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Abstract

Benzoxazinoid (Bx) metabolites produced by wheat and other members of the Poaceae
have activity against Fusarium sp. that cause cereal diseases including Fusarium head
blight (FHB) on wheat and barley. Certain Bx metabolites can be detoxified by Fusarium sp.
with the arylamine N-acetyltransferase NAT1. Investigation of this pathway may reveal strat-
egies for increasing FHB resistance, such as selection for higher levels of Bx metabolites
within existing germplasm and/or engineering fungal susceptibility via host induced silencing
of NAT1. We assessed the reactions of fifteen wheat cultivars or breeding lines adapted to
the Northwestern United States to infection with F. graminearum Anat1 mutants that should
be sensitive to Bx metabolites. Significant differences were noted in disease severity and
deoxynivalenol (DON) among the cultivars 21 d after inoculation with either mutant or wild-
type (PH1) strains. Mutant vs. wildtype strains did not result in significant variation for infec-
tion severity (as measured by % infected florets), but inoculation with Anat1 mutants vs.
wildtype resulted in significantly lower DON concentrations in mature kernels (p < 0.0001).
Of the cultivars tested, HRS3419 was the most resistant cultivar to PH1 (severity = 62%,
DON = 45 ppm) and Anat1 mutants (severity = 61%, DON = 30 ppm). The cultivar most sus-
ceptible to infection was Kelse with PH1 (severity = 100%, DON = 292 ppm) and Anat1
mutants (severity = 100%, DON = 158 ppm). We hypothesized that sub-lethal Bx metabolite
levels may suppress DON production in F. graminearum Anat1 mutants. In vitro assays of
Bx metabolites BOA, MBOA, and DIMBOA at 30 uM did not affect growth, but did reduce
DON production by Anat1 and PH1. Although the levels of Bx metabolites are likely too low
in the wheat cultivars we tested to suppress FHB, higher levels of Bx metabolites may con-
tribute towards reductions in DON and FHB.

Introduction

Fusarium Head Blight (FHB) of wheat and barley in the United States is caused primarily by
Fusarium graminearum, but also by F. culmorum and F. pseudograminearum. This devastating
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disease has the potential to reduce crop yields and quality in just a few weeks before harvest
[1,2]. Efforts to breed resistance to this disease have resulted in modest improvements in both
wheat and barley [3-5]. However, confounding factors such as genotype by environment
interactions, markers co-segregating with agronomic traits, and broad resistance involving
many gene pathways presents a significant challenge to breeding desired levels of resistance to
FHB [6]. One strategy that could improve outlook of resistance breeding is by targeting host
metabolites with known activity against the pathogen. This reverse genetics approach to breed
host resistance will aid in selection of more resistant cultivars. Several candidate secondary
metabolites with activity against Fusarium sp. that are produced in the Poaceae that have been
correlated to reduced disease in the field [7] include gramine, linoleic acid, phenylalanine,
carotenoids, phenolic acids, cinnamic acids, and benzoxazinoids. Benzoxazinoids, aka Bx
metabolites, have been extensively studied with respect to their effects on Fusarium sp. [8-15].

Benzoaxazanoids (aka Bx metabolites) are known to have allelopathic effects on insects and
fungi. Physical damage, herbivory, and infection by pathogens are known to trigger expression
of Bx metabolites, activating a protective effect in the plant [16-20]. These effects can be indi-
rect activation of plant biotic and abiotic stress responses, including callose formation [21], or
by direct anti-herbivory antimicrobial properties of the metabolites. Allelopathy against the
European corn borer on maize [22, 23], aphids in wheat and maize [21, 24, 25], and nematodes
in rye [26, 27] is well documented. Inhibition of proteases and thus interference with insect
digestion is one mechanism proposed by which Bx metabolites deter herbivory [25, 28]. Addi-
tionally, Bx compounds—natural and synthetic-have a wide range of antimicrobial activity in
phytopathogenic species including, Fusarium, Phythophtora, Rhizoctonia, Phoma, Alternaria,
Blumeria, and Botytus [9-13, 16, and 29].

Bx metabolites have been categorized as hydroxamic acids, lactams, benzoxazolinones, and
methyl derivatives with different microbial properties [16, 17]. Bx metabolites can be glycosy-
lated during biosynthesis and glycosides are unable to undergo ring-opening, making them
less reactive [reviewed in 16].The profile of Bx metabolites are different among cereal species.
Maize and wheat primarily produce DIMBOA, whereas rye and wild barley (Hordeum lechleri)
primarily produce DIBOA [17, 30-32]. However, Bx metabolites are absent in other cereals,
such as cultivated barley, H. vulgare [reviewed in 32]. In wheat, Bx metabolites are produced
by Bx genes TaBx1—>5 [17]. TaBxI—2 are on located on chromosome 4 and TaBx3—5 are
located on chromosome 5 [17, 33, 34]. Nomura et al., [34] suggested the B genome of wheat
contributes the most to the expression of Bx genes. These genes encode the P450 proteins
within the CYP71C subfamily that are responsible for the biosynthesis of the cyclic hydroxa-
mic acids 2,4-dihydroxy-1,4-benzoxazin-3-one (DIBOA) and 2,4-dihydroxy-7-methoxy-
1,4-benzoxazin-3-one (DIMBOA) from the primary metabolite indole-3-phosphate [17].
Interestingly, cultivated barley produces a related indole alkaloid from indole-3-phosphate,
gramine, which has been implicated as allelopathic to pests and pathogens.

