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yeast is a significant global agricultural and food safety issue due to the deposition
of mycotoxins within infected grains. Methods to study the intracellular effects
of mycotoxins often use the baker’s yeast model system (Saccharomyces cerevi-
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siae); however, this organism has an efficient drug export network known as
the pleiotropic drug resistance (PDR) network, which consists of a family of
multidrug exporters. This study describes the first study that has evaluated the
potential involvement of all known or putative ATP-binding cassette (ABC)
transporters from the PDR network in exporting the F. graminearum trichothecene
mycotoxins deoxynivalenol (DON) and 15-acetyl-deoxynivalenol (15A-DON)
from living yeast cells. We found that Pdr5p appears to be the only transporter
from the PDR network capable of exporting these mycotoxins. We engineered
mutants of Pdr5p at two sites previously identified as important in determining
substrate specificity and inhibitor susceptibility. These results indicate that it is
possible to alter inhibitor insensitivity while maintaining the ability of Pdr5p
to export the mycotoxins DON and 15A-DON, which may enable the develop-
ment of resistance strategies to generate more Fusarium-tolerant crop plants.
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Introduction

Fusarium graminearum is an economically important fungal
pathogen of cereal crops. In North America, it is the
predominant causal agent of gibberella ear and stalk rot
in maize and fusarium head blight (FHB) in wheat and
barley (McMullen et al. 2012; Mesterhazy et al. 2012).
The infection of crops by F. graminearum reduces yield
and quality and often leads to grain contamination by
the trichothecene mycotoxin deoxynivalenol (DON) and
the acetylated derivatives 3-acetyl-DON (3A-DON) and

15-acetyl-DON (15A-DON). Trichothecenes interfere with
numerous cellular  processes in eukaryotic cells
(Arunachalam and Doohan 2013), which in turn poses
a serious health risk to consumers of food and feed pro-
duced with ingredients contaminated by these mycotoxins
(Pestka and Smolinski 2005; Coppock and Jacobsen 2009).
DON also acts as a virulence factor during the cereal
infection process (Proctor et al. 1995; Jansen et al. 2005).

Currently, the majority of maize inbreds and hybrids
are susceptible to ear rot, whereas wheat cultivars are, at
most, moderately resistant to FHB (Mesterhazy et al. 2012;
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Gilbert and Haber 2013). As a result, there is a pressing
need to identify and analyze DON resistance mechanisms
that can be applied in planta. A promising approach to
achieve this involves the use of the yeast Saccharomyces
cerevisiae, which has been identified as a model system
to study the effects of trichothecene mycotoxins on eu-
karyotic cells (Doyle et al. 2009; Suzuki and Iwahashi
2012).

Plant orthologs of the plasma membrane ATP-binding
cassette (ABC) transporter Pdr5p of S. cerevisiae have the
potential to be used as a first line of defense against
DON and other trichothecene mycotoxins in crop plants.
Pdr5p has been implicated as an exporter of DON and
15A-DON (Suzuki and Iwahashi 2012; Mitterbauer and
Adam, 2002). Furthermore, tobacco plants transformed
with the S. cerevisiae PDR5 gene demonstrated increased
resistance to 4,15-diacetoxyscirpenol, a trichothecene my-
cotoxin produced by Fusarium poae and Fusarium equiseti
(Mubhitch et al. 2000).

The pleiotropic drug resistance gene PDR5 from yeast
was first described by Balzi et al. (1994). Since that time,
the complete inventory of ABC proteins in yeast has been
completed (Descottignies and Goffeau 1997). Pdr5p is the
major ABC transporter in exponentially growing yeast,
with a reported 42,000 molecules localized in the plasma
membrane of each cell (Ghaemmaghami et al. 2003).
Pdr5p couples the binding and hydrolysis of ATP with
the export of over one hundred chemically and structur-
ally distinct compounds, such as protein synthesis inhibi-
tors, mycotoxins, anticancer drugs, and azole antifungals,
from living cells (Higgins 1992; Kolaczkowski et al. 1996;
Egner et al. 1998; Rees et al. 2009; Suzuki and Iwahashi
2012). Due to this remarkably broad range of substrate
specificity, Pdr5p has become one of the most intensely
studied ABC transporters.

Several inhibitors, including flavonoids, protein kinase
C effectors, FK506, and enniatins, have been shown to
specifically target the function of Pdr5p in yeast (Hiraga
et al. 2005). Fusarium avenaceum, which commonly coinfects
cereal grains with F. graminearum in Western Canada, has
been shown to produce type A and B enniatins (Logrieco
et al. 2002; Grifenhan et al. 2013). A computational mo-
lecular model has been generated based on the crystal
structures of resolved ABC transporters that share sequence
homology with Pdr5p (Rutledge et al. 2011). According to
this model, the transmembrane domains (TMDs) of Pdr5p,
which ensure the unidirectional transport of substrates across
the plasma membrane of yeast, form a large central cavity,
or substrate-binding pocket. Random and site-directed mu-
tagenesis, combined with phenotypic screening of the re-
sulting Pdr5p mutants, suggested that the hydrophilic face
of the substrate-binding pocket contains at least seven dif-
ferent substrate-binding sites (Egner et al. 2000;
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Tutulan-Cunita et al. 2005). Two of these putative-binding
sites, located at residues S1360 and T1364, were of par-
ticular interest for this study, since single amino acid sub-
stitutions S1360A/F/T or T1364A/F/S had previously been
shown to have a positive, negative, or neutral effect on
both substrate specificity and inhibitor susceptibility of
Pdr5p (Egner et al. 1998, 2000). Both S1360 and T1364
were therefore considered as potential residues involved in
mediating Pdr5p resistance against Fusarium species.

