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Abstract The spread of fungicide resistant and/or tol-
erant phytopathogenic fungi is an important factor af-
fecting crop protection. However, the mechanisms of
fungal response to fungicide application are not entirely
characterised. In particular, the contribution of previous-
ly known resistance factors and the final influence of
fungicide treatments on metabolism of surviving
mycelia (e.g. mycotoxin increased release and biosyn-
thesis potentially causing contamination of the crops)
merit investigation, in order to improve future molecular
diagnostics of fungicide resistant strains. The performed
experiments have shown distinct expression changes for
homologs of a known fungicide resistance factor Flrl
(yeast; DHA1 family of major facilitator superfamily
transporters) after azole application in cultured fusaria.
Two distantly related homologs of that gene were se-
lected, based on the unsupervised clustering and phylo-
genetic analysis of transporter sequences. One of these
(FGSG_02865), was found to occur across the
Fusarium sambucinum complex (F. graminearum,
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E culmorum, F. cerealis) and was upregulated starting
24 h after fungicide treatments. This delayed response
may point to possible involvement of DHA 1 antiporters
in a generalised response to stress resulting from fungi-
cide treatment. Additional expression profiling was con-
ducted for the mycotoxin biosynthetic genes (trichothe-
cene and zearalenone gene clusters) in strains of
Fusarium sambucinum complex cereal pathogens. The
expression changes, when subjected to treatment with
the fungicides (flusilazole, carbendazim), show that
even an effective treatment (in this study, the benzimid-
azole fungicide carbendazim) applied to the grown my-
celium, can result in enhanced activation of mycotoxin
biosynthetic genes in fungal cells which survive the
treatment. Our results suggest that increased mycotoxin
contamination can be strongly influenced not only by
the amount or the type of antifungal compound, but also
the timing of fungicide exposition (stage of infection).

Keywords Mycotoxins - Efflux pumps - Fungicide
resistance - Mycotoxins - Fusarium

Introduction

One of the most important fungi occurring in agricul-
tural environment are the members of the Fusarium
genus. These fungi are cosmopolitan plant pathogens,
occurring throughout the world and are able to infect in
a short time both generative and vegetative parts of their
hosts. Fusarium strains are the major cereal crop path-
ogens responsible for significant losses in crop yield due
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to both diminished biomass and mycotoxins accu-
mulated in the infiltrated parts, e.g. zearalenone,
fumonisins, trichothecenes and their derivatives
(D’Mello et al. 1999). The plant pathogenic fusaria
are present in the soil, air and on crops of all
continents with some of the common species being:
Fusarium culmorum, F. graminearum,
F. avenaceum, F. verticillioides and F. proliferatum.
The survival of fungal plant pathogens, such as
Fusarium sp., in cultivated fields subjected to the
chemical treatments, depends mainly on the devel-
opment of multiple adaptive mechanisms against
different antifungal agents — both natural (such as
antifungal mycotoxins) and synthetic fungicides.

In the latter case, the mechanisms of response to
demethylation-inhibiting (DMI) fungicides relate both
to qualitative factors such as the absence or presence of a
sensitive target site, as well as quantitative factors such
as uptake, transport, storage and metabolism (Cools
et al. 2013; Deising et al. 2008). The genetic determi-
nants of resistance/tolerance can act in a synergistic
manner, such as overlapping transporter activity
(Rogers et al. 2001). The role of multiple membrane
transporters in azole resistance has been particularly
well characterised for human pathogens (Costa et al.
2014), however there is less knowledge on the involve-
ment of transporters in plant pathogen resistance to
DMTI’s, with inquiries showing complex responses in
regards to treatment with different antifungal/toxic sub-
stances (e.g. Thurau et al. 2013). Recently, tran-
scriptome screening for genes highly expressed during
azole treatment (Becher et al. 2011; Liu et al. 2010) has
allowed the researchers to verify several contributing
transporters in F. graminearum (Abou Ammar et al.
2013). Still, translational research aiming to characterise
homologs of known resistance factors from baker’s
yeast and human pathogenic species (such as Candida
albicans or Aspergillus fumigatus) in the context of
plant pathogenic fungi has been lacking (Price et al.
2015). The major facilitator superfamily (MFS) proteins
constitute one of the largest transporter superfamilies,
represented throughout all three domains of life
(Archaea, Eubacteria and Eukaryota; Saier 1999).
This group of secondary efflux pumps is demonstrably
involved in the uniport, symport, or antiport of various
compounds, coupled to changes in chemiosmotic ion
gradients. Of the various subgroups, the DHAI
antiporter family contains several high-impact fungicide
resistance factors present in yeasts. These were

@ Springer

experimentally characterised in both nonpathogenic
(Flrl — fluconasol resistance from the baker’s yeast
Saccharomyces cerevisiae; Alarco et al. 1997, caf5 —
caffeine resistance protein from the fission yeast
Schizosaccharomyces pombe; Benko et al. 2004,
CYHR — cycloheximide resistance protein from
Scheffersomyces stipitis; Sasnauskas et al. 1992) and
human pathogenic yeast species (MDRI — benomyl/
methotrexate transporter from pathogenic strains of
Candida albicans; Fling et al. 1991).

