GFP (40.1 kDa) in three inde-
pendently generated transgenic lines with each vector (Fig 1D). Analysis of AtfLTP4.4 mRNA
levels in lines #7 and #16 by qRT-PCR indicated that line #7 showed a 690-fold increase and
line #16 showed a 290-fold increase in expression relative to the vector control, 35S:GFP (Col-
0) (Fig 1E). The AtLTP4.4/AtLTP4.5 knockout line (SALK_207859c¢), which was phenotypical-
ly similar to wild type Arabidopsis (Col-0), did not express AtLTP4.4 (Fig 1E).

Arabidopsis overexpressing AtLTP4.4 shows improved resistance to
Tcin

Sensitivity of the transgenic lines to Tcin was examined using detached leaf assays in liquid
media and by germination assays on solid media. The detached leaf assay showed that the
AtLTP4.4 overexpressing line #16 was partially protected from leaf bleaching caused by 4 pM
and 8 uM Tcin (2.66 mg/L) relative to the 35S:GFP (Col-0) control (Fig 2A). The LTP4.4/4.5
combined knockout line (SALK_207859¢) did not appear to impact sensitivity to the toxin
compared to the vector control (Fig 2A). When transgenic lines were germinated on solid
media containing Tcin, AtLTP4.4 overexpressing transgenic lines #7 and #16 had improved
germination on media containing 3 pM Tcin (~1.0 mg/L) compared to 35S:GFP (Col-0) con-
trol (Fig 2B). AtLTP4.5 overexpressing lines were not as resistant as the AtLTP4.4 overexpres-
sing lines and were not analyzed further. The percentage of AtLTP4.4 overexpressing lines able
to form roots two weeks after exposure to 4 uM Tcin, determined by counting ~100 seedlings
per line, and is shown in Fig 2C. Six different transgenic lines overexpressing AtLTP4.4 dis-
played significantly greater root growth at 14 days after plating compared to the control. These
results demonstrate that AtLTP4.4 overexpressing lines show improved resistance to Tcin.

Localization of AtLTP4.4 and AtLTP4.5 proteins in Arabidopsis

Analysis of transgenic Arabidopsis leaves expressing AtL TP4.4:GFP (line #16) by confocal mi-
croscopy revealed that the GFP signal accumulated in the cell wall and in the apoplast (Fig 3A)
and expression was also detected in the roots (S1 Fig). Intracellular expression of AtLTP4.4:
GFP was observed in a network, characteristic of the ER (Fig 3B) and AtLTP4.4:GFP coloca-
lized with the chloroplasts as indicated by the yellow signal (Fig 3C). Arabidopsis Col-0 trans-
formed with the 35S:GFP vector revealed no staining around the chloroplast or the ER (Fig
3D). Agrobacterium-mediated transient expression analysis of AtLTP4.4:GFP and AtLTP4.5:
GFP in tobacco leaves confirmed the subcellular localization observed in the transgenic plants.
Transient expression analysis 2 days after Agrobacterium infiltration showed that AtLTP4.4:
GFP and AtLTP4.5:GFP were localized in the extracellular space near the cell wall (S2 Fig).
AtLTP4.4:GFP showed stronger GFP signal than AtLTP4.5:GFP and colocalization of the
AtLTP4.4:GFP protein and the chloroplasts was evident by the yellow signal (S2B Fig).
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Fig 2. Overexpression of AtLTP4.4 in Arabidopsis increases tolerance to Tcin. (A) Detached leaves overexpressing AtLTP4.4 (line #16) relative to 35S:
GFP (Col-0) control and the LTP4.4/4.5 KO line after treatment with 4 and 8 uM Tcin for 72 h. (B) Germination of AtLTP4.4 overexpressing lines # 7 and # 16
on 3 uM Tcin relative to the control, 35S:GFP. (C) Percentage of wild type and AtLTP4.4 overexpressing lines able to form roots on 4 uM Tcin in 2 weeks.
Error bars represent standard error (S.E.) calculated from three independent experiments. One-way ANOVA with post hoc Bonferroni tests, *P < 0.05,
**P<0.01.

doi:10.1371/journal.pone.0130204.g002
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Fig 3. AtLTP4.4:GFP is localized to the cell wall/apoplast and chloroplasts in Arabidopsis leaves. (A) Confocal microscopy analysis of line #16
expressing AtLTP4.4:GFP showing expression in the cell wall/apoplast, (B) possibly in the ER, and (C) chloroplasts (D) 35S:GFP (Col-0) control.