In this study, we identified Pdr5p as the main exporter
of the F. graminearum mycotoxins DON and 15A-DON
from yeast. We then generated a total of 38 mutants of
Pdr5p, each containing an amino acid substitution at
either residue S1360 or T1364. These mutants were in-
dividually expressed in yeast harboring a deletion of wild-
type (WT) Pdr5p and screened for their substrate specificity
toward DON and 15A-DON as well as their resistance
to Pdr5p-specific inhibitors FK506, enniatin B and F. ave-
naceum culture filtrate. Our results demonstrate that most
of these Pdr5p variants maintained efficient export of both
DON and 15A-DON. Furthermore, specific mutants were
more resistant than the WT to inhibition by FK506, en-
niatin B, or F. avenaceum culture filtrate, suggesting po-
tential applications in plant resistance strategies.

Experimental Procedures

Chemicals and fungal metabolites

Working solutions of G418 (BioShop Canada Inc,
Burlington, ON), FK506 (LC Laboratories, Woburn, MA),
and enniatin B (Sigma-Aldrich, St. Louis, MO) were pre-
pared in 100% dimethyl sulfoxide (DMSO). DON and
15A-DON were kindly provided by Dr. Barb Blackwell
(ORDC, Ottawa, ON). F. avenaceum strain FaLH27 was
isolated from wheat samples harvested in Nova Scotia in
2011 (Canadian Grain Commission, Winnipeg, MB) and
deposited in the Canadian Collection of Fungal Cultures
(AAFC, Ottawa, ON) with the strain designation
DAOM242378. Using a two stage media protocol (modi-
fied from McCormick et al. 2004), six 250 mL flasks
containing a glass microfiber filter (55 mm Whatman)
and 50 mL first stage media per flask were inoculated
with 2 x 10° spores/mL of F. avenaceum FaLH27 and the
fungi were grown at 28°C, 170 rpm for 6 days in the
dark. The media were decanted, mycelia/filter rinsed with
second stage media, and then resuspended in 50 mL second
stage media and incubated at 28°C, 170 rpm for 12 days.
Crude fungal filtrate (~300 mL) was fractionated on six
500 mg BondElut Plexa columns (Agilent Technologies,
Mississauga, ON) and eluted with 5 mL of 100% MeOH.
The six fractions were pooled, dried under vacuum, and
resuspended at a concentration of 81.8 mg/mL in DMSO.
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Yeast strains and growth conditions

All S. cerevisiae yeast knockout (YKO) strains used in this
study were derived from the haploid parental WT strain
BY4741 (Mata his3A1 leu2A0 met 15A0 ura3A0) and were
purchased from Dharmacon (Lafayette, CO). The identity
of each YKO strain was verified by PCR, using strain-
specific primers. The primer sequences and PCR product
sizes for the YKO strains were obtained from the
Saccharomyces Genome Deletion Project website (http://
www-sequence.stanford.edu/group/yeast_deletion_project/
downloads.html# instru). The WT and mutant PDR5 yeast
transformants used in this study are isogenic and were
derived from the Apdr5 YKO strain. The identity of each
transformant was verified by sequence analysis. Yeast strains
were streaked on appropriate growth medium as follows:
BY4741, on yeast peptone dextrose (YPD) agar; the YKO
strains, on YPD agar with 200 yg/mL G418; and the Apdr5
transformants, on synthetic dropout agar lacking uracil
(SD-Ura), and incubated at 30°C until individual colonies
formed. Several colonies from each PDR5 mutant trans-
formant were restreaked onto appropriate fresh agar media
and incubated at 30°C to obtain pure clonal isolates.

Site-directed mutagenesis of the PDR5 gene

The WT PDR5 gene was synthesized as a gene cassette
containing the native PDR5 promoter with an N-terminus
hemagglutinin (HA) epitope tag and the native PDR5 3
untranslated region. The HA-tagged PDR5 was then cloned
into the yeast expression vector p416CYC (DualSystems
Biotech, Zurich, Switzerland) and sequence-verified. All
mutant PDR5 genes encoding single amino acid substitu-
tions at residue S1360 and T1364 were generated by in
vitro site-directed mutagenesis of the WT PDR5 gene by
GeneArt™ (Life Technologies, Regensburg, Germany).
Cassettes containing each of the variant amino acid sub-
stitutions were cloned into the yeast expression vector
p416CYC and sequence-verified by GeneArt'. Each plasmid
was then individually transformed into the Apdr5 YKO
strain (Amberg et al. 2005).