One additional problem with quantitative resistance
to fungicides (e.g. MDR) is that a substantial part of the
susceptible mycelium could survive the chemical treat-
ments and potentially carry out the biosynthesis and
efflux of toxic secondary metabolites (Simpson et al.
2001). Therefore an additional challenge posed by the
spread of increased resistance to fungicides, is that of the
possible role of surviving pathogen (e.g. enhanced my-
cotoxin contamination after fungicide treatment) even in
a partially susceptible population (Schmidt-Heydt et al.
2013).

Notably, as a rule, the mycotoxin biosynthetic genes
are not constitutively expressed, but instead are induced
in certain stress-related conditions and/or growth phases
of the fungus. In context of the fungicidal treatments,
there is a lot of evidence that non-lethal amounts of
fungicides, could lead to increased mycotoxin biosyn-
thesis (as evidenced in gene expression patterns).
According to the past results of Ochiai et al. (2007),
suboptimal doses of triazole fungicides can transcrip-
tionally activate the 7ri5 gene (trichothecene synthase)
in Fusarium graminearum. Similar results were obtain-
ed in the experiments investigating the influence of
sodium propionate and potassium adsorbate on the ex-
pression of the Penicillium verrucosum ochratoxin poly-
ketide synthase gene (Schmidt-Heydt et al. 2007). The
aim of the present work was to: (i) characterise whether
the putative resistance mechanisms from DHA1 family
(e.g. expressed Flrl homologs) are shared by distantly
related fungi from Fusarium genus, and (ii) to what
extent those genes are involved in reaction to fungicide
treatments. Additionally, the expression profiling
allowed us to address the question if suboptimal doses
of fungicides can cause distinct changes in the produc-
tion of mycotoxins. The transcriptional response was
studied for key mycotoxin biosynthetic genes involved
in both trichothecene (77i5 — trichodiene synthase, 77i6
— trichothecene cluster transcription factor, 7ri/2 —
trichothecene efflux transporter; Desjardins and
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Proctor 2007) and zearalenone biosynthesis (Zea2 —
zearalenone polyketide synthase, Zeb2 — zearalenone
transcription factor and Zral — putative efflux pump;
Lee et al. 2011).

Materials and methods
Samples collection and identification

The fungal strains used in this study F. graminearum
(52 L,76 L, 144 L, 149 L), F. culmorum (48 L, 49 L,
70L,90L,93 L), F cerealis (33 L,41 L, 87 L) were all
confirmed producers of toxins (3-acetyl-
deoxynivalenol, 15-acetyl-deoxynivalenol and
zearalenone). The chemotype and species determination
as well as procedures used for their cultivation, identifi-
cation and storage were described previously by
Dawidziuk et al. (2014). All investigated fungal isolates
originated from culture collections of the Functional
Evolution of Biological Systems Team (Institute of
Plant Genetics, Polish Academy of Sciences, Poznan,
Poland).

Bioassays with fungicides

The surface area of the fungal colony was calculated by
approximating the mycelium’s area to an ellipse by
measuring both the length and width of the mycelium.
Fungal response to the fungicides was analysed on PDA
(growth rate) and Czapek-Dox media (gene expression)
amended with flusilazole and carbendazim (all fungi-
cides were added to the liquid medium prior to the
casting on the Petri dishes) in simulated day (16 h)/night
(8 h) conditions at 25 °C. The concentration of
flusilazole was set to 3 mg/L™" which was the lowest
dose inhibiting fungal growth (Supplementary Fig. 1).
The lower concentrations of flusilazole (1 mg/L™" and
2 mg/L ") did not significantly influence the growth of
the isolates and the higher doses (5 mg/L™") inhibited
growth of all fungal cultures. Carbendazim, belonging
to benzimidazoles, was used as a control, to study the
response of Fusarium strains to the chemical treatment
effectively controlling their growth (no resistant strains
was observed and at the same fungicide concentration as
in the case of flusilazole treatment (3 mg/L™"), growth of
all isolates was inhibited — Supplementary Fig. 2). Each
assay was performed in three biological and ten techni-
cal replicates. Additional tests were conducted with use

of other fungicides with the same mode of action group
as flusilazole (metconazole and tebuconazole). Each
assay was performed in three biological and ten techni-
cal replicates. The concentration of fungicide was set
similar to the flusilazole assay. All tested fungicides
were analytical grade without any additives and were
supplied by the manufacturers in defined
concentrations.