Fusarium species have a high capacity to detoxify Bx metabolites. The first studies of the
effects of Bx metabolites on Fusarium was performed by Glenn et al. [9, 10], who found that
the genetic clusters FDBI and FDB2 in F. verticillioides are necessary for detoxifying the Bx
metabolites MBOA and BOA. Recent analysis suggests that these clusters are a result of hori-
zontal transfer events from Colletotrichum and Aspergillus, respectively [15]. One of the genes
within the FDB2 locus is an arylamine N-acetyltransferase, designated NAT1, which converts
the intermediate degradation product of BOA, 2-aminopheno (2-AP), to the nontoxic N-
(2-hydroxyphenyl) malonamic acid (HPMA) [10-12]. This conversion requires N-malonyl-
transferease activity specific to NAT1 of the NAT family, using malonyl-CoA as a substrate
[15]. Deletion of NAT1 from the FDB2 cluster resulted in an inability of F. verticillioides to
detoxify Bx metabolites [12]. When the NATI homolog in F. pseudograminearum (referred to
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as FDB2 by the authors) was deleted, the fungus could no longer grow on Bx metabolite-
amended media [13]. Thus, NATI is the gene within the FDB2 locus responsible for Bx metab-
olite detoxification.

Detoxification of Bx metabolites may be important for virulence with respect to FHB. F.
pseudograminearum Anatl mutants exhibited a decrease in virulence when inoculated on
spikes of the wheat cultivar, Kennedy, presumably caused by Bx metabolites produced by the
plant [13]. Consistent with this report, these authors [7, 35] reported a correlation of Bx
metabolites to decreases in FHB and mycotoxin accumulation. In addition, Etzerodt et al., [7]
found DIMBOA-Glu in wheat spikes from the field to be less than 20 pg/g (dry weight) in
most winter and spring wheats cultivars tested.

These reports merit further investigation of the potential for Bx metabolites to contribute to
FHB resistance in wheat on FHB caused by F. graminearum. We tested the effects of Anat1
mutants on deoxynivalenol (DON) production and the ability of mutants to tolerate the Bx
metabolites DIMBOA, MBOA, and BOA. These mutants were then used to determine poten-
tial variability in Bx metabolite content among fifteen wheat cultivars and breeding lines
adapted in the Northwestern United States. Barley was included as a non-Bx metabolite-con-
taining control.

Materials and methods

Strains and growth conditions

The wild type F. graminearum strain PH1 (NRRL 31084, FGSC 9075) was used as a control
and background strain for transformation. All strains were grown and maintained on V8
medium (see [36]) in 100 x 15-mm Petri plates. Mycelial growth assays and observations of
mutants were performed on potato dextrose agar (Sigma-Aldrich, St. Louis, MO). For the pro-
duction of conidia, agar plugs of 3-d-old cultures on V8 media were taken from actively grow-
ing mycelia along the periphery of the cultures and used to inoculate 100 mL of carboxymethyl
cellulose (CMC) medium [36] in 250 mL-Erlenmeyer flasks, and incubated for 4-5 d at 25°C
on a rotary shaker at 150 rpm. Conidia were isolated by centrifugation at 2500 x g, followed by
resuspension in 1 mL of sterile, deionized H,O. Spore concentrations were determined using a
hemocytometer.

Deletion of NAT1I in F. graminearum

A plasmid designed to introduce hygromycin resistance in place of NATI via homologous
recombination was created using the IIP plasmid [37] as the backbone as follows. Approxi-
mately 900 bp of the upstream and downstream regions of NATI were PCR amplified with 20
bp overhangs as necessary for Gibson assembly [38] and assembled onto both sides of the
hygromycin resistance cassette in IIP. PEG-mediated transformation of protoplasts was per-
formed as described in [36] and the primers used to determine the correct insertion are listed
in S1 Table. The restriction enzyme I-Scel was used to linearize the plasmid for homologous
recombination [39]. The Anatl mutants have been recorded and made available via FgMu-
tantDDb [40]

Virulence assays

Virulence on wheat was determined in three experiments. Wheat cultivars were planted in
“Cone-tainers” (4-cm diameter x 20.5-cm long; Stuewe & Sons, Tangent, OR, USA) filled with
a vermiculite/peat moss/sand mixture in a 1:1:1 ratio by volume and Osmocote 15-9-12 slow
release fertilizer (25g/L; (Everris International, Dublin OH USA). Plants were grown in growth
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chambers under fluorescent and incandescent lights with a 16-h photoperiod at temperatures
of 14°C (dark period) and 4 hat 16°C, 8 h at 20°C, and 4 h at 16°C (light period, 54—90 umol
m). Inoculation was performed as described in [36]. In brief, for each mutant strain, 10 uL of
a solution composed of 5 x 10° conidia/mL was injected with a syringe and needle into a single
floret in each of three spikes per cultivar just prior to anthesis. The florets that were inoculated
were 4—5 florets from the base of each spike. The spike was covered with a plastic bag for 3 d
which was subsequently replaced with a glassine bag (2” x 8.5”; L404, Lawson Northfield, IL)
Wheat spikes were harvested 21 dpi, dried in a paper bag for 3 d at 37°C, and pulverized to a
powder for DON analysis using a SPEX Freezer/Mill®) (Spex Industries Inc. Metuchen, NJ) as
described above. For each experiment, spikes within treatments were combined.

Virulence on barley was determined in a single experiment. Barley, cultivar Golden Prom-
ise, was grown as described for wheat, except that for the first 7 wk the plants were grown in a
greenhouse with diurnal temperatures from 12—25°C and a ~14 h photoperiod (artificial light
added when natural light fell below 40 umol m™ s™). Inoculation of barley heads was per-
formed as described in [37]. Seven spikes per fungal strain were dip-inoculated. A mock inocu-
lation was included as a control. After 21 d, infected florets were pulverized to a powder using
a SPEX freezer mill as described above, and used for DON analysis.