Yeast protein extract preparation and
western blot analysis of Pdr5p

Whole-cell protein extracts were prepared from subcultures
of yeast, grown overnight (30°C, 300 rpm) in YPD broth
to an optical density (OD; absorbance at 600 nm) of 3.5,
using a protocol adapted from von der Haar (2007). A
volume of 10° cells was transferred to 2 mL screw-capped
tubes containing 75 yL of 425-600 pym acid-washed glass
beads (Sigma-Aldrich). Cells were centrifuged (3800g for
5 min), and washed with sterile ice-cold water; centrifuged
again, and quick-frozen in liquid nitrogen. Ice-thawed
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pellets were suspended in 100 pL lysis buffer [8 mol/L urea,
0.1 mol/L NaOH, 50 mmol/L EDTA, and 2% SDS, plus
20 L. B-mercaptoethanol and one cOmplete™, Mini, EDTA-
free protease inhibitor cocktail tablet (Roche, Indianapolis,
IN) per mL of lysis buffer], and cells were lysed in a Fast-
Prep Machine (Level 6 for 45 sec; MP Biomedicals, Santa
Ana, CA). Lysates were incubated (55°C for 10 min), pH-
neutralized with 2.5 yL of 4 mol/L acetic acid, and vortexed
for 30 sec; lysates were incubated again (55°C for 10 min)
and cleared by centrifugation (maximum speed for 5 min).
The resulting protein extracts were transferred to sterile
tubes and centrifuged (maximum speed for 2.5 min). Twenty-
five uL of loading buffer was then added to the cleared
supernatants, which were then stored at —80°C.

Proteins from aliquots of the supernatants were separated
by SDS-PAGE on 4-15% 26-well Criterion™ precast gels
(Bio-Rad, Mississauga, ON). Proteins were then blotted
onto 0.2 ym polyvinylidene difluoride (PVDF) membranes
(Trans—Blot® Turbo™ PVDF Transfer Packs [Bio-Rad])
with a Trans-Blot” Turbo™ Blotting System (Bio-Rad),
at 2.5A for 7 min. Blots were incubated in the following
antibodies: polyclonal goat, anti-Pdr5p antibody (yC-18)
(1:500 dilution; Santa Cruz Biotechnology, Santa Cruz,
CA); monoclonal mouse, anti-B actin antibody (1:1000
dilution; Abcam, Cambridge, UK); rabbit anti-goat horse-
radish protein (HRP) antibody (1:120,000 dilution; Sigma-
Aldrich) and rabbit anti-mouse HRP antibody (1:60,000
dilution; Jackson ImmunoReseach, West Grove, PA). Protein
bands were detected by enhanced chemiluminescence (ECL;
ClarityTM Western ECL system; Bio-Rad) and imaged on
a ChemiDoc'™ XRS+ imaging system (Bio-Rad).

Microplate growth assays

Yeast cells were grown overnight (30°C, 300 rpm) in YPD;
diluted to an OD of 0.1 in YPD and grown for 4 h
(30°C, 300 rpm); then diluted again to an OD of 0.1 in
YPD. In sterile Nunc™ Microwell™ 96-well plates
(Thermo Scientific, Lafayette, CO), 50 uL of cells was
aliquoted to designated wells, and then 50 uL of YPD
containing 5% DMSO (negative control) or treatment was
added to designated wells for a total of 100 yL. The final
percentage of DMSO was kept constant at 2.5% in all
wells. The growth rate for each strain was recorded by
absorbance at 600 nm, as measured by an Eon'™ Microplate
Spectrophotometer (BioTek, Winooski, VT), using the
Gen5™ 2.0 data analysis software (BioTek). Area under
the curve (AUC) was calculated by integration of the
growth curves using Gen5' ™. Relative growth ratios (%)
were determined by dividing the AUC of treated cells by
the AUC of control cells. Relative growth ratios were
expressed as the mean, plus and minus the standard error
of the mean (+SEM). Data were evaluated for equality
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of variance prior to statistical analysis. Data were then
analyzed by one-way analysis of variance (ANOVA), fol-
lowed by Tukey’s honestly significant difference test with
significance accepted at P < 0.05. Statistical analysis was
performed using the statistical software R (R Project).

Results

Pdr5p is the major exporter of DON and
15A-DON

To assess whether additional members of the PDR network
were also involved in F. graminearum mycotoxin export,
PCR-confirmed YKO strains lacking the individual genes
responsible for expressing each ABC transporter with a
known or putative role in the PDR network (Table S1)
were phenotypically screened in the presence of DON
and 15A-DON. Yeast growth assays in liquid culture have
been shown to be more accurate than assays on agar
plates in detecting small toxin sensitivity variations among
different yeast strains (Tutulan-Cunita et al. 2005); there-
fore, all growth assays performed during this study were
conducted in liquid culture.

Aside from Apdr5, whose growth was markedly reduced
and almost completely inhibited in the presence of either
DON or 15A-DON, no significant growth defects or
phenotypes were observed with the remaining ten trans-
porter YKO strains, when compared with the WT (Fig. 1).
Western blot analysis was performed to explicitly dem-
onstrate that Pdr5p was not being expressed by Apdr5.
The anti-Pdr5p antibodies detected a single band in the
WT strain BY4741, which was used as a positive control
for Pdr5p expression; however, this band was completely
absent in Apdr5 (Fig. S1). Consistent with previous stud-
ies (Rutledge et al. 2011; Kueppers et al. 2013), this
band was detected at approximately 150 kDa rather than
the expected Pdr5p size of approximately 160 kDa.
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Single amino acid substitutions at residues
S1360 and T1364 of Pdr5p

Amino acid residues S1360 and T1364 have been identi-
fied as being important in determining the ability of Pdr5p
to mediate substrate specificity and to prevent inhibitor
susceptibility (Egner et al. 2000). To our knowledge, aside
from the S1360A/F/T and T1364A/F/S mutants (Egner
et al. 1998, 2000), no analyses of additional mutants at
either residue have previously been published. For this
study, in vitro mutagenesis of the WT PDR5 gene was
performed to generate 19 PDR5 S1360 variants, each with
a different single amino acid substitution at residue S1360
of Pdr5p, and 19 PDR5 T1364 variants, each with a dif-
ferent single amino acid substitution at residue T1364 of
Pdr5p, for a total of 38 PDR5 variants.