Statistical analysis

After testing normal distribution with the Shapiro—Wilk
test, the differences in surface area were subjected to
analysis of variance (ANOVA), and post hoc means
comparisons (Tukey-Kramer honestly significant differ-
ence (HSD); o« =0.05). The pairwise differences in gene
expression were analysed with Wilcoxon Signed-Ranks
non-parametric test (p <0.05). All tests were performed
with the Statistica 9.0 software package (Stat Sofft,
USA).

Isolation of DNA

Mycelium used for DNA extraction was obtained by
inoculating Czapek-Dox broth (Sigma Aldrich, St.
Louis, Missouri, USA) with Yeast Extract (Oxoid,
Waltham, Massachusetts, USA) and after incubation at
25 °C on a rotary shaker (120 rpm). Mycelium was
collected on filter paper in a Biichner funnel, washed
with sterile water, frozen at —20 °C, and freeze — dried.
Total DNA was extracted using the DNeasy Plant Mini
Kit (Qiagen, Hilden, Germany). The quality of DNA
was estimated by a NanoDrop 2000 UV-vis
Spectrophotometer (Thermo Scientific, Wilmington,
USA) and a Experion Automated Electrophoresis
System (Bio-Rad, Hercules, CA).

Annotation of DHA1 family resistance factors
and primer design

For in silico selection of putative DHA1 resistance
factors, we used a previously compiled internal database
containing available nucleotide and amino acid se-
quences from model fungi (Popiel et al. 2014) and
analysed the complement of MFS transporters encoded
by model Fusarium graminearum sequences to find
homologs of known DHA1 family resistance factors.
To this end, we selected and clustered MFS trans-
porters from over 140 model fungal genomes, based on
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the MFS 1 domain signature from the Pfam v27 data-
base (Finn et al. 2014); this set was extended by avail-
able MFS sequences from TCDB — (Saier et al. 2006) in
an approach analogous to Popiel et al. (2014). The
unsupervised analysis was carried out in CLANS
(Frickey and Lupas 2004). Neural network clustering
with default parameters was used to delineate and ex-
tract the individual groups of transporters, based on
BLASTP E-values below the 1E % threshold.
Subsequently, the cluster containing 245 MDR/DHA1
sequences, including the known resistance factors (Fir/,
caf5, MDR1 — see Supplementary Fig. 3) was chosen for
further analysis. The alignment of 246 sequences (with
TPO1, the polyamine transporter from S. cerevisiae, as
an added out group) was curated with trimal based on a
70 % threshold for column occupancy and 523 positions
were retained for phylogeny analysis. The optimal mod-
el (LG matrix, 4 rate categories, invariant sites and
frequencies estimated on basis of alignment) was select-
ed based on the Bayesian Information Criterion. Both
model selection and the subsequent phylogeny recon-
struction were done with IQTREE v1.1.4 (support based
on ultra-fast bootstrap estimation, stopping at 216 trees
due to convergence (Nguyen et al. 2014)). On the basis
of the reconstructed phylogeny two candidate DHAI
transporters were selected — one present in Fusarium
graminearum/pseudograminearum (FGSG_02865), the
second present in a number of Hypocreales genomes
including the other phytopathogenic fusaria
(FGSG _05318).

For the two homologs, sets of degenerate, cross-
species specific primers were designed by targeting their
conserved protein sequence features. The primers were
screened against propensity for homodimer and hetero-
dimer formation on the basis of nearest neighbour
energy/melting temperature assessment. The design
and testing were carried out with both IDT
OligoAnalyzer (http://eu.idtdna.com/calc/analyzer) and
in-house Python scripts implementing the nearest-
neighbour enthalpy/entropy approximations
(Oweczarzy et al. 2008).

PCR amplification, sequencing, RNA isolation
and gene expression data analysis

The protocols for PCR and sequencing conditions have
been previously described by Popiel et al. (2014).
Fungal isolates were incubated for 4 days before addi-
tion of fungicides (3 mg/L '- the same fungicide
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concentration as in the growth rate experiment, neces-
sary for comparison of the individual parts of the exper-
iment). Every 24 h after chemical treatment the myceli-
um was collected from the Czapek-Dox medium and
each sample was weighed on a laboratory scale
(Sartorius AG, Gottingen, Germany). Total RNA from
chosen, representative isolates was purified using an
RNeasy Plant Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturers’ protocol with the addi-
tional DNase digestion step. The quality of total RNA
was estimated by Nanodrop (Thermo Scientific,
Wilmington, DE) and via Bioanalyzer (Bio-Rad,
Hercules, CA). RNA dissolved in DEPC water was
stored at —80 °C. RT-PCR primers were designed on
the basis of previously sequenced gene fragments using
Primer 3 (Rozen and Skaletsky 2000) and their proper-
ties were tested using OligoCalc (Supplementary
Table 1) (Kibbe 2007).