GC-MS DON analysis

DON analysis was performed at North Dakota State University, Institute of Barley and Malt
Sciences. Analyses were as described in [37] In brief, either 500 mg or 1 g of pulverized
infected tissues was extracted with 10 mL of 84% acetonitrile 16% water mixture, filtered, and
diluted for sample analysis on a GC-MS. Concentration was adjusted per 1 g of sample.

Bx metabolite plate assays

F. graminearum PH1 and Anat1 were exposed to 30 uM of BOA (157058 -Sigma-Aldrich,

St. Louis, MO, USA), MBOA (711594 -Sigma-Aldrich), and DIMBOA (D459950—Toronto
Research Chemicals, Ontario Canada), combined in 4 mL of media and inoculated at 10°
spores per mL. Samples were taken at 96 h and measured for growth (ODgqg) on Biotek Syn-
ergy HT spectrophotometer (Biotek, Winooski, VT, USA). Samples were freeze dried for
DON analysis. Exposure of F. graminearum strain TRI5prom::GFP [41] to BOA, MBOA, and
gramine (G10806—Sigma-Aldrich) at 3 mM was performed in 96 well plate assays. A Biotek
Synergy HT spectrophotometer (Biotek) was used to measure growth (RFP) and GFP
fluorescence.

Statistical analysis

For severity and DON data comparison between cultivars and strains a statistical fixed effects
ANOVA model was applied. To identify significant sources of variation between experiments,
cultivar, and strain (PH1 vs. Anatl) and varieties for both severity and DON, F values were cal-
culated for treatment effects and compared to the probability function to determine signifi-
cance level. Models were derived using SAS software. Significance was determined at p = 0.05).

Results

Identification and deletion of F. graminearum NATI, and characterization
of Anatl mutants

There are three NAT orthologs in F. graminearum. Several lines of evidence point to
FGSG_00080 as the NAT1 paralog in F. graminearum that is involved in Bx metabolite
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Table 1. Predicted interaction and experimental interactions of NAT1 (FGSG_00080) under toxin inducing conditions.

GENE ID
FGSG_06819
FGSG_09400 (NAT2)
FGSG_01066
FGSG_08991
FGSG_07888 (NAT3)
FGSG_02382
FGSG_04977
FGSG_05922

FUNTAP PREDICTED FUNCTION GENOMIC LOCUS

Y2H U6 snRNA-associated Sm LSm5 FGRAMPH1_01G23259

PI arylamine n-acetyltransferase 2 FGRAMPH1_01G27187
Y2H family sulfate permease FGRAMPH1_01G02661
Y2H unnamed protein product’ FGRAMPHI1_01G28175

PI arylamine n-acetyltransferase 3 FGRAMPH1_01G25907
Y2H related to tartrate transporter FGRAMPHI1_01G05717
Y2H Rieske [2Fe-2S] domain protein* FGRAMPH1_01G16785
Y2H hypothetical proteinf FGRAMPHI1_01G19085

*Determined by additional analysis using the OrthoMCL Ortholog groups

Fusarium specific protein
PI = Predicted Interaction

Y2H = Yeast two hybrid screening

https://doi.org/10.1371/journal.pone.0214230.t001

detoxification. Glenn et al. [42] ran a broader comparative genomic and phylogenetic analysis
of NAT proteins across kingdoms of life. Structure and homology to NAT1 from F. pseudogra-
minearum and F. verticillioides predicts FGSG_00080 (FGRAMPH1_01G00243) which is
located on chromosome 1 at position 309468-310499 (-) [43]. The predicted protein homol-
ogy for NAT1 in F. graminearum is the putative gene FGSG_00080. Muscle alignment of
FGSG_00080, FPSE_08123 (F. pseudograminearum), FVEG_12636 (F. verticillioides), and
FOC1_g10007925 (F. oxysporum) had a Pairwise % Positive (BLSM62) of 88.7% (S1A Fig). F.
graminearum and F. pseudograminearum NAT proteins are more closely related to each other
than to F. verticillioides and F. oxysporum (S1B Fig). This analysis is supported by Kettle et al.
[13] in their comparison of the FDB2 loci in different Fusaria. In addition to the phylogenetic
evidence, transcriptomic data (Jin-rong Xu, personal communication, June 2018) shows that
FGSG_00080 transcription is the most responsive to infection on wheat 3 d after inoculation
(see S2 Fig). Finally, the interactivity of NAT1 with other fungal proteins under DON-induc-
ing conditions points to FGSG_00080, using the FunTAP algorithm for protein interactivity
during DON production [44, R. Subramaniam, personal communication June, 2018]. Eight
proteins were predicted or demonstrated though yeast two hybrid systems to interact with
NAT1 during DON production, including transporter proteins, metabolitic enzymes, and
NAT?2 and NAT3 proteins in F. graminearum during DON production (Table 1). This infor-
mation suggests the functionality of NATI could influence DON production.

Two independent Anatl mutants were used for the preceding experiments. Each mutant
had the correct transgenic insertion to delete NAT1, as verified by PCR (Fig 1A). As predicted
by the function of NATI, Anatl mutants were unable to grow on PDA amended with 1 mg/
mL BOA after 5 d compared to wild-type growth of F. graminearum PH1 (Fig 1B). However,
no significant change in DON production on rice culture media in mutants vs. PHI or in
infection severity on wheat spikes was found 14 d post inoculation (dpi) (Fig 1C and 1D).