Since the presence of an N-terminal HA-tag did not
affect the expression levels (Fig. S1) or function (Fig. S2)
of WT Pdr5p, the 38 PDR5 variants were each generated
with an N-terminal HA-tag. Plasmids encoding each of
the sequence-verified PDR5 gene variants were then in-
dividually transformed into the host strain Apdr5. DNA
sequence analysis of a segment of PDR5 that included
the region coding for amino acids 51360 and T1364 con-
firmed that each of the 38 Apdr5 transformants were
expressing the correct PDR5 variant (Figs. S3 and S$4).

Western blot analysis was used to detected a single
band of approximately 150 kDa in all transformants
(Fig. 2), which was completely absent in the empty plas-
mid control. Although a band is not visible on the blot
shown in Figure 2 B, corresponding to the T1364D mutant,
a single faint band of approximately 150 kDa was visible
when the blot was overexposed. In all transformants, the
relative quantity of actin was uniform and set at a value
of 1.00 to enable the calculation of ratios of Pdr5p-to-
actin for each transformant. Relative differences in Pdr5p
expression level of each variant at both residues S1360
or T1364 were consistently observed in repeated western
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Figure 1. Relative growth ratio of yeast knockout strains in deoxynivalenol (DON) and 15A-DON. Yeast cells were grown for 20 h in DON (125 pg/mL)
or 15A-DON (25 pg/mL). Relative growth ratios were determined as described in Experimental Procedures. All data are expressed as means + standard

error of the mean (SEM; n > 3).
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Figure 2. Expression levels of Pdr5p variants in yeast. (A) S1360 variants, (B) T1364 variants. Expression of the (A) $S1360 Pdr5p variants and (B) T1364
Pdr5p variants in yeast relative to an actin control. Pdr5p was detected using an antibody directed against a C-terminal peptide of Pdr5p (yC-18). Actin
was used as a loading control. Ratios of Pdr5p to actin are indicated below the panel. Lanes m: protein marker, A: empty plasmid control, WT: wild-
type Pdr5, and the variant amino acid is indicated above the panel. (n = 3).

blots: expression was either higher than (e.g., ratios of
1.27-1.45), similar to, or less than [e.g., ratios of 0.88 to
nondetected] that of the WT (Fig. 2).

Most Pdr5p variants maintain substrate
specificity for DON and 15A-DON

To determine the ability of each Pdr5p variant to export
F. graminearum mycotoxins, assays were performed by
growing each transformant in liquid culture with DON
or 15A-DON (Figs. 3 and 4). When compared to the
transformant expressing the WT Pdr5p, growth of most
of the Pdr5p mutant transformants was unaffected or
marginally affected by DON or 15A-DON. Aside from
the S1360F, S1360W, and T1364D substitutions, all others

© 2016 Her Majesty the Queen in Right of Canada. MicrobiologyOpen published by John Wiley & Sons Ltd.

maintained a high level of export of both trichothecenes
when compared to the WT.

Growth of the S1360 or T1364 variants in
the presence of FK506 and trichothecenes

The main objective of this study was to identify optimal
Pdr5p variants capable of maintaining a high level of
DON and 15A-DON export while demonstrating insen-
sitivity to Pdr5p-specific inhibitors. Growth of the S1360
or T1364 variants was compared in liquid culture with
FK506 plus DON or FK506 plus 15A-DON. FK506 alone
did not affect the growth phenotypes of the variants
(Tables S2 and S3) and the overall growth rates for
each variant in the presence of FK506 were very similar
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Figure 3. Relative growth ratios of S1360 Pdr5p variants in deoxynivalenol (DON) or 15A-DON. Relative growth ratios of yeast strains expressing
a S1360 Pdr5p variant, the wild-type Pdr5p, and an empty plasmid control (A), grown for 20 h in either (A) DON (125 pg/mL) or (B) 15A-DON (25

ug/mL). All data are expressed as means + SEM (n > 3).
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Figure 4. Relative growth ratios of T1364 Pdr5p variants in deoxynivalenol (DON) or 15A-DON. Relative growth ratios of yeast strains expressing a
T1364 Pdr5p variant the wild-type Pdr5p, and an empty plasmid control (A), grown for 20 h in either (A) DON (125 pg/mL) or (B) 15A-DON (25 pg/mL).

All data are expressed as means + SEM (n = 3).

in either mycotoxin (Fig. 5). Growth of the WT Pdr5p
was drastically reduced in FK506 plus DON and FK506
plus 15A-DON demonstrating the ability of FK506 to
effectively inhibit the WT Pdr5p transporter. Although
the growth of certain S1360 variants (e.g., S1360A/C/G/P)
was compromised, many (e.g., SI360D/H/K/N/Q/Y) were
capable of maintaining a high level of growth in DON
or 15A-DON in the presence of FK506. Furthermore,
most T1364 variants, notably T1364E/N/P/Q, maintained

a high level of growth in DON or 15A-DON in the
presence of FK506.