doi:10.1371/journal.pone.0130204.9003

Overexpression of AtLTP4.4 reduces Tcin-induced reactive oxygen
species (ROS) accumulation in Arabidopsis

We previously showed that trichothecenes induce mitochondrial ROS accumulation in yeast
and exogenous addition of antioxidants alleviate growth inhibition by trichothecenes, indicat-
ing that toxicity of trichothecenes is at least partially a consequence of increased ROS produc-
tion [34]. To determine if Tcin treatment induces ROS in Arabidopsis, wild type Arabidopsis
(Col-0) leaves infiltrated with Tcin for 24 h and then were stained with 2°,7’-dichlorofluorescin
diacetate (H2DCF-DA), a non-fluorescent, cell permeable dye, which is retained intracellularly
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following cleavage by esterases and is converted to the highly fluorescent dichlorofluorescein
(DCF) when oxidized by ROS. Confocal microscopy analysis of the mock treatment (Fig 4A
and 4B) revealed very light staining without highlighting any particular structure. The 8 pM
Tcin treatment showed that DCF stain colocalized with chloroplasts, the cell wall, and possibly
the apoplast (Fig 4C and 4D). Increasing the dosage of Tcin to 24 uM (~8 mg/L) intensified the
DCEF staining of chloroplasts (Fig 4E and 4F) relative to the mock treatment. Similar results
were obtained when tobacco leaves were treated with DON. The mock treatment revealed very
light staining without highlighting any particular structure in tobacco (S3A Fig). The 24 hour
treatment of tobacco leaves with 10 uM DON (2.96 mg/L) revealed colocalization of DCF fluo-
rescence with chloroplasts (S3B Fig). Increasing the concentration of DON to 240 uM intensi-
fied the staining of chloroplasts (S3C and S3D Fig). Disorganized chlorophyll autofluorescence
was detected in leaf tissues treated with 240 uM DON (71 mg/L) for 24h (S3E Fig). Similarly,
2h treatment with 600 nM paraquat (methyl viologen) (154 ug/L) led to oxidative damage of
chloroplast membranes and ultimately to bursting of the chloroplast (S3 Fig).

We investigated if treatment of wild type Arabidopsis (Col-0) leaves with antioxidants
would protect against Tcin, Arabidopsis leaves were treated with 8 uM Tcin in the presence of 2
mM vitamin C, vitamin E, or para-amino benzoic acid (PABA). Treatment with antioxidants
partially protected against the bleaching effects of Tcin (S4A Fig). Incubation of Arabidopsis
Col-0 seedlings with liquid MS media containing Tcin revealed photobleaching after 16 h light/
8 h dark treatment (S4B Fig). In contrast, continuous dark treatment provided protection from
photobleaching caused by Tcin (S4B Fig). These results showed that Tcin treatment induces
ROS accumulation in Arabidopsis and provided evidence that ROS accumulation and light
play a role in Tcin-mediated tissue damage.

To determine if Tcin treatment leads to ROS accumulation in transgenic Arabidopsis over-
expressing AtLTP4.4, intact leaves from 35S:GFP control plants and from AtLTP4.4 overex-
pressing lines #7 and #16 were exposed to 0 (mock) and 4 uM Tcin, incubated for 24 h and
H,0, levels were quantified with Amplex Red Ultra (Molecular Probes). A significant increase
in H,O, was observed when the 35S:GFP control line was treated with 4 uM Tcin relative to
the mock treatment (Fig 4G). In contrast, H,O, level did not increase when AtLTP4.4 overex-
pressing lines were treated with 4 uM Tcin. The H,O, level in lines #7 and #16 was significantly
lower relative to the control line (35S:GFP) after exposure to 4 uM Tcin. These results indicate
that overexpression of AfLTP4.4 attenuates Tcin-induced ROS accumulation.

Expression of AtLTP4.4 reduces Tcin induced ROS accumulation and
confers resistance to Tcin in yeast

To determine if nsLTP overexpression provided resistance to trichothecenes in Saccharomyces
cerevisiae, yeast cells overexpressing AtLTP4.4 or AtLTP4.5 were grown on increasing concen-
trations of type A (T-2 and DAS) or type B (Tcin and DON) trichothecenes and average ICs
values were determined (Table 1). The ICs, of yeast expressing AtLTP4.4 was significantly
higher relative to cells carrying the empty vector (VC) when grown on T-2 toxin, DAS, Tcin or
DON, while yeast expressing AtLTP4.5 showed significant resistance to only T-2 toxin
(Table 1). To determine if the ability to confer Tcin resistance is specific to AtLTP4.4 and
AtLTP4.5, we investigated whether At2g15050 (AtLTP1.1), which belongs to type I group [36],
mediates resistance to Tcin. The ICs, of yeast expressing AtLTP]1.1 for Tcin was similar to the
vector control, indicating that AtLTP1.1 did not protect yeast against Tcin (Table 1).