Real time RT-PCR was used to amplify
FGSG 02865, Tri5 (trichothecene synthase), 7ri6
(trichothecene transcription factor), 7ri1 2 (trichothecene
efflux pump), Zea2 (zearalenone synthase), Zeb?2
(zearalenone transcription factor), Zral (zearalenone
efflux pump) (Desjardins and Proctor 2007; Lee et al.
2011) genes and the constitutive 7ub2 (3-tubulin) and
Act (actin) genes from each RNA sample of the fungal
strains.

Real time RT-PCR reactions were performed using
an CFX96 Touch™ Real-Time PCR Detection System
(Bio-Rad, Hercules, CA). Analyses were conducted
using iTaq One Step SYBR Green RT-qPCR Kit (Bio-
Rad, Hercules, California, USA). The total reaction
volume was 25 upl: 12.5 pl iTag One Step SYBR
Green RT-qPCR mix, 1 pl RNA (<35 ng), 0.5 pl each
primer (10 uM), 0.125 ul reverse transcriptase and
5.125 ul nuclease free water. The reaction was carried
out using the following protocol: initial denaturation
94 °C for 2 min, followed by 40 cycles at 94 °C for
155,59 °C for 1 min. In the experiment, we used three
biological and two technical replicates together with a
template-free negative control in each analysis of both
target and control genes. The melting curve analysis
(from 70 to 95 °C) confirmed primer pair specificity.
As a control, we used mycelium samples cultivated on
medium without the addition of fungicides. Relative
quantification of gene expression was calculated using
the 272 method (Bio-Rad, Hercules, CA). Data from
samples treated with flusilazole and carbendazim were
normalized to actin and (-tubulin genes as internal
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controls (Real-Time PCR Application Guide, Bio-Rad,
Hercules CA).

Determination of trichothecenes and zearalenone
concentration

Fungal isolates were incubated for 4 days before addi-
tion of fungicides (3 mg/L~'— the same fungicide con-
centration as in the growth rate experiment necessary for
comparison of the individual parts of the experiment).
Every 24 h after chemical treatment the mycelium was
collected from the Czapek-Dox medium and each sam-
ple was weighed on a laboratory scale (Sartorius AG,
Gottingen, Germany). Determination of trichothecenes
was performed in solid PDA culture. Briefly, sub-
samples (1 g of mycelium with medium) were extracted
with acetonitrile/water (82:18) and cleaned-up on a
Myco Sep 227 Trich + and ZearalaTest affinity columns.
The analyses of trichothecenes were run on a gas chro-
matograph (Hewlett Packard GC 6890) hyphenated to a
mass spectrometer (Hewlett Packard 5972 A,
Waldbronn, Germany), using an HP-5MS, 0.25 mm X
30 m capillary column. Quantitative analysis was per-
formed in single ion monitored mode and qualitative
analysis was performed in SCAN mode (100-700 amu).
Recoveries for DON was 84 + 3.8 %. Limit of detection
was 0.01 mg kg .

The HPLC analyses of trichothecenes were run on
Waters HPLC 2695 apparatus with a Waters 2475 Multi
A Fluorescence Detector and a Waters 2996 Array
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Detector. Separation was achieved on a 150 mm
length % 3.9 mm diameter Nova Pak C-18, 4 um particle
size column and eluted with acetonitrile— water—-metha-
nol (46:46:8, v/v/v) at a flow rate of 0.5 ml/min. ZEA
was detected with a Waters 2475 Multi A Fluorescence
Detector and the excitation and emission wavelengths
were 274 and 440 nm, respectively. Estimation of ZEA
was performed by a comparison of peak areas with those
of an external standard (>95 %, Aldrich, Milwaukee,
USA) or by co-injection with a standard. The detection
limit of ZEA was 3 ng g .

Results
Screening for resistant fungal strains

Fungicide sensitivity assays were performed on a set of
diverse fungal strains (Fusarium graminearum,
FE culmorum, F. cerealis) that have shown a significant
decrease of growth rate of most isolates treated with
flusilazole and almost total growth suppression by
carbendazim (Supplementary Fig. 2). All tested
F. culmorum (48 L, 49 L, 70 L, 90 L, 93 L) and
F. cerealis (33 L, 41 L, 87 L) isolates were susceptible
to flusilazole in the concentration of 3 mg/L ™" and their
surface area was reduced by at least sixty percent
(Fig. 1). The response toward fungicide differ among
F. graminearum strains and while the 76 L and 149 L
isolate samples were moderately affected (mean de-
crease of 27 % in surface area relative to control