Screening wheat cultivars for resistance against Anatl mutants

To test the effects of NAT1 deletion on wheat infection, we compared the reaction of wheat
cultivars to inoculation with the Anatl mutants and PH1 strains. The wheat cultivars were
chosen to represent diversity in market classes, FHB susceptibility, and genetic variability
(derived from different breeding programs) (S1 Table). Treatments consisted of point inocula-
tions of wheat spikes (mock, Anatl mutants, and PH1). Analyses were conducted at 21 dpi.
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https://doi.org/10.1371/journal.pone.0214230.9001

The reactions to the two mutants were indistinguishable (S1 File), and the subsequent presen-
tation of Anatl data is based on the means of both mutants.

Significant differences in disease severity and DON were observed among cultivars (Fig 2
and Fig 3A). DON levels were generally higher in the FHB-susceptible lines vs. the moderately
resistant lines (S1 Table). None of the cultivars tested had a drastic visual reduction in symp-
toms 21 dpi when inoculated with Anatl mutants compared to PH1 (Fig 2), nor were
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significant differences in severity between PH1 and Anatl mutants (Fig 3A). However, differ-
ences in DON concentration between PH1 and Anatl mutants were observed (Fig 3B). The
wheat spikes infected with Anatl mutants had significantly lower DON than PH1. HRS3419
was the most resistant cultivar tested against PH1 (severity = 62%, DON = 45 ppm) and Anat1
mutants (severity = 61%, DON = 30 ppm). The most susceptible cultivar tested was Kelse and
severity was 100% with PH1 and Anat]l mutants. Kelse had the biggest reduction in DON in
Anat] mutants compared to PH1 on Kelse, from 292 ppm to 158 ppm. The greatest propor-
tional differences in DON content between Anatl mutants and PH1 was observed in cultivars
Seahawk, Sy-Teton, Alturas, and UI-Stone with 57%, 56%, 53%, and 33% reduction in DON,
respectively (Fig 3B). Dip inoculation of the barley cultivar Golden Promise was performed to
check on the effects of NAT1 on a non-Bx metabolite host and no significant differences in
DON or severity were found (S1 File)

Sensitivity assays of Anatl mutants to BOA, MBOA, and DIMBOA

To confirm the hypothesis that the Bx metabolites BOA, MBOA, and DIMBOA affect DON
production and/or growth of the fungus, PH1 and Anat1 mutants were exposed in vitro to
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sub-lethal levels (30 pM) for each Bx metabolite. Growth (curves at ODgq) and DON measure-
ments were taken at 96 h on amended TBI media (Fig 4A). Reductions in ODgy and DON
were measured with addition of BOA, MBOA, or DIMBOA. Versus the 0 uM controls, reduc-
tions were greater for DON than for fungal growth, and the relative reductions were greater
for the Anatl mutants. Bx metabolites invoked differential responses. For instance, BOA
caused the greatest reduction in fungal growth, but DIMBOA had the greatest reduction in
DON and had the least impact on fungal growth (Fig 4B).

The effects of Bx metabolites on the fungus were also tested using the fluorescent strain of
F. graminearum, TRI5prom::GFP [41] with fluorescent biomarkers for growth (DsRed) and
expression of TRI5 (GFP). TRI5 encodes the trichothecene synthase responsible for DON pro-
duction. This assay enable rapid assessment of conditions or compounds on fungal growth
and DON production. For instance, gramine is an indole alkaloid in barley, similar to Bx
metabolites in that it has been implicated in allelopathy against insects and fungi. For this rea-
son, the sensitivity of F. graminearum to gramine was compared to to that of Bx metabolites
from wheat. Exposure to 3 mM of BOA, MBOA, and gramine resulted in decreased growth
(Fig 5A) and decreased GFP fluorescence (Fig 5B). The log, ratio of fluorescence measure-
ments and fungal growth (ODgq,) showed suppression of TRI5 expression is greater than fun-
gal growth after ~86 hours for BOA, MBOA, and gramine. These data are consistent with the
data from both in vitro and whole-plant field studies of wheat [7, 8].

Discussion

Allelopathic metabolites that have specific activities against pathogenic fungi could be useful as
a breeding targets for control of mycotoxins in cereals. In our study we have explored the
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Fig 4. F. graminearum mutant Anat1 challenged with BOA, MBOA, and DIMBOA. (A) DON measurements from
15 mL culture (B) Corresponding OD600 reading at harvest (96 hr).
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potential of Bx metabolites as a breeding target for wheat and found that deletion of a key Bx
metabolite-detoxifying enzyme, NAT1, resulted in reduced DON on inoculated cultivars of
wheat. Bx metabolites also had an effect on both wild-type and Anatl mutants in vitro.
Together, our data suggests that selection for higher levels of Bx metabolites could be effective
in limiting DON in wheat for control of FHB. Alternatively, RNAi-based approaches to disrupt
fungal genes important mycotoxin production and pathogenicity by host induced gene
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Fig 5. F. graminearum mutant TRI5prom::GFP responds to BOA, MBOA, and Gramine. (A) OD600 readings over
160 hr (B) Fluorescence reading for GFP (C) ODgg fluorescence Log, ratio of readings growth suppression vs. TRI
pathway suppression.

https://doi.org/10.1371/journal.pone.0214230.g005
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silencing (HIGS) or spray induced gene silencing (SIGS) [45-47] could be directed at targets
like NAT1. Removing the ability for the fungus to detoxify allelopathic metabolites could
increase the broad-spectrum resistance for certain cereal crops.

Deletion of NAT1I in F. graminearum had the effect of rendering mutants unable to grow in
Bx metabolite amended media, similar to the results of NAT1 deletion in F. verticillioides [10]
and F. pseudograminearum [12]. The absence of significant differences in DON production
between two mutants and PH1 on rice culture media (likely devoid of Bx metabolites [17])
and on a non-Bx metabolites host (barley) demonstrated that NAT1I is not necessary for DON
production or virulence in those non-Bx metabolite environments.