We previously showed that treatment with type A (T-2 and DAS) and type B (Tcin and
DON) trichothecenes caused a dose-dependent increase in ROS production in yeast [33].
These findings prompted us to explore ROS generation in nsLTP expressing yeast treated with
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Fig 4. Overexpression of AtLTP4.4 reduces Tcin-induced ROS accumulation in Arabidopsis. Confocal
microscopy analysis of ROS accumulation in wild type Arabidopsis (Col-0) leaves infiltrated with Tcin and the
cell-permeable fluorogenic probe 2'-7'-Dichlorodihydrofluorescein diacetate (DCFH-DA) after 24 h. (A,B)
Mock treatment with buffer, (C,D) treatment with 8 uM Tcin (E,F) treatment with 24 pM Tcin. (G) Intact leaf
assay to quantify H,O, levels in transgenic Arabidopsis lines #7 and #16 overexpressing AtLTP4.4 using
Amplex Red. Treatment with 4 uM Tcin for 24 h induced H>O, accumulation in the vector control (35S:GFP),

but notin lines #16 and #7. Error bars indicate S.E where n = 3 independent replicates. One-way ANOVA
with post hoc Bonferroni tests, ***P<0.001.

doi:10.1371/journal.pone.0130204.g004
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trichothecenes. ROS levels were measured using the ROS-sensitive stain DCFH-DA, which
only fluoresces upon contact with ROS. While 13% of the untreated vector control cells stained
positive for ROS, this increased to 43-45% with T-2, 24-32% with DAS, 39-47% with Tcin and
26-30% with DON treatment (Fig 5A). Basal ROS levels were lower in AtLTP4.4 and AtLTP4.5
overexpressing cells relative to the vector control across the eight different trichothecene treat-
ments (Fig 5A). ROS positive cells dropped to 26-32% upon T-2 treatment, 8—15% upon DAS
treatment, 23-32% upon Tcin treatment and 8-19% upon DON treatment in yeast overexpres-
sing Arabidopsis nsLTPs (Fig 5A). These results demonstrate that ROS generation triggered by
trichothecenes is attenuated when Arabidopsis nsLTPs are expressed in yeast.

Glutathione levels are higher in Arabidopsis and yeast overexpressing
AtLTP4 4.

Glutathione is a major antioxidant within cells and is known to play a key role in the mainte-
nance of the redox status and the protection against oxidative stress by detoxifying H,O, [39].
As shown in Fig 6A, addition of 1 mM cysteine or 250 uM GSH did not have an effect on germi-
nation percentage of 35S:GFP control line in the absence of 3 uM Tcin, but significantly en-
hanced germination percentage of 35S:GFP line in the presence of the toxin relative to 355:GFP
line treated with Tcin alone. Addition of 1 mM cysteine, which is a component of GSH, has been
reported to increase the GSH content of Arabidopsis by ~3.6-fold [40]. To determine if GSH is
an essential mediator of resistance to Tcin, we explored the relationship between GSH levels and
trichothecene sensitivity. Germination of wild type Arabidopsis (Col-0) was examined on plates
containing buthionine sulfoximine (BSO), a potent inhibitor of GSH synthesis, which causes
GSH depletion [41]. BSO treatment significantly enhanced the sensitivity of wild type Arabidop-
sis to a low dose (2 uM) of Tcin, which did not affect sensitivity in the absence of BSO (Fig 6B).
These results suggested that preventing GSH depletion would lead to protection against Tcin.

We examined the effect of AtLTP4.4 overexpression on the glutathione level in transgenic
plants by measuring the GSH and GSSG content of leaves from line #16 using the GSH-Glo
Glutathione Assay kit (Promega). Overexpression of AtLTP4.4 resulted in a significant
(2.9-fold) increase in reduced glutathione (GSH) and a 2.1-increase in glutathione disulfide
(GSSG) in line #16 compared to the vector control (Fig 6C). Total GSH content was signifi-
cantly higher (2.6-fold) in line #16 relative to the vector control (Fig 6C). To determine if GSH
biosynthesis is increased in transgenic plants, we examined the expression of GSH1, which en-
codes glutamate-cysteine ligase, an enzyme that catalyzes the first and rate-limiting step of glu-
tathione biosynthesis in the chloroplast. GSHI expression was not significantly higher in
transgenic lines #7 and #16 overexpressing AtLTP4.4 (Fig 6D), suggesting that the increase in
GSH level was not due to the overexpression of GSH1.