b b b

33L 4L 87L

b b

w
1

control Mflusilazole

Fig.1 Surface area (5th day) of the Fusarium isolates non-treated
and treated with flusilazole (3 mg/L7l ):52L,76L,144L, 149 L—
F. graminearum, 48 L,49L,70L,90L, 93 L — F. culmorum, 33 L,
41 L, 87 L — F. cerealis. Bars indicate standard deviation of the

mean. a is used to point out the isolates showing no significant
differences at o = 0.05; b is used to point out the isolates showing
significant differences at & = 0.05
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samples; Fig. 1), the growth of strain 52 L was
completely inhibited. While bulk of testing was con-
ducted with two fungicides (flusilazole and
carbendazim), additional tests were conducted with oth-
er fungicides (tebuconazole and metconazole).
Performed additional experiments have shown that
metconazole and tebuconazole treatment was slightly
more effective in the bioassays in the tested isolates than
flusilazole. Tested isolates were most susceptible to the
tebuconazole but observed growth changes were not
statistically significant. Tested isolates did not express
increased resistance towards those two fungicides re-
gardless of its concentration (Supplementary Figs. 5 and
0).

Phylogenetic and bioinformatic characterisation of two
candidate DHAI transporters

Based on the rooted phylogeny of the DHAI1 cluster
(presence of strongly supported Basidiomycete sister
clades at varying depths of the tree), the two Fusarium
graminearum DHA1 genes (FGSG_02865,
FGSG_05318) likely diverged before the split between
Basidiomycetes and Ascomycetes (Supplementary
Fig. 3). Neither gene has clearly orthologous relation-
ships to the known resistance factors of yeasts (caf3,
FLRI, CYHR, MDR1), which form a strongly supported
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Fusarium pseudograminearum CS3096
100.0 FGSG_05318
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Gibberella moniliformis 7600
FOXB_16130
| Fusarium oxysporum Fo5176
100.0 FOXG_06388
Fusarium oxysporum f. sp. lycopersici 4287

100.0

100.0
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Fig. 2 Maximum-likelihood consensus phylogeny of
FGSG 05318 (Fusarium graminearum multidrug transporter be-
longing to DHA1 family). The monophyletic clades were extract-
ed from the full MDR/DHA1 phylogenetic tree (consensus tree,
clades with support of <70 % collapsed) with ETE2 (see Supple-
mentary Fig. 3 for the original tree of 246 sequences)
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monophyletic clade exclusive to Saccharomycetes and
Schizosaccharomycetes. While FGSG_05318 is present
in a number of Hypocreales species (Fig. 2), the
FGSG_02865 gene lacks orthologs in other
Hypocreales and appears to be closely related to trans-
porters retained mostly in Eurotiomycete and
Dothideomycete species (including Mycosphaerella
graminicola and Pyrenophora tritici — known cereal
pathogens — see Fig. 3).
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Fig. 3 Maximum-likelihood consensus phylogeny of candidate
gene FGSG 02865 (Fusarium graminearum multidrug transport-
er belonging to DHA1 family). The monophyletic clades were
extracted from the full MDR/DHA1 phylogenetic tree (consensus
tree, clades with support of <70 % collapsed) with ETE2 (see
Supplementary Fig. 3 for the original tree of 246 sequences)
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Sequencing of DHA1 family members

The cross-species specific primers allowed us to amplify
parts of the FGSG_02865 gene and its orthologs in
Fusarium graminearum (52 L — GenBank Accession
KP721339.1, 76 L - KP721340.1, 149 L - KP721341.1
), F. culmorum (93 L - KP721337.1), F cerealis (33 L -
KP721336.1). The obtained amplicons are part of the
second exon of the gene. The differences between se-
quences in the Fusarium strains have shown no signif-
icant changes in the nucleotide or protein sequences (i.e.
nonsynonymous substitutions possibly leading to
changes in hydrophobicity profile and resulting disrup-
tion of transmembrane segments).

DHAT1 transporter expression in fungicide-treated
cultures

The expression of both FGSG 02865 and
FGSG 05318 was tested via quantitative RT-PCR (with
[3-tubulin and actin as reference genes). In keeping with
observed culture growth, the more resistant isolates
from F. graminearum (76 L and 149 L) exhibited almost
2-fold (P <0.05) induced upregulation of the first gene
(Fig. 4) while the level of the transcript in 52 L isolate
(very susceptible to flusilazole treatment) was decreased
(0.4-fold expression at 3rd day after exposition). The
FGSG 02865 was also upregulated in the presence of
carbendazim in all tested isolates except 52 L. This
upregulation was first observed 24 h after treatment
and the transcript levels remained elevated. The
FGSG 05318 transcript levels remained constant across
all conditions. In the cultures treated with metconazole
and tebuconazole, expression of FGSG 02865 gene
was slightly increased, but the results were not statisti-
cally significant (Supplementary Fig. 7).