The increased sensitivity to Bx metabolites of the NATI mutants resulted in reduced DON
when inoculated on wheat. This suggests that native levels of Bx metabolites—while insuffi-
cient to prevent FHB—do affect DON production. Consistent with this is the absence of and
effect of Anatl when inoculated onto barley.

NATI deletion did not affect infection severity among fifteen wheat cultivars grown the
Northwestern region. This is consistent with results from F. verticillioides Anat] mutants,
where maize seedling blight was unaffected [10]. Given the high expression of NATI during
wheat infection and the predicted interactions during DON production, deletion of NAT]
would predict a dramatic effect on both pathogenicity and DON production, as reported for F.
pseudograminearum [12]. In contrast, our study showed that NAT1 is not necessary for either
infection or mycotoxin production in the wheat cultivars tested. There may be external factors
to explain the discrepancy in virulence phenotypes between the two Fusarium species. Lower
levels of Bx compounds in the cultivars studied for this report vs that of Kettle et al. [12], or
species-specific reactions with the host, may affect responses to Bx metabolites. Another possi-
bility is that F. graminearum is suppressing Bx production during infection. Transcriptomic
analysis of wheat seedlings infected with crown rot by F. graminearum revealed that expression
of Bx genes 4 and 5 where being suppressed during crown rot infection [33].

Etzerodt et al. [7] had found levels of DIMBOA-Glu in to be < 20 ug/g (dry weight) in most
winter and spring wheats cultivars tested. These levels obviously do not functionally protect
wheat from economic damage from FHB. Increased levels of Bx metabolites could conceivably
be rapidly engineered via transgenic approaches, but at present the practicality of this
approach is restricted by public resistance towards bioengineering. A traditional breeding
approach for selecting higher levels of Bx compounds should be explored, although consider-
able increases may be required. In maize, DIMBOA at levels far higher than 20 ug/g have been
reported. Useful levels of resistance to the European corn borer was conferred by plants 433—
704 ug/g, whereas susceptible lines had 70-91 pg/g [48].

This study shows that an RNAi-based approach to host-induced gene suppression (HIGS)
of NAT1 could moderate DON levels in the cultivars studied. The degree of DON reduction
was relatively modest, but it might be useful as a component of HIGS constructs that target
multiple genes. The prospect of breeding lines using traditional selection or bioengineering for
higher levels of Bx metabolites is intriguing. It is well-established in the literature that wheat
produces Bx metabolites, and this and other studies have implicated various Bx metabolites as
antagonistic to FHB and DON production. However, knowledge is lacking of the degree of Bx
metabolite variability among commercial wheat germplasm and among primary and second-
ary sources of variability in wheat landraces and wheat relatives. Further research on existing
variability and opportunities for increase levels in wheat is justified given the potential utility
of a non-transgenic genetic approach to FHB resistance.

PLOS ONE | https://doi.org/10.1371/journal.pone.0214230 July 12,2019 10/14


https://doi.org/10.1371/journal.pone.0214230

@ PLOS|ONE

Benzoxazinoid detoxification in Fusarium graminearum, virulence and mycotoxin production on wheat

Supporting information
S1 Fig. Muscle alignment and phylogenetic analysis of NAT genes.
(DOCX)

S2 Fig. Transcriptomic data of NAT genes FGSG_00080, FGSG_09400, and FGSG_07888
infected on wheat provided by Dr. Jin-rong Xu (Purdue, IN) in F. graminearum inoculated
onto wheat spike at anthesis.

(PDF)

S1 File. Raw data of mock, two Anatl mutants, and PH1 inoculated on fifteen wheat culti-
vars and barley cultivar golden promise.
(XLSX)

S1 Table. Description of fifteen cultivars from Northwestern United States.
(DOCX)

S2 Table. Primers used for the construction of NAT1I deletion vector.
(XLSX)

Author Contributions

Conceptualization: Thomas Baldwin, Suzette Baldwin, Phil Bregitzer.

Data curation: Thomas Baldwin.

Formal analysis: Thomas Baldwin.

Funding acquisition: Juliet Marshall.

Investigation: Thomas Baldwin.

Methodology: Thomas Baldwin, Suzette Baldwin, Kathy Klos, Phil Bregitzer.
Software: Thomas Baldwin.

Supervision: Thomas Baldwin, Juliet Marshall.

Validation: Thomas Baldwin, Suzette Baldwin, Kathy Klos.

Visualization: Thomas Baldwin, Suzette Baldwin.

Writing - original draft: Thomas Baldwin, Phil Bregitzer.

Writing - review & editing: Thomas Baldwin, Kathy Klos, Phil Bregitzer, Juliet Marshall.

References

1. McMullen M, Jones R, Gallenberg D. Scab of wheat and barley: a re-emerging disease of devastating
impact. Plant Dis. 1997 81(12), pp.1340-1348. https://doi.org/10.1094/PDIS.1997.81.12.1340 PMID:
30861784

2. Goswami RS, Kistler HC. Heading for disaster: Fusarium graminearum on cereal crops. Mol Plant Path.
2004 5(6), pp.515-525.

3. BuerstmayrH, Ban T, Anderson JA. QTL mapping and marker-assisted selection for Fusarium head
blight resistance in wheat: a review. Plant breeding. 2009 128(1), pp.1-26.

4. HandaH, Namiki N, Xu D, Ban T. Dissecting of the FHB resistance QTL on the short arm of wheat chro-
mosome 2D using a comparative genomic approach: from QTL to candidate gene. Mol Breeding. 2008
22(1), pp.71-84.