To determine if overexpression of Arabidopsis nsLTPs affected the GSH level in yeast, the
GSH and GSSG content of yeast cells expressing AtLTP4.4 and AtLTP4.5 was analyzed using
the GSH-Glo Glutathione Assay kit (Promega). Reduced GSH level was significantly higher in
yeast expressing AtLTP4.4 and AtLTP4.5 (Fig 5B). However, yeast expressing only AtLTP4.4
showed a significant increase in the GSSG level and in the total GSH level relative to yeast har-
boring the vector, but not yeast expressing AtLTP4.5 (Fig 5B). These results demonstrated that
the increase observed in the total glutathione content in the AtLTP4.4 overexpressing Arabi-
dopsis line translated to yeast.

Discussion

Activation tagging has not previously been used to isolate genes that can confer resistance to
mycotoxins. In this study we screened activation-tagged Arabidopsis lines transformed with a
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Fig 5. AtLTP4.4 expression attenuates ROS levels and increases glutathione content in yeast. (A)
Trichothecene treated or untreated wild type yeast (BY4743) cells carrying the empty vector, overexpressing
AtLTP4.4, or overexpressing AtLTP4.5 were stained for ROS using DCHF and analyzed by flow cytometry.
ANOVA with post hoc Bonferroni tests, *P < 0.05, **P < 0.01. (B) GSH and GSSG levels were quantified
relative to vector control and normalized to total protein in yeast expressing AtLTP4.4 and AtLTP4.5 after 3
hour galactose induction. ANOVA with post hoc Bonferroni tests, *P < 0.05, **P < 0.01.

doi:10.1371/journal.pone.0130204.g005

T-DNA vector containing four copies of the CaMV 35S enhancer sequences and identified a
mutant, ¢rrl, which displayed enhanced resistance to Tcin. Analysis of trr1 revealed that the

PLOS ONE | DOI:10.1371/journal.pone.0130204 June 9, 2015

11/20



@'PLOS ‘ ONE

A Lipid Transfer Protein Increases Trichothecene Tolerance

A. B.
1004 100 -
o S
(o)) ©
£ 80+ £ 801
& 8
o -
:5 [
o 60- o 60
& s
5 401 £ 40
O 204 O 201
0- 04
-Tcin +Tcin -Tcin +Tcin -Tcin +Tcin -Tcin +Tcin -Tcin +Tcin
(3 yM) +cys +cys +GSH +GSH (2 pm) +BSO +BSO
C. . D.
1000 - Ve ]
B LTP4.4-16 s 4
()]
= 1.2
_ 8001 < 5 ]
T X5 1.0
® £ 6004 £3 |
og . % 2 0.8
Za 02 ]
é 2 400- g8 067
£ i k 0.4
c | Q ]
" - m
0.2
0 : : , 0.0 : ,
Reduced GSH  GSSG Total GSH K W o
R \;& \3‘&‘

Fig 6. AtLTP4.4 overexpression increases glutathione content of Arabidopsis leaves. (A) Germination of 35S:GFP seedlings using media
supplemented with 1 mM cysteine (Cys) or 250 uM glutathione (GSH) and 3 uM Tcin. Comparison of the effect of the addition of cys and GSH with Tcin to the
Tcin treatment alone using ANOVA with post hoc Bonferroni tests, ***P<0.001. (B) Germination assay of 35S:GFP seedlings on media supplemented with
250 pM buthionine sulfoximine (BSO) and 2 uM Tcin. Unlike 3 pM Tcin which substantially reduces the germination percentage, 2 uM Tcin did not impact
germination percentage. Comparison of the effect of BSO treatment on Tcin treated or untreated samples using ANOVA with post hoc Bonferroni tests,

**P <0.01. (C) GSH and GSSG levels of mature leaves from AtLTP4.4 overexpressing line #16 and 35S:GFP control (3 biological replicates each). ANOVA
with post hoc Bonferroni tests, *P < 0.05. (D) GSH1 expression in lines overexpressing AtLTP4.4 relative to 35S:GFP line by qRT-PCR.