Growth of the S1360 or T1364 variants in
the presence of enniatin B and
trichothecenes

Enniatin B is a known Pdr5p-specific inhibitor produced
by the cereal pathogen F. avenaceurm (Hiraga et al. 2005)

984 © 2016 Her Majesty the Queen in Right of Canada. MicrobiologyOpen published by John Wiley & Sons Ltd.
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Figure 5. Relative growth ratios of selected (A) S1360 and (B) T1364 Pdr5p variants in FK506+ deoxynivalenol (DON) or FK506+15A-DON. Relative
growth ratios of yeast strains expressing either an S1360 or a T1364 Pdr5p variant (identified by the single-letter code of the substituted amino acid),
the wild-type Pdr5p, and an empty plasmid control (A), grown for 20 h in either FK506+DON (light bars) or FK506+15A-DON (dark bars). The ability
of each strain to export either DON or 15A-DON in the presence of FK506 varies from low (left) to high (right). All data are expressed as means + SEM

(n=3).

and it was, therefore, a biologically relevant inhibitor to
analyze in this study. Growth assays were performed with
each S1360 or T1364 variant in liquid culture with enniatin
B plus DON or enniatin B plus 15A-DON to determine
their capacity to export DON or 15A-DON in the presence
of a known Fusarium Pdr5p-specific inhibitor. Enniatin B
alone did not affect the growth phenotypes of the variants
(Table S2 and S3) and the overall growth rates for each
variant in the presence of enniatin B were very similar in
either mycotoxin (Fig. 6). Growth of certain variants, no-
tably S1360W and T1364G/L, was compromised; however,
other variants (e.g., S1360 D/E/K/Y and T1364E/K/P/R)
were capable of maintaining a high level of growth in
DON or 15A-DON in the presence of enniatin B.

Growth of selected Pdr5p variants in
F. avenaceum filtrate

To further assess the ability of Pdr5p variants to enable
yeast resistance to F. avenaceum, growth assays were per-
formed with culture filtrate from F. avenaceum isolate
FaLH27 (Fig. 7). The F. avenaceum FaLH27 filtrate con-
tained all compounds produced and secreted by F. ave-
naceurn grown in liquid culture that eluted with 100%
MeOH from a Bond Elute Plexa column, including en-
niatins and other secondary metabolites. Since F. avena-
ceurn does mnot produce trichothecene mycotoxins,
15A-DON was added to the culture filtrate at 50 pg/mL.

On its own, F. avenaceurn FaLH27 culture filtrate did
not significantly affect the growth of any of the Pdr5p
variants that were tested (Fig. 7). Furthermore, the WT
and all variants analyzed demonstrated a similar level of
growth inhibition in the presence of 15A-DON alone (at
50 pug/mL), with the exception of S1360W. In F. avena-
ceum culture filtrate plus 15A-DON, however, every Pdr5p
variant demonstrated reduced growth at a level significantly
greater than they had shown in 15A-DON alone. Despite
this, the level of this growth reduction was variable, and
six of the 10 Pdr5p variants evaluated grew better than
the WT. Certain variants (e.g., S1360D, S1360E, and
T1364K) demonstrated minimal growth reduction in the
presence of F. avenaceum culture filtrate plus 15A-DON,
whereas growth of the remaining variants was either sub-
stantially lower (e.g., T1364E and T1364R) or nearly
completely inhibited (e.g., T1364G and T1364L).

Discussion

A potential mechanism to generate F. graminearum resist-
ance involves enhancing the ability to effectively export
the trichothecene mycotoxins produced by this fungal
pathogen. During crop infection by a 15A-DON-producing
strain of F. graminearum, both DON and 15A-DON typi-
cally accumulate within contaminated grain (Burlakoti
et al. 2008; Gilbert et al. 2010). We observed that con-
centrations of 125 yg/mL DON and 25 pg/mL 15A-DON
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Figure 6. Relative growth ratios of selected S1360 (A) and T1364 (B) Pdr5p variants in enniatin B+ deoxynivalenol (DON) or enniatin B+15A-DON.
Relative growth ratios of selected yeast strains expressing an S1360 or T1364 Pdr5p variant (identified by the single-letter code of the substituted
amino acid), the wild-type Pdr5p, and an empty plasmid control (A), grown for 20 h in either enniatin B+DON (light bars) or enniatin B+15A-DON
(dark bars). The ability of each strain to export either DON or 15A-DON in the presence of enniatin B varies from low (left) to high (right). All data are
expressed as means + SEM (n > 3).

(A) OFiltrate LH 27~ ©15A-DON  m15A-DON-filtrate LH_27
120
£
5 |
3 80
O~
o o
EE-
8% 40
Q
o
0 e T T T T T
A w | wT K D E
(B) OFiltrateLH_27 ~ ©15A-DON  m15A-DONfiltrate LH_27
120

Relative growth
ratio (%)

80 -
40 A
0 T T T T
G A L WT

Figure 7. Relative growth ratios of selected Pdr5p S1360 (A) or T1364 (B) variants in F. avenaceum culture filtrate containing 15A- deoxynivalenol
(DON). Relative growth ratios of selected yeast strains expressing an S1360 variant or a T1364 variant (identified by the single-letter code of the
substituted amino acid), the wild-type Pdr5p, and an empty plasmid control (A), grown for 20 h in 15A-DON (50 pg/mL) (gray bars), F. avenaceum
culture filtrate FaLH27 (0.5 pL) (white bars), or F. avenaceum culture filtrate FaLH27 + 15A-DON (0.5 pL + 50 pg/mL) (dark bars). All data are expressed
as means + SEM (n > 3).