5. Kazan K, Gardiner DM, Manners JM. On the trail of a cereal killer: recent advances in Fusarium grami-
nearum pathogenomics and host resistance. Mol Plant Path. 2012 13(4), pp.399—413.

PLOS ONE | https://doi.org/10.1371/journal.pone.0214230 July 12,2019 11/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214230.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214230.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214230.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214230.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214230.s005
https://doi.org/10.1094/PDIS.1997.81.12.1340
http://www.ncbi.nlm.nih.gov/pubmed/30861784
https://doi.org/10.1371/journal.pone.0214230

@ PLOS|ONE

Benzoxazinoid detoxification in Fusarium graminearum, virulence and mycotoxin production on wheat

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

Huang Y, Millett BP, Beaubien KA, Dahl SK, Steffenson BJ, Smith KP, et al. Haplotype diversity and
population structure in cultivated and wild barley evaluated for Fusarium head blight responses. Theor
Appl Genet. 2013 126(3), pp.619-636. hitps://doi.org/10.1007/s00122-012-2006-4 PMID: 23124391

Etzerodt T, Gislum R, Laursen BB, Heinrichson K, Gregersen PL, Jgrgensen LN, et al. Correlation of
deoxynivalenol accumulation in Fusarium-infected winter and spring wheat cultivars with secondary
metabolites at different growth stages. J Agr Food Chem. 2016 64(22), pp.4545—4555.

Etzerodt T, Maeda K, Nakajima Y, Laursen B, Fomsgaard IS, Kimura M. 2, 4-Dihydroxy-7-methoxy-2H-
1, 4-benzoxazin-3 (4H)-one (DIMBOA) inhibits trichothecene production by Fusarium graminearum
through suppression of Tri6 expression. Int J Food Microbiol. 2015 214, pp.123-128. https://doi.org/10.
1016/j.ijfoodmicro.2015.07.014 PMID: 26276561

Glenn AE, Hinton DM, Yates |IE, Bacon CW. Detoxification of corn antimicrobial compounds as the
basis for isolating Fusarium verticillioides and some other Fusarium species from corn. Appl Environ
Microb. 2001 67(7), pp.2973-2981.

Glenn AE, Gold SE, and Bacon CW. Fdb1 and Fdb2, Fusarium verticillioides loci necessary for detoxifi-
cation of preformed antimicrobials from corn. Mol Plant Microbe In. 2002 15(2), pp.91-101.

Glenn AE, Meredith FI, Morrison WH, and Bacon CW. Identification of intermediate and branch metabo-
lites resulting from biotransformation of 2-benzoxazolinone by Fusarium verticillioides. Appl Environ
Microb. 2003 69(6), pp.3165-3169.

Glenn AE, Bacon CW. FDB2 encodes a member of the arylamine N-acetyltransferase family and is nec-
essary for biotransformation of benzoxazolinones by Fusarium verticillioides. J Appl Microbiol. 2009
107(2), pp.657—671. https://doi.org/10.1111/j.1365-2672.2009.04246.x PMID: 19302487

Kettle AJ, Batley J, Benfield AH, Manners JM, Kazan K Gardiner DM. Degradation of the benzoxazoli-
none class of phytoalexins is important for virulence of Fusarium pseudograminearum towards wheat.
Mol Plant Path. 2015 16(9), pp.946—-962. https://doi.org/10.1111/mpp.12250 PMID: 25727347

Kettle AJ, Carere J, Batley J, Benfield AH, Manners JM, Kazan K, et al. A y-lactamase from cereal
infecting Fusarium spp. catalyses the first step in the degradation of the benzoxazolinone class of phy-
toalexins. Fungal Genet and Biol. 2015 83, pp.1-9.

Glenn AE, Davis CB, Gao M, Gold SE, Mitchell TR, Proctor RH, et al. Two horizontally transferred xeno-
biotic resistance gene clusters associated with detoxification of benzoxazolinones by Fusarium species.
PLOS ONE. 2016 11(1), p.e0147486. https://doi.org/10.1371/journal.pone.0147486 PMID: 26808652

de Bruijn WJ, Gruppen H, Vincken JP. Structure and Biosynthesis of Benzoxazinoids: Plant Defence
Metabolites with Potential as Antimicrobial Scaffolds. Phytochemistry. 2018 155, pp.233—243. https:/
doi.org/10.1016/j.phytochem.2018.07.005 PMID: 30218957

Dutartre L, Hilliou F and Feyereisen R. Phylogenomics of the benzoxazinoid biosynthetic pathway of
Poaceae: gene duplications and origin of the Bx cluster. 2012 BMC evol bio, 12(1), p.64

Basse CW. Dissecting defense-related and developmental transcriptional responses of maize during
Ustilago maydis infection and subsequent tumor formation. Plant Physiol, 2005 138(3), pp.1774-1784.
https://doi.org/10.1104/pp.105.061200 PMID: 15980197

Kruidhof HM, van Dam NM, Ritz C, Lotz LA, Kropff MJ, and Bastiaans L. Mechanical wounding under
field conditions: A potential tool to increase the allelopathic inhibitory effect of cover crops on weeds?.
Euro J Agron, 2014 52 pp.229-236.

Persans MW, Wang J, and Schuler MA. Characterization of maize cytochrome P450 monooxygenases
induced in response to safeners and bacterial pathogens. Plant Physiol. 2001 125(2), pp.1126—1138.
https://doi.org/10.1104/pp.125.2.1126 PMID: 11161067

Ahmad S, Veyrat N, Gordon-Weeks R, Zhang Y, Martin J, Smart L, et al. Benzoxazinoid metabolites
regulate innate immunity against aphids and fungi in maize. Plant Physiol, 2011 Jan 1 pp-111.