doi:10.1371/journal.pone.0130204.g006

T-DNA, which contained tandem (4X) CaMV 35S enhancers upregulated expression of two
tightly linked downstream genes AtLTP4.4 (AT5G55450) and AtLTP4.5 (AT5G55460) over
10-fold (Fig 1C). The two genes, which encode previously uncharacterized nsLTPs, show 48%
nucleotide sequence identity and are arranged in tandem duplication repeats on chromosome
5. Arabidopsis contains 49 nsLTP genes, which are classified into nine types based on phyloge-
netic analysis [36]. AtLTP4.4 and AtLTP4.5 belong to type IV nsLTPs, which include 5 mem-
bers on chromosome 5 [36]. Although other nsLTP genes were located near AtLTP4.4 and
AtLTP4.5, only AtLTP4.4 and AtLTP4.5 were overexpressed in trr1, allowing functional charac-
terization of these two genes without interference from other family members.

The nsLTPs are small basic proteins characterized by a conserved eight cysteine motif back-
bone [42]. The Cys residues form 4 disulfide bonds that stabilize a hydrophobic cavity, which
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can bind fatty acid chains and potentially other small molecules [42]. The physiological func-
tion of nsLTPs is not well understood. The nsLTPs have been shown to exchange lipids be-
tween membranes and artificial vesicles in vitro [43]. There is evidence that they are involved
in diverse biological processes, such as cutin biosynthesis, anther development, stress resistance
and different signaling pathways [43], suggesting that they may be involved in intracellular
lipid trafficking. They are generally secreted and associated with the cell wall [42]. We show
here that AtLTP4.4:GFP localized not only to the cell wall and apoplast, but also colocalized
with the chloroplast and possibly with the ER (Fig 3), providing evidence for intracellular local-
ization of AtLTP4.4:GFP.

Although nsLTPs have antimicrobial activity and are thought to be important components
of defense against bacterial and fungal pathogens, their mechanism of action is not well under-
stood. Pepper nsLTPs show structural similarity to elicitins from fungal pathogens [44].
Overexpression of these proteins was shown to activate systemic acquired resistance (SAR)-
mediated signaling pathways [45]. The DIRI gene of Arabidopsis, which encodes another type
IV nsLTP (AtLTP 4.1) [36], was identified in a screen of mutants deficient in SAR, but not in
local defense responses [46]. DIRI overexpression had little or no effect on resistance to bacte-
rial infection in Arabidopsis [47]. Although DIRI belongs to the same group as AtLTP4.4 and
AtLTP4.5, we did not see improved resistance to Tcin in the DIRI overexpressing Arabidopsis
line, DD5E [47]. Moreover, overexpression of another type IV nsLTP from Arabidopsis,
AtLTP1.1 failed to produce resistance to Tcin in yeast (Table 1). These results indicate that
there are functional differences between different members of the nsLTP gene family and that
AtLTP4.4 and AtLTP4.5 have a function specific to the trichothecene response. AtLTP4.4 was
expressed at a higher level in transgenic Arabidopsis than AtLTP4.5 and Arabidopsis plants
overexpressing AtLTP4.4 showed a higher level of resistance. Yeast expressing AtLTP4.4 also
showed a higher level of resistance to different trichothecenes compared to yeast expressing
AtLTP4.5. The observed resistance to type A (T-2 and DAS) and type B (Tcin and DON)
trichothecenes associated with AtL TP4.4 expression in yeast indicated that resistance was not
specific to plants, suggesting a conserved cellular protection mechanism.

Previous results indicated that impairment of mitochondrial function due to trichothecene
treatment causes an increase in ROS in yeast [33]. Mitochondria not only accumulate ROS,
they are also a target of Tcin-induced ROS because Tcin induced mitochondrial ROS damages
mitochondrial membranes in yeast [33]. Several studies suggest that chloroplasts are a major
source of ROS in plants [48,49]. Confocal microscopy analysis of Arabidopsis and tobacco
leaves treated with trichothecenes showed that ROS stain is associated with the chloroplast, the
cell wall, and the apoplast after treatment with DON or Tcin. Increasing the dose of Tcin or
DON intensified the staining of chloroplasts. Overnight treatment with a high dose of DON
(240 uM) damaged chloroplasts as does the treatment with a low concentration of paraquat
(S3E and S3F Fig), suggesting that the chloroplast plays an important role in trichothecene sen-
sitivity both as a target of the toxin and as a source of ROS generation. The damage from Tcin
appeared to be light-dependent (S4B Fig) similar to Paraquat, which is toxic only in plants ex-
posed to light [50]. These results suggest that Tcin induces photooxidative stress by either di-
rectly targeting the chloroplast or by promoting damage to the chloroplast. Application of
DON to barley detached leaf segments induced bleaching in plants exposed to light [51]. As ob-
served in our study, bleaching did not occur in samples exposed to dark. However, experimen-
tal evidence suggested that damage to the plasmalemma was the primary effect of the DON
treatment. Hence, the authors concluded that the light-induced damage to the chloroplast rep-
resented a secondary effect [51]. Further evidence for the effect of light on plant responses to
trichothecenes has been provided using Arabidopsis cell cultures and wheat plants exposed to
DON [52]. This study showed that light plays a role in viability and induction of defense
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responses due to DON exposure, but did not address the direct effect of DON on the chloro-
plast [52]. Evidence that mycotoxins can damage chloroplasts was observed with fumonisin