R E K

were the maximum trichothecene concentrations that did concentrations ensured that any growth inhibitory effects
not negatively affect growth of the WT yeast strain in would be noticeable in the YKO strains corresponding
liquid culture. The use of DON and 15A-DON at these to the transporters involved in exporting either of these
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mycotoxins. A concentration of DON five times greater
than that of 15A-DON was required to observe similar
growth inhibitory effects in the WT strain which is in
agreement with previous studies (Doyle et al. 2009; Suzuki
and Iwahashi 2012).

While the role of Pdr5p in trichothecene tolerance has
been discussed (Mitterbauer and Adam 2002; Suzuki and
Iwahashi 2012), systematic testing of additional ABC trans-
porters was not previously reported. In our study, all 11
known or putative transporters from the yeast PDR net-
work were analyzed for their ability to export the
F. graminearum mycotoxins DON and 15A-DON (Table
S1). Pdr5p and its functional homologs Snq2p and Yorlp
are responsible for exporting distinct substrates but they
have also been shown to possess overlapping substrate
specificities (Kolaczkowski et al. 1998). Growth inhibitory
assays performed using the haploid YKO strains of each
of the 11 transporters demonstrated that aside from Apdr5,
the other 10 YKO strains grew at a similar rate compared
to the WT in the presence of either mycotoxin. These
results clearly showed that Pdr5p is the main yeast exporter
of both DON and 15A-DON and that the absence of
this transporter leads to growth inhibition in the presence
of these mycotoxins.

To be considered as candidates for mediating yeast
resistance against a 15A-DON-producing strain of
F. graminearum, Pdr5p mutants are required to not ad-
versely affect yeast growth and to maintain export of both
DON and 15A-DON as efficiently as the WT Pdr5p. In
the absence of mycotoxins, none of the S1360 or T1364
Pdr5p mutants affected yeast growth. Certain amino acid
substitutions at residues S1360 or T1364 did have pro-
nounced negative impacts on Pdr5p expression levels when
compared to that of WT Pdr5p (Fig. 2). In accordance
with previous results (Egner et al. 2000), the mutants
S1360A/F/T and T1364A/F/S were expressed at levels similar
to or slightly greater than that of WT Pdr5p.

While none of the Pdr5p S1360 or T1364 mutants were
more effective than the WT Pdr5p at exporting either
DON or 15A-DON, all except for two S1360 mutants
(Fig. 3) and all but one T1364 mutant (Fig. 4) were
capable of maintaining a high level of export of both
mycotoxins. Furthermore, despite the reduced protein
expression levels of certain S1360 and T1364 Pdr5p mu-
tants, all but T1364D demonstrated a high level of DON
and 15A-DON export. Pdr5p variant expression levels
were not verified in yeast cells grown in the presence of
DON or 15A-DON; therefore, it is possible that expres-
sion was induced or reduced by either mycotoxin. Previous
studies determined, however, that this was not the case
for the Pdr5p WT, the S1360A/F/T or the T1364A/F/S
mutants, which were expressed equally in the absence or
presence of Pdr5p substrates (Egner et al. 2000).

Transport of Fusarium Mycotoxins by Yeast Pdr5p

It was previously shown that the S1360A and S1360T
mutants were capable of maintaining drug export at a
level comparable to that of WT Pdr5p, whereas drug
export efficiency of S1360F was negatively affected (Egner
et al. 2000). We also showed that S1360A and S1360T,
but not S1360F, maintained a high level of DON and
15A-DON export. The S1360F substitution had a negative
effect on the ability of Pdr5p to transport both myco-
toxins; however, it retained a significantly higher ability
to export 15A-DON. This was surprising, since 15A-DON
(approximately 340 Da) is a slightly larger molecule than
DON (approximately 300 Da) and in this case, the rela-
tively small side chain of serine (S) was replaced by the
much larger aromatic side chain of phenylalanine (F). It
has been proposed that substituting the hydrophilic amino
acid serine with the hydrophobic amino acid phenylalanine
at residue S1360, which is located on the hydrophilic side
of the substrate-binding pocket, influences its hydrophobic-
hydrophilic balance (Egner et al. 1998; Kueppers et al.
2013). Modification of this balance in the substrate-binding
pocket possibly caused a significant decrease in the affinity
of Pdr5p to DON. Additionally, the S1360W substitution
caused a significant reduction in Pdr5p transport efficiency
of both DON and 15A-DON. Like phenylalanine, tryp-
tophan (W) has a large hydrophobic aromatic side chain,
which was likely obstructing the export of both mycotoxins.
Furthermore, 15A-DON was transported less efficiently
than DON, which could be due to its slightly larger mo-
lecular size. Since protein expression levels of the S1360F
and S1360W mutants were greater than that of WT Pdr5p,
growth reduction in the yeast strains expressing each of
these mutants in either mycotoxin was not likely the result
of decreased protein expression. Interestingly, the S1360Y
mutation did not have a negative impact on the efficiency
of Pdr5p to transport either DON or 15A-DON. Like
phenylalanine and tryptophan, tyrosine (Y) has a large
hydrophobic aromatic side chain. Furthermore, the protein
expression level of the S1360Y mutant was similar to that
of WT Pdr5p.