Klun JA, Tipton CL, and Brindley TA. 2, 4-Dihydroxy-7-methoxy-1, 4-benzoxazin-3-one (DIMBOA), an
active agent in the resistance of maize to the European corn borer. J Econ Entomol.1967 60
(6), pp.1529—-1533

Grombacher AW, Russell WA, and Guthrie WD. Resistance to first-generation European corn borer
(Lepidoptera: Pyralidae) and DIMBOA concentration in midwhorl leaves of the BS9 maize synthetic. J
Kansas Entomol Soc. 1989 pp.103-107.

Bohidar K, Wratten SD, and Niemeyer HM. Effects of hydroxamic acids on the resistance of wheat to
the aphid Sitobion avenae. Ann Appl Biol. 1986 109(1), pp.193-198.

Elek H, Smart L, Martin J, Ahmad S, Gordon-Weeks R, Welham S, et al. The potential of hydroxamic
acids in tetraploid and hexaploid wheat varieties as resistance factors against the bird-cherry oat aphid,
Rhopalosiphum padi. Ann Appl Biol. 2013 162(1), pp.100-109.

Meyer SLF, Rice CP, and Zasada IA. DIBOA: fate in soil and effects on root—knot nematode egg num-
bers. Soil Biol Biochem. 2009 41:1555-1560.

PLOS ONE | https://doi.org/10.1371/journal.pone.0214230 July 12,2019 12/14


https://doi.org/10.1007/s00122-012-2006-4
http://www.ncbi.nlm.nih.gov/pubmed/23124391
https://doi.org/10.1016/j.ijfoodmicro.2015.07.014
https://doi.org/10.1016/j.ijfoodmicro.2015.07.014
http://www.ncbi.nlm.nih.gov/pubmed/26276561
https://doi.org/10.1111/j.1365-2672.2009.04246.x
http://www.ncbi.nlm.nih.gov/pubmed/19302487
https://doi.org/10.1111/mpp.12250
http://www.ncbi.nlm.nih.gov/pubmed/25727347
https://doi.org/10.1371/journal.pone.0147486
http://www.ncbi.nlm.nih.gov/pubmed/26808652
https://doi.org/10.1016/j.phytochem.2018.07.005
https://doi.org/10.1016/j.phytochem.2018.07.005
http://www.ncbi.nlm.nih.gov/pubmed/30218957
https://doi.org/10.1104/pp.105.061200
http://www.ncbi.nlm.nih.gov/pubmed/15980197
https://doi.org/10.1104/pp.125.2.1126
http://www.ncbi.nlm.nih.gov/pubmed/11161067
https://doi.org/10.1371/journal.pone.0214230

@ PLOS|ONE

Benzoxazinoid detoxification in Fusarium graminearum, virulence and mycotoxin production on wheat

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

Zasada |IA, Meyer SLF, Halbrendt JM, and Rice C. Activity of hydroxamic acids from Secale cereale
against the plant-parasitic nematodes Meloidogyne incognita and Xiphinema americanum. Phytopa-
thology. 2005 95(10), pp.1116—1121. https://doi.org/10.1094/PHYTO-95-1116 PMID: 18943462

Feng R, Houseman JG, Downe AER, Atkinson J, and Arnason JT. Effects of 2, 4-dihydroxy-7-methoxy-
1, 4-benzoxzin-3-one (DIMBOA) and 6-methoxybenzoxazolinone (MBOA) on the detoxification pro-
cesses in the larval midgut of the European corn borer. Pestic Biochem Phys, 1992 44(2), pp.147-154.

Smist M, Kwiecien H, and Krawczyk M. Synthesis and antifungal activity of 2 H-1, 4-benzoxazin-3 (4 H)-
one derivatives. J Environ Sci Heal B. 2016 51(6), pp.393—401.

Frey M, Chomet P, Glawischnig E, Stettner C, Grun S, Winklmair A, et al. Analysis of a chemical plant
defense mechanism in grasses. Science. 1997 277 (5326), pp.696—699. https://doi.org/10.1126/
science.277.5326.696 PMID: 9235894

Niemeyer HM. Hydroxamic acids derived from 2-hydroxy-2 H-1, 4-benzoxazin-3 (4 H)-one: key defense
chemicals of cereals. J Agr Food Chem. 2009 57(5), pp.1677—1696.

Nomura T, Ishihara A, Imaishi H, Ohkawa H, Endo TR, and Iwamura, H. Rearrangement of the genes
for the biosynthesis of benzoxazinones in the evolution of Triticeae species. Planta. 2003 217
(5), pp.776-782. https://doi.org/10.1007/s00425-003-1040-5 PMID: 12734755

Powell JJ, Fitzgerald TL, Stiller J, Berkman PJ, Gardiner DM, Manners, et al. The defence-associated
transcriptome of hexaploid wheat displays homoeolog expression and induction bias. Plant Biotechnol
J. 2017 15(4), pp.533-543. https://doi.org/10.1111/pbi. 12651 PMID: 27735125

Nomura T, Ishihara A, Yanagita RC, Endo TR, and Iwamura H. Three genomes differentially contribute
to the biosynthesis of benzoxazinones in hexaploid wheat. P Natl Acad Sci USA. 2005 102
(45), pp.16490-16495

Soltoft M, Jergensen LN, Svensmark B, and Fomsgaard IS. Benzoxazinoid concentrations show corre-
lation with Fusarium Head Blight resistance in Danish wheat varieties. Biochem Syst Ecol. 2008 36
(4), pp.245-259