Expression of biosynthetic genes and mycotoxin
concentration in fungicide-treated cultures

The RT-PCR expression profiling of key mycotoxin
biosynthetic genes (trichothecene — Fig. 5 and
zearalenone — Fig. 6 biosynthesis genes in
F. graminearum (Fg — mean of 149 L, 76 L and 52 L
isolates) and F. culmorum (Fc - 93 L) has shown chang-
es in expression (upregulation) in the isolates of two
most frequent pathogens (F. graminearum and
F. culmorum) (detailed informations in Supplementary
Fig. 4).
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Fig. 4 Response of Fusarium isolates to fungicide treatment: a
surface area of the mycelium treated with flusilazole. Isolates 52 L,
76 L, 149 L — F. graminearum, 93 L — F. culmorum. Treatments:
Co control without fungicide, FI flusilazole (treatment with
carbendazim not shown due to complete growth inhibition), b
expression of FGSG 02865 gene after flusilazole treatment (con-
trol samples not treated with fungicide not shown due to the lack of
significant changes in gene expression), ¢ expression of
FGSG 02865 gene after carbendazim treatment (control samples
not treated with fungicide not shown due to the lack of significant
changes in gene expression). Each experiment performed in two
biological and three technical replicates. Bars indicate standard
deviation of the mean

In the presence of carbendazim, both the core gene
(Tri5/Zea?) and the key transcription factor (7ri6/Zeb2)

@ Springer



Eur J Plant Pathol (2017) 147:773-785

780
a
§7
2 6
<

c 5
k=

2 4
4

g 3
£
o 2
9
§1
5 0
z 0d 1d 2d 3d 4d

Day of measurement

s FQF] e = - - —FCF| == w=FgCa » = « FcCa

Normalized expression (N-fold) &

Day of measurement

s FQF| - e = - - —FCF| == «=FgCa » = « FcCa
C
T 9 I
o
5 8 ERL A S
Z 7 - B}
s 6 .
@ 5 .
o .
g 4 .
o 3 .
2 2
T 1
E o
o
4

Day of measurement

FgFl --=-- —FCF| == == FgCa « = « FcCa

Fig. 5 Expression of trichothecene biosynthesis genes in
F. graminearum (Fg — mean of 149 L, 76 L and 52 L) and
FE culmorum (Fc - 93 L) isolates after flusilazole (F/) and
carbendazim (Ca) treatment. a 75 gene expression, b 7ri6 gene
expression, ¢ 7ril2 gene expression. Control samples not treated
with fungicide not shown due to the lack of significant changes in
gene expression. Each experiment performed in two biological
and three technical replicates. Bars indicate standard deviation of
the mean

have shown significantly (P <0.05) increased transcrip-
tional activity. Strongest induction was observed in
carbendazim treatment of F culmorum isolate, in
which the relative normalized expression of bio-
synthetic genes reached very high levels (7ri5 —
5.30 fold, Tri 6 — 9.11, Tril2 — 8.05, Zea2 — 7.68,
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Fig. 6 Expression of zearalenone biosynthesis genes in
F. graminearum (Fg — mean of 149 L, 76 L and 52 L) and
F. culmorum (Fc - 93 L) isolates after flusilazole (FI) and
carbendazim (Ca) treatment. a Zea2 gene expression, b Zeb2 gene
expression, ¢ Zral gene expression. Control samples not treated
with fungicide not shown due to the lack of significant changes in
gene expression. Each experiment performed in two biological
and three technical replicates. Bars indicate standard deviation of
the mean

Zeb2 — 10.52, Zral — 1.53). The F. graminearum
isolates have likewise exhibited increased expres-
sion of all tested genes.

The treatment with a less potent fungicide —
flusilazole caused significantly (P <0.05) increased ex-
pression of both trichothecene and zearalenone biosyn-
thetic genes in F. graminearum (Tri5 —2.12 fold, Tri 6 —
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3.58 fold, 7ril2 — 1.04 fold, Zea2 — 4.12 fold, Zeb2 —
4.00 fold, Zral — 1.04 at 3rd day after exposition)
however no such changes were observed in the resistant
F culmorum isolate.

There were no significant changes in expression
patterns of biosynthetic genes between resistant
and susceptible F. graminearum strains
(Supplementary Fig. 4). Interestingly, the resistant
F. graminearum strain has shown visible, morpho-
logical changes in the surviving mycelium, indi-
cating secondary metabolite biosynthesis in re-
sponse to carbendazim treatment. Liquid cultures
treated with carbendazim after 24 h began to
change color suggesting the accumulation of pig-
ments in the culture; there was while no visible
reaction in response to flusilazole (Fig. 7).