B1, which functions in a light-dependent manner to induce ROS production in chloroplasts,
chloroplast damage, and ultimately cell death in Arabidopsis [53].

The protective effect of overexpressing the cysteine-rich AtLTP4.4 could be due to the re-
duction of membrane damage mediated by trichothecene-induced ROS accumulation. Gluta-
thione is the primary defense compound against oxidative damage to membranes [39]. It
reduces hydroperoxide groups on phospholipids and other lipid peroxides through glutathi-
one-S-transferases [39]. We found that overexpression of AtLTP4.4 resulted in increased gluta-
thione levels, suggesting the involvement of AtLTP4.4 in the regulation of cellular redox
homeostasis. Exogenous addition of glutathione and other antioxidants enhanced resistance to
Tcin while the addition of buthionine sulfoximine (BSO), an inhibitor of glutathione synthesis,
increased sensitivity to the toxin, suggesting that Tcin resistance is mediated by glutathione. A
significant increase in the total glutathione level was observed in Arabidopsis and yeast overex-
pressing AtLTP4.4, and both systems showed improved resistance to Tcin. In contrast, a similar
increase in the total glutathione level was not observed in yeast overexpressing AtLTP4.5, con-
sistent with the lower level of trichothecene resistance compared to yeast expressing AtLTP4.4.

Due to its reducing power, glutathione has essential functions in plant development, defense
response against oxidative stress, including redox-homeostatic buffering and detoxification of
heavy metals and xenobiotics [54]. Detoxification mechanisms against DON include conjuga-
tion to glucose and glutathione [24,55,56]. Detoxifying trichothecenes by overexpressing UDP-
glucosyltransferase, an enyzme that converts DON to the less toxic DON-3-O-glucoside, has
been shown to provide enhanced resistance in Arabidopsis, barley, and wheat [18,57]. Glutathi-
one conjugates of DON have been identified in wheat, indicating that this is an important de-
toxification mechanism [24,55,56]. The thiol group of glutathione can react with the a,f-
unsaturated ketone of type B trichothecenes and form a Michael adduct [58]. The trichothe-
cene conjugates are known as masked mycotoxins since they are undetectable by conventional
analytical techniques because their structure has been altered in the plant [59]. They may pres-
ent a health risk because conversion back to a toxic form can occur upon consumption by ani-
mals or humans [59]. However, the glutathione conjugates cannot cross biological membranes
and are not likely to revert back to the toxic form [59]. Hence during infection by F. grami-
nearum, glutathione may be sequestered by conjugation to DON, affecting the oxidative status
and the defense response of the host plant.

We show here that enhancing glutathione content impacts plant resistance to trichothe-
cenes and may offer a way to compliment other trichothecene detoxification methods. Emerg-
ing evidence suggests that redox sensitive Cys residues in proteins may function as oxidant
sensors and can scavenge ROS [60]. Maspin (a serine protease inhibitor) which is rich in cyste-
ine residues (8 in total, similar to nsLTPs) was found to function as an efficient ROS scavenger
in mouse mammary cells [61]. Recently an Arabidopsis screen using paraquat identified an oxi-
dative stress-induced bioreactive peptide, OSIP108, containing a ROS-scavenging cysteine
[62]. The Cys groups in AtLTP4.4 may participate in maintaining the redox state by becoming
oxidized by ROS. Our results demonstrate the general ability of AtLTP4.4 to impact the redox
system of the cell and protect against trichothecene-mediated oxidative stress by maintaining
redox homeostasis.
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Materials and Methods

Screening activation tagged lines and characterization of the Tcin
resistant mutant