Hallen-Adams HE, Cavinder BL, and Trail F. Fusarium graminearum from expression analysis to func-
tional assays. In Fungal Genomics: Methods and Protocols. 2011 pp. 79-101

Baldwin T, Islamovic E, Klos K, Schwartz P, Gillespie J, Hunter S, et al. Silencing efficiency of dsRNA
fragments targeting Fusarium graminearum TRI6 and patterns of small interfering RNA associated with
reduced virulence and mycotoxin production. PLOS ONE 2018 13(8): €0202798. https://doi.org/10.
1371/journal.pone.0202798 PMID: 30161200

Gibson DG, Young L, Chuang RY, Venter JC, Hutchison CA, and Smith HO. Enzymatic assembly of
DNA molecules up to several hundred kilobases. Nature methods. 2009 6(5), p.343 https://doi.org/10.
1038/nmeth.1318 PMID: 19363495

Garcia-Pedrajas MD, Nadal M, Kapa LB, Perlin MH, Andrews DL and Gold SE, DelsGate, a robust and
rapid gene deletion construction method. Fungal Genet and Biol. 2008 45(4), pp.379-388.

Baldwin TT, Basenko E, Harb O, Brown NA, Urban M, Hammond-Kosack KE, et al. Sharing mutants
and experimental information prepublication using FgMutantDb (https://scabusa.org/FgMutantDDb).
Fungal Genet and Biol. 2018 115, pp.90-93

ligen P, Hadeler B, Maier FJ, and Schafer W. Developing kernel and rachis node induce the trichothe-
cene pathway of Fusarium graminearum during wheat head infection. Mol Plant Microbe In. 2009 22
(8), pp-899-908.

Glenn AE, Karagianni EP, Ulndreaj A, and Boukouvala S. Comparative genomic and phylogenetic
investigation of the xenobiotic metabolizing arylamine N-acetyltransferase enzyme family. FEBS letters,
2010 584(14), pp.3158-3164. https://doi.org/10.1016/j.febslet.2010.05.063 PMID: 20621844

King R, Urban M, Hammond-Kosack MC, Hassani-Pak K, and Hammond-Kosack KE. The completed
genome sequence of the pathogenic ascomycete fungus Fusarium graminearum. BMC Genomics
2015 16(1), p.544.

Mirmiran A, Desveaux D, and Subramaniam R. Building a protein-interaction network to study Fusarium
graminearum pathogenesis. Canadian Journal of Plant Pathology, 2018 40(2), pp.172—-178.

Koch A, Kumar N, Weber L, Keller H, Imani J, and Kogel KH. Host-induced gene silencing of cyto-
chrome P450 lanosterol C14a-demethylase—encoding genes confers strong resistance to Fusarium
species. P Natl Acad Sci USA. 2013 110(48), pp.19324-19329

Ghag SB, Shekhawat UK, and Ganapathi TR. Host-induced post-transcriptional hairpin RNA-mediated
gene silencing of vital fungal genes confers efficient resistance against Fusarium wilt in banana. Plant
Biotechnol J 2014 12(5), pp.541-558. https://doi.org/10.1111/pbi.12158 PMID: 24476152

Koch A, Biedenkopf D, Furch A, Weber L, Rossbach O, Abdellatef E, et al. An RNAi-based control of
Fusarium graminearum infections through spraying of long dsRNAs involves a plant passage and is

PLOS ONE | https://doi.org/10.1371/journal.pone.0214230 July 12,2019 13/14


https://doi.org/10.1094/PHYTO-95-1116
http://www.ncbi.nlm.nih.gov/pubmed/18943462
https://doi.org/10.1126/science.277.5326.696
https://doi.org/10.1126/science.277.5326.696
http://www.ncbi.nlm.nih.gov/pubmed/9235894
https://doi.org/10.1007/s00425-003-1040-5
http://www.ncbi.nlm.nih.gov/pubmed/12734755
https://doi.org/10.1111/pbi.12651
http://www.ncbi.nlm.nih.gov/pubmed/27735125
https://doi.org/10.1371/journal.pone.0202798
https://doi.org/10.1371/journal.pone.0202798
http://www.ncbi.nlm.nih.gov/pubmed/30161200
https://doi.org/10.1038/nmeth.1318
https://doi.org/10.1038/nmeth.1318
http://www.ncbi.nlm.nih.gov/pubmed/19363495
https://scabusa.org/FgMutantDb
https://doi.org/10.1016/j.febslet.2010.05.063
http://www.ncbi.nlm.nih.gov/pubmed/20621844
https://doi.org/10.1111/pbi.12158
http://www.ncbi.nlm.nih.gov/pubmed/24476152
https://doi.org/10.1371/journal.pone.0214230

@ PLOS | O N E Benzoxazinoid detoxification in Fusarium graminearum, virulence and mycotoxin production on wheat

controlled by the fungal silencing machinery. PLOS pathogens. 2016 12(10), p.e1005901 https://doi.
org/10.1371/journal.ppat.1005901 PMID: 27737019

48. Barry D, Alfaro D, and Darrah LL. Relation of European corn borer (Lepidoptera: Pyralidae) leaf-feeding
resistance and DIMBOA content in maize. Environ Entomol. 1994 23(1), pp.177-182.

PLOS ONE | https://doi.org/10.1371/journal.pone.0214230 July 12,2019 14/14


https://doi.org/10.1371/journal.ppat.1005901
https://doi.org/10.1371/journal.ppat.1005901
http://www.ncbi.nlm.nih.gov/pubmed/27737019
https://doi.org/10.1371/journal.pone.0214230