Chemical analyses have shown that in concen-
tration of DON and ZEN in the samples treated
with flusilazole was higher than in the control
samples e.g. in 52 L isolate concentration of
DON and ZEN in the control sample was respec-
tively 60.02 and 19.99 ng/ul and after 3 days
after fungicide exposition: 82.48 and 18.65 ng/
pl. Results indicate that remaining viable fungal
cells after chemical treatment are still able to
produce mycotoxins. Interestingly similar results
were obtained after treatment with carbendazim
(e.g. 52 L isolate; control DON 60.02 ng/ml ,
ZEN 19.99 ng/ml; carbendazim treatment after
3 days DON 71.85 ng/ml and ZEN 25.56 ng/ml)
which effectively reduced growth rate of all tested

Fig. 7 Production of pigment by
full-grown F. graminearum

(76 L) culture treated with
carbendazim and flusilazole

(3 mg/L™"): a strain without
carbendazim, b strain without
flusilazole, ¢ strain 24 h after
carbendazim treatment, d strain
24 h after flusilazole treatment

isolates. Details are given in Supplementary
Table 2.

Discussion

Multidrug resistance (MDR) can be characterized as the
acquisition of the simultaneous partial or complete re-
sistance to the toxic compounds differing both chemi-
cally and structurally (Sa-Correia and Tenreiro 2002).
This in turn contributes to the problems associated with
effectively controlling the fungal phytopathogens,
where improved resistance to fungicidal compounds is
becoming more frequent (Ma and Michailides 2005;
Chen and Zhou 2009).

In our study, several F. graminearum and
F. culmorum isolates have shown increased resistance
to the triazole fungicide flusilazole. Previous studies
have shown the involvement of transporter genes in
development of azole resistance, as supported by
transcriptomic studies and deletion mutants. The perti-
nent examples (ABC transporter superfamily) include
among others: A. fumigatus Mdr1 and A. nidulans AtrD
(Andrade et al. 2000), Botrytis cinerea BcatrB
(Vermeulen et al. 2001). The major facilitator superfam-
ily (MFS) transporter involvement was also noted in
other plant pathogenic species e.g. in Botrytis cinerea
(Bemfsl — Hayashi et al. 2002) and Zymoseptoria tritici
(MgMFS1 — Omrane et al. 2015).

In case of fusaria, the recent experiments performed
by (Abou Ammar et al. 2013) on the tebuconazole
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resistant strains of F. graminearum highlighted the par-
ticular involvement of ABC transporters: FgABC3
(FGSG_04580; PDR) and FgABC4 (FGSG_17058;
MRP). With regards to possible MFS/DHA1 resistance
factors investigated here, both phylogenetic and expres-
sion parts of our analysis point to divergent functionality
of their relatives in fusaria,as compared to yeasts. The
distant homologs of yeast resistance factors do not ap-
pear to be strongly upregulated in early response to
fungicide treatments.

However, the results support the possible involve-
ment of FGSG_02865 gene as part of the general re-
sponse to fungicide treatment (possibly in reaction to the
resulting oxidative stress). This is supported by the
finding that higher expression was consistently ob-
served in the cultures subjected to carbendazim treat-
ment; where the strong transcriptional response is not
associated with observed resistance toward the fungi-
cide, but is combined with upregulation of mycotoxin
biosynthetic genes. Notably, in the context of our study,
carbendazim has proven to be a very effective fungicide
(Supplementary Fig. 2). However, there are past reports
of resistant strains found in the field (Chen et al. 2008;
Chen and Zhou 2009) or artificially created via site-
directed mutagenesis of codon 167 in beta-tubulin
(Zhang et al. 2009D).

The activity of multiple, broad-specificity trans-
porters, indicates that those proteins may complement
each other (Popiel et al. 2014; Del Sorbo et al. 2000) —
particularly when gene family members are adapted
differently in divergent species, as our analysis suggests.
In case of more effective fungicides, this is likely
coupled to involvement of multiple transporters also in
the reaction to the inevitable stress associated with cell
breakdown and release of both reactive oxygen species
and multiple chemicals.

Importantly, the efflux mechanisms can also
synergise with other, stronger factors. In the case of
azole resistance, the point mutations in 14c-sterol
demethylase seem to be such a crucial determinant
(Fan et al. 2013), while transporter activity contributes
an additional quantitative reaction. As such, disabling,
or partially suppressing, one of the several putative
efflux pumps would only decrease the resistance of
fungal strains and in most cases would not cause full
susceptibility. An analogous example is provided by
natural trichothecene toxins. There, the activity of
trichothecene 3-O-acetyltransferase encoded by the
gene 7ril0] seems to be the main protection factor
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against trichothecenes in non-producing Fusarium spe-
cies (Kimura et al. 2003), whereas transporter encoded
by the gene Tril2 acts complementary to the main
mechanism and is retained mostly in producer species.