The activation tagged Arabidopsis thaliana lines in Columbia (Col-0) background were gener-
ated by Agrobacterium transformation with the pSKI015 plasmid containing the modified
T-DNA vector, which contains four copies of the cauliflower mosaic virus (CaMV) 35S en-
hancer [35], and were a kind gift from Dr. Brian Gregory. In vitro germination assays on solid
media in petri plates (150 mM) were used to screen for mutants resistant to the toxin. The
plates contained 1X Murashige and Skoog (Gamborg Modified) Basal Media (2.5 g/L) (Sigma
MO0404), 50 mM Ferric EDTA, and 0.6% Phytagel (Sigma P8169) and 4 uM Tcin. Resistance
was scored 30 days after seeding the plates. Resistant mutants were planted in MetroMix 360
potting soil (Sun Gro Horticulture), and grown to maturity in a growth chamber maintained at
22°C (16 h light/8 hour dark). The trr1 was characterized by thermal asymmetric interlaced
(TAIL) PCR [63]. The amplified band was sequenced and the genomic location of the insert
was mapped using T-DNA express (http://signal.salk.edu/cgi-bin/tdnaexpress).

Plant expression vectors

The AtLTP4.4 and AtLTP4.5 coding DNA sequence (CDS) without the stop codon were ampli-
fied by RT-PCR and cloned into the entry vector pCR8/GW/TOPO (Invitrogen) to generate
NT1618 and NT1619, respectively. AtLTP4.4 and AtLTP4.5 without the stop codon were
cloned into the binary vector pEarleyGate 103 (BAR-35S-Gateway-GFP-His tag-OCS 3')[37]
to generate NT1620 and NT1621, respectively. Agrobacterium (GV3101 MP90 strain) contain-
ing NT1620 and NT1621 was used to transform Arabidopsis [38]. Transformed seedlings were
identified by plating out on MS agar media containing BASTA (25 pg/mL).

Trichothecene mycotoxin
Tcin, DAS, T-2, and DON were isolated and prepared as described previously [32,64].

Real-time PCR

Quantitative Reverse Transcription PCR (qQRT-PCR) using SYBR Green was used to quantify
expression of genes in trr1. AtLTP4.4 expression was determined in the vector control, overex-
pression lines, and a knockout line (SALK_207859c¢, Col-0), which was obtained from the Ara-
bidopsis Biological Resource Center (ABRC). Glutamate-cysteine ligase (GSH1, AT4G23100)
expression was measured from mature leaf tissue collected from the vector control and overex-
pression lines. The Comparative Ct method (AACt) method was used to quantity gene expres-
sion using Actin8 for normalization relative to the Col-0 control.

Transient expression and confocal microscopy analysis

Fluorescence of the lower epidermis of tobacco leaf discs was visualized with a Zeiss LSM 710
Laser Scanning Microscope (Carl Zeiss, Inc., Thornwood, NY, USA) two to three days after in-
filtration with AtLTP4.4:GFP and AtLTP4.5:GFP. GFP and chlorophyll were excited with a
488-nm argon laser and fluorescence was detected using 495-570 nm and 650-760 nm band-
pass filters, respectively. Image data were analyzed using the ZEN 2010 software (Carl Zeiss,
Inc.). Leaves from stably transformed Arabidopsis lines were visualized with a Zeiss LSM 710
laser scanning microscope as described above for the transient expression analysis in tobacco.
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Yeast Strains and Plasmids

Yeast strain BY4743 (MATa/o, his3A1/his3A1, leu2A0/leu2A0, LYS2/lys2A0, met15A0/MET15,
ura3A0/ura3A0) was used as the background for all experiments. Gateway entry vector
pDONR221 was purchased from Invitrogen while the destination vector pAG425-GAL1-
ccdB-HA (plasmid# 14249) was purchased from Addgene (www.addgene.com). Standard
gateway cloning procedure was followed to clone AtLTP4.4 and AtLTP 4.5 genes into the desti-
nation vector, pAG425-GAL1-ccdB-HA to generate NT1754 and NT1755, respectively.

Measurement of ROS

The quantification of H,O, in leaf extracts was performed using Amplex Red Ultra (Invitro-
gen-Molecular Probes) according to the manufacturer’s instructions. Fluorescence was mea-
sured with the BioTek Synergy 4 plate reader (excitation 530 nm, emission 590 nm). The
concentration of H,O, in each sample was calculated using a standard curve. The standard
curve was linear to at least 10 pM H,O,.

ROS was visualized in leaf tissue by infiltrating the cell permeable fluorescent probe 2'-7'-
Dichlorodihydrofluorescein diacetate (DCFH-DA) using vacuum infiltration. Leaf disks were
visualized with a Zeiss LSM 710 laser scanning microscope (Carl Zeiss, Inc., Thornwood, NY,
USA) as described above.