The T1364D substitution had a significant negative effect
on Pdr5p transport efficiency of both DON and 15A-
DON. Furthermore, protein expression levels of the T1364D
mutant were exceptionally low. Misfolded Pdr5p mutants
have been shown to be retained in the endoplasmic
reticulum for degradation, preventing their normal locali-
zation at the plasma membrane. Yeast strains expressing
Pdr5p mutants either with a C1427Y substitution or a
L183P substitution were completely inhibited in the pres-
ence of all Pdr5p-specific cytotoxic compounds tested,
including azole antifungals (Egner et al. 1998; de Thozée
et al. 2007). All S1360 and T1364 mutants analyzed in
this study, however, maintained either an intermediate
or high level of export of DON and 15A-DON, which
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highly suggested that they all localized to the plasma
membrane of yeast cells despite this not being verified
experimentally. In the case of Pdr5p-T1364D, the reason
for intermediate rather than high level of mycotoxin export
could be due to reduced affinity for both mycotoxins. A
more likely explanation is that this mutation had a nega-
tive impact on Pdr5p expression and as a result, the yeast
strain expressing this mutant had an insufficient quantity
of expressed Pdr5p to maintain a suitable level of DON
or 15A-DON export. The level of export remained the
same for both mycotoxins, suggesting that the side chain
of aspartic acid (D) did not obstruct the passage of either
compound. Furthermore, as opposed to the results at
residue S1360, substitution of threonine at residue 1364
by amino acids with large hydrophobic side chains
(T1364F/W/Y) did not negatively affect the ability of Pdr5p
to transport either DON or 15A-DON. This suggests that
another factor, aside from amino acid size or shape, is
important in determining substrate specificity by either
S1360 or T1364. Single amino acid substitutions might
be affecting the overall conformation of the substrate-
binding pocket.

The main objective of this study was to identify ideal
Pdr5p variants capable of maintaining a high level of
DON and 15A-DON export while demonstrating insen-
sitivity to Pdr5p-specific inhibitors. FK506 (at 20 pg/mlL,
24.8 pymol/L) was nontoxic to yeast cells (Tables S2 and
S3). Growth inhibitory effects observed in yeast, when
either trichothecene was combined with FK506, were
therefore a result of FK506-induced inhibition of myco-
toxin transport. In agreement with results presented by
Egner et al. (2000), S1360A showed very low growth ratios
in DON and 15A-DON, indicating hypersensitivity of this
variant to FK506. Variants S1360F and S1360T demon-
strated FK506 insensitivity, by maintaining an intermediate
level of trichothecene export (Fig. 5). The reason for the
intermediate rather than high level of mycotoxin export
in the presence of FK506 was different for both mutants.
The mutant S1360T maintained DON and 15A-DON
export as efficiently as the WT Pdr5p in the absence of
FK506; however, this level of export was negatively affected
by FK506. This was in contrast to S1360F, which was
insensitive to FK506, but was unable to maintain myco-
toxin export as efficiently as WT Pdr5p. Furthermore,
relative to the growth inhibitory effects caused by DON
or 15A-DON alone, the combination of DON and FK506
had slightly smaller growth inhibitory effects than the
combination of 15A-DON and FK506 on yeast cells
expressing S1360F (data not shown). This was likely the
result of the higher level of toxicity of 15A-DON on
eukaryotic cells.

FK506 was previously shown to have no effect on
expression of the WT Pdr5p, the S1360A/F/T mutants,
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or the T1364A/F/S mutants (Egner et al. 2000). In total,
four T1364 and four S1360 mutants demonstrated insen-
sitivity to FK506, by maintaining a high level of tri-
chothecene export (Fig. 5). In agreement with results
presented by Egner et al. (2000), the mutants T1364A/F/S
demonstrated insensitivity toward FK506. Furthermore,
similar to S1360F, the mutant T1364D was insensitive to
FK506, despite its lack of mycotoxin transport efficiency.
These mutants were, however, not among the most in-
sensitive. In fact, ten of the T1364 mutants, of which six
demonstrated reduced protein expression levels, maintained
a high level of DON and 15A-DON export in the pres-
ence of FK506. These mutants may have lost affinity for
FK506 but this would need to be confirmed through
kinetic studies.

Enniatin B is the major enniatin produced by
F. avenaceum, a Fusarium species often associated with
FHB-affected cereals in Canada (Grifenhan et al. 2013),
and may synergistically increase the toxicity of other
co-occurring mycotoxins. Mutant ABC transporters dem-
onstrating insensitivity toward enniatin B could therefore
be considered as potential candidates for FHB resistance.
Enniatin B (at 20 pg/mL, 31.3 pmol/L) was nontoxic to
yeast cells (Table S2 and S3). Growth inhibitory effects
observed in yeast in the presence of either trichothecene
plus enniatin B were therefore a result of mycotoxin
transport inhibition. Compared to FK506, which completely
inhibited DON and 15A-DON transport by the WT Pdr5p,
enniatin B was not as potent (Figs. 5 and 6). This was
contrary to results presented by Hiraga et al. (2005), who
demonstrated that enniatin B was a more potent Pdr5p
inhibitor than FK506. It must be taken into consideration
that in our study, the concentrations of FK506 and
enniatin B were about 5 times greater than those used
by Hiraga et al. (2005). Pdr5p variant S1360A was slightly
more sensitive to enniatin B combined with DON or
15A-DON, whereas variant S1360F was insensitive, relative
to WT Pdr5p, which agrees with results of Hiraga et al.
(2005).

Substitution of serine with aspartic acid (D) or glutamic
acid (E) at residue S1360 or substitution of threonine
with glutamic acid (E) or lysine (K) at residue T1364
(Fig. 6) appears to reduce the affinity of Pdr5p for enniatin
B. These mutants were therefore considered to be promis-
ing candidates for F. avenaceum resistance.