The multifaceted reaction of fungi to fungicide
treatments is not limited to the coping mechanisms
of efflux or resistance-associated mutations of
targeted genes. The stress of fungicidal treatments
affects other facets of fungal metabolism, including
sporulation (e.g. Miguel et al. 2015) and secondary
metabolite accumulation (e.g. Ochiai et al. 2007;
Mateo et al. 2011; Marin et al. 2013). The possi-
ble influence on the activity of the biosynthetic
genes responsible for the production of mycotoxins
can thus affect the efficiency of fungicidal treat-
ments in controlling mycotoxin producers. The
present evidence suggests this influence can differ
considerably between phytopathogenic strains of
different descent.

In the tested samples, the presence of flusilazole did not
affect expression of key trichothecene and zearalenone
biosynthetic genes in F culmorum, while F. graminearum
isolates responded by enhanced activity of 775, Tri6, Tril 2,
Zea2, Zeb2 and Zral. Interestingly, both species react
stronger in the presence of the much more effective benz-
imidazole fungicide (carbendazim), where the observed
morphological changes in £ graminearum support a gen-
eralised reaction to a strong stressor.

Importantly, our results are consistent with earlier
works of Ochiai et al. (2007), stating that non-lethal
doses of triazole fungicides activate the 7ri5 gene
(trichothecene synthase) in Fusarium graminearum.
Similar research performed on Fusarium verticillioides
and Fusarium proliferatum strains has shown that sub-
lethal doses of fungicides in combination with mild
water stress and temperatures less than 35 °C, signifi-
cantly induced Fuml expression with slight differences
in both species (Marin et al. 2013). Analogous studies
carried out with different fungicides (tebuconazole and
prochloraz) on F. langsethiae revealed an analogous
increase of toxin production at low doses of some fun-
gicides with regard to untreated cultures (Mateo et al.
2011).

However, the additional observation in comparison
with the above works is that even a very effective
treatment (complete growth suppression by
carbendazim) can still result in the induction of myco-
toxin biosynthetic genes, and possibly increase accumu-
lation of mycotoxins.
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Indeed, our in vitro analysis has shown that addition
of carbendazim (3 mgﬂfl) to the medium inoculated
with Fusarium species caused complete growth inhibi-
tion of all tested isolated. Still, the same fungicide
3 mg/Lfl) added to medium with mycelium in the
stationary growth stage caused enhanced production of
toxins by the surviving mycelium. These inferences are
supported by morphological changes in mycelium
(F. graminearum), indicating very strong reaction to
benzimidazoles (pigment accumulation, not observed
after flusilazole treatment). The visible reaction is con-
joined with activation of the transporter(s) potentially
involved in the efflux of harmful substances as part of
the generalised reaction to stressor stimulus
(FGSG_02865), as well as increased activity of toxin
biosynthetic genes. While previous inquiries in the con-
text of fusarial benzimidazole resistance have suggested
that resistant strains increase toxin accumulation post-
treatment (Zhang et al. 2009a), our results suggest that
sensitive strains could affect the change as well, as long
as enough mycelium is present.

In summary, it seems that effectiveness of fungicidal
treatments should be considered depending not only on
the amount and type of antifungal substance (where
enhanced production of toxins is caused mainly by
low doses/less effective fungicides), but also on the
timing of chemical treatment relative to the growth
phase. The amount of already present mycelium, where
a strong fungicide leaves a number of viable or semi-
viable cells, could translate to higher levels of contam-
ination. This conjecture is supported by some of the
previously published studies on fusarial head blight,
where the differences in effectiveness of fungicides
and/or treatment timings on mycotoxin content were
apparent (e.g. tebuconazole and prochloraz — Matthies
and Buchenauer 2000, thiophanate — Yoshida et al.
2012). However, while results of these inquiries have
shown the benefits of optimised timing, the discrepan-
cies between different studies are only rarely investigat-
ed in conjunction with molecular studies such as expres-
sion profiling of mycotoxin biosynthetic genes under
different regimes (e.g. Marin et al. 2013) or prediction of
regulatory single nucleotide polymorphisms affecting
treatment efficiency (e.g. Talas et al. 2016).

In view of the above, the early detection of disease
incidence and characterisation of secondary risks
(mycotoxin accumulation post-treatment, increased
fungicide tolerance as opposed to complete resistance)
is reinforced as a critical component of successful plant

protection practices. Further elucidation of causal links
(transcriptional and metabolic responses to treatment,
regulatory mechanisms) in different phytopathogenic
fungi will shape the practical impact of such research
on selection and deployment of fungicide treatments in
the field.
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