Treated and untreated yeast cells were stained with 2',7'-dichlorfluorescein-diacetate
(DCFH-DA) for ROS generation. Cells were analyzed using the Accuri C6 Flow Cytometer
(Accuri Cytometers Inc., Ann Arbor, MI) as described previously [34].

GSH and GSSG quantification

Reduced glutathione (GSH) and oxidized glutathione disulfide (GSSG) levels were determined
using the GSH-Glo Glutathione Assay (Promega) according to the manufacturer’s instructions.
Briefly, leaf tissue was quick frozen in liquid nitrogen and ground in an eppendorf tube in

250 pL of PBS (pH 7.4) containing 2 mM EDTA. The protein content of the lysate was deter-
mined by the Bradford assay. The lysate was diluted to ~0.05 mg/mL and a 15 pL aliquot was
added to two adjacent wells in a 384-well white plate. To one well 1 mM TCEP was added to
determine total (GSH and GSSG) glutathione concentration. 15 pl of GSH-Glo Reagent (Lucif-
erin-NT and Glutathione S-Transferase added at a 1/100 ratio to GSH-Glo Reaction Buffer)
was added to each sample and incubated at room temperature in the dark for 30 minutes. 15 pl
reconstituted Luciferin detection reagent was then added and the sample was incubated for 15
minutes. Luminescence was determined using the BioTek Synergy 4 plate reader and glutathi-
one levels were established by comparing data to a standard curve.

For GSH/GSSH quantification for yeast, cultures were spun down, supernatant removed,
quick frozen in liquid nitrogen and stored at -80°C. The yeast pellet was resuspended in 250 pL
of PBS (pH 7.4) containing 2 mM EDTA and the cells were broken using glass beads with the
MiniBeadBeater (Biospec Products). The protein content of the lysate was determined via UV ab-
sorbance using the BioTek Synergy4 spectrophotometer with the Take3 plate. The lysate was di-
luted to ~0.05 mg/mL concentration of protein and analyzed as described for the plant samples.

Statistics

The data are shown as means + SEM and analyzed, where indicated, either by performing t-tests
or by ANOVA using the Bonferroni algorithm to test differences between individual treatments.
Origin 2015 (OriginLab) software was used for both graphing and for the statistical analysis.
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Supporting Information

S1 Fig. AtLTP4.4:GFP expression in the roots of transgenic Arabidopsis plants. Confocal
microscopy analysis of root cuttings from wild type Arabidopsis Col-0 (A) and Arabidopsis line
#16 overexpressing AtLTP4.4:GFP (B).

(TIF)

S2 Fig. Transient expression of AtLTP4.4:GFP and AtLTP4.5:GEP in tobacco leaves. (A)
Mock treated tobacco leaf with autofluorescent (red) chloroplasts. (B) Tobacco leaf infiltrated
with Agrobacterium containing AtLTP4.4:GFP. (C) Tobacco leaf infiltrated with Agrobacterium
containing AtLTP4.5:GFP.

(TIF)

$3 Fig. DON induces ROS accumulation in wild type tobacco plants. (A) Mock infiltration
of tobacco leaves with buffer. (B) Infiltration of tobacco leaves with 10 uM DON for 24h, (C, D
and E) infiltration of tobacco leaves with 240 uM DON for 24h. Chloroplast membrane dam-
age is shown in (E) after 240 uM DON treatment for 24h resulting in disorganized chlorophyll
autofluorescence. (F) Treatment with 600 nM paraquat for 2h. Colocalization of the DCF fluo-
rescence (green) with chloroplasts (red) is indicated by yellow.

(TIF)

S4 Fig. Exogenous antioxidants enhance the tolerance of Arabidopsis (Col-0) to Tcin. (A)
Wild type Arabidopsis (Col-0) leaves were treated with 2 mM vitamin C, vitamin E, or para-
amino benzoic acid (PABA) either alone or together with 8 uM Tcin for 48h and photo-
graphed. (B) Wild type Arabidopsis (Col-0) seedlings were treated with 4 uM or 40 uM Tcin
and grown in 16h light/8h dark cycle or in continuous dark cycle for 6 days and photographed.
(TTF)

S1 Table. Primers used for QRT-PCR analysis of trr1 and wild type Arabidopsis (Col-0).
Primer pair sequences used to amplify At5G55440 and upstream and downstream flanking
genes and the housekeeping gene Act8 are shown.

(TTF)
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