Under natural conditions, cereal grains are rarely con-
taminated by a single Fusarium species (Wagacha et al.
2012). In fact, grain sample analysis regularly detects
multiple mycotoxins, including numerous trichothecenes,
moniliformin (MON), and enniatins, produced by differ-
ent Fusarium species (Grifenhan et al. 2013; Tittlemier
et al. 2013a,b). Selected yeast strains expressing Pdr5p
mutants were grown to determine the ability of each
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mutant to maintain 15A-DON export in the presence of
F. avenaceum FaLH27 culture filtrate (Fig. 7). The culture
filtrate used for these assays contained all nonaqueous
compounds including enniatins, produced and secreted
by the F. avenaceum isolate FaLH27 grown in liquid cul-
ture. The results obtained from these assays are encourag-
ing, since Pdr5p mutants S1360D, S1360E, S1360K, and
T1364K enabled significantly higher yeast growth in the
presence of F. avenaceum culture filtrate plus 15A-DON,
when compared to the WT Pdr5p. Furthermore, protein
expression levels of these four mutants were lower than
that of the WT Pdr5p; therefore, these results were not
caused by the overexpression of Pdr5p.

Using yeast as a model organism, this study has shown
that the ABC transporter Pdr5p is the key exporter of
the F. graminearum mycotoxin DON and its acetylated
derivative 15A-DON. This study has also demonstrated
that the majority of single amino acid substitutions at
residue S1360 or T1364 of Pdr5p are capable of main-
taining DON and 15A-DON export at a level similar to
that of the WT Pdr5p. Furthermore, specific mutants have
the ability to mediate insensitivity to the Pdr5p-specific
inhibitors FK506 and enniatin B while maintaining sub-
strate specificity for DON and 15A-DON. Mutants S1360D,
S1360E, S1360K, and T1364K have been identified as
candidates for resistance to enniatins. In addition to resi-
dues S1360 and T1364, molecular modeling and mutagen-
esis studies suggest that TMD2 of Pdr5p contains at least
five other residues involved in substrate recognition. These
five residues could also be mutagenized to analyze their
ability to mediate inhibitor insensitivity and DON and
15A-DON export.

Aside from T1364D, all other Pdr5p mutants that dem-
onstrated reduced protein expression levels were capable
of maintaining a level of DON and 15A-DON export
similar to that of WT Pdr5p. These results are encourag-
ing and by increasing the expression of any of these
mutants it might be possible to improve their mycotoxin
export efficiency. The yeast PDR1-3 mutation, which causes
the overexpression of genes controlled by the PDR tran-
scription factor PDR1, might allow for the overexpression
of these Pdr5p variants. This would be particularly in-
teresting to perform with the Pdr5p variant T1364D. While
this was the only mutant that demonstrated both reduced
levels of protein expression and DON and 15A-DON
export, it also remained completely insensitive to inhibi-
tion by either FK506 or enniatin B.

Since crop infections are rarely caused by a single
Fusarium species, it would be useful to identify Pdr5p
mutants that could be considered as candidates for resist-
ance to other Fusarium species. Furthermore, it might be
possible to generate a Pdr5p mutant with substitutions
at multiple key residues, enabling resistance to multiple
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species of Fusarium. In this study, preliminary results
demonstrated that the S1360D, S1360E, S1360K, and
T1364K mutants were capable of mediating yeast resist-
ance to the F. avenaceum culture filtrate while maintaining
the capacity to export trichothecenes.

Ultimately, knowledge gained through the use of yeast
may be extended to plants, in an attempt to improve
their ability to export mycotoxins, while mediating
insensitivity to inhibitory compounds produced by Fusarium
species. It was previously demonstrated that transgenic
tobacco seedlings expressing S. cerevisiae Pdr5p displayed
a significant increase in resistance to the trichothecene
mycotoxin 4,15-diacetoxyscirpenol (Muhitch et al. 2000).

Future research could involve modifying Pdr5p-like
plasma membrane transporters found in plants to confer
multiple mycotoxin resistance. Since these transporters
have not yet been extensively studied, it is unclear which
are involved in mycotoxin export. In A. thaliana and Zea
mays, 15 and 17 Pdr5p-like proteins have been identified,
respectively (van den Brale and Smart 2002; Pang et al.
2013).

Considering the economic repercussions and health risks
associated with the contamination of cereal grains by DON
and its acetylated derivatives, it is vital to identify effec-
tive resistance mechanisms against them. The findings of
this study strongly suggest that the transporter Pdr5p
could be engineered to mediate yeast resistance to F. ave-
naceum, F. graminearum, as well as other Fusarium species.
If this knowledge could then be applied to crop plants,
it could have important implications in ensuring the safety
of the food and feed supply chains.
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Supporting Information

Additional supporting information may be found in the
online version of this article:

Figure S1. Expression levels of HA-tagged and nontagged
wild-type Pdr5p in yeast.

Figure S2. Relative growth ratios of HA-tagged and
nontagged wild-type Pdr5p in yeast.

Figure S3. Portion of the aligned amino acid sequences
obtained following the sequencing of each S1360 Pdr5p
variant.

Figure S4. Portion of the aligned amino acid sequences
obtained following the sequencing of each T1364 Pdr5p
variant.

Table S1. Saccharomyces cerevisiae ABC transporters with
known or putative roles in the PDR network.

Table S2. Relative growth ratios of S1360 Pdr5p in
FK506 or enniatin B.

Table S3. Relative growth ratios of T1364 Pdr5p in
FK506 or enniatin B.
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