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Fusarium head blight (FHB) is a cereal disease caused by Fusarium graminearum, a fungus able to produce type B trichothecenes
on cereals, including deoxynivalenol (DON), which is harmful for humans and animals. Resistance to FHB is quantitative, and
the mechanisms underlying resistance are poorly understood. Resistance has been related to the ability to conjugate DON into a
glucosylated form, deoxynivalenol-3-O-glucose (D3G), by secondary metabolism UDP-glucosyltransferases (UGTs). However,
functional analyses have never been performed within a single host species. Here, using the model cereal species Brachypodium
distachyon, we show that the Bradi5g03300 UGT converts DON into D3G in planta. We present evidence that a mutation in
Bradi5g03300 increases root sensitivity to DON and the susceptibility of spikes to F. graminearum, while overexpression confers
increased root tolerance to the mycotoxin and spike resistance to the fungus. The dynamics of expression and conjugation suggest
that the speed of DON conjugation rather than the increase of D3G per se is a critical factor explaining the higher resistance of the
overexpressing lines. A detached glumes assay showed that overexpression but not mutation of the Bradi5g03300 gene alters primary
infection by F. graminearum, highlighting the involvement of DON in early steps of infection. Together, these results indicate that
early and efficient UGT-mediated conjugation of DON is necessary and sufficient to establish resistance to primary infection by

F. graminearum and highlight a novel strategy to promote FHB resistance in cereals.

Fusarium head blight (FHB) is one of the more dev-
astating diseases of small-grain cereals (Kazan et al.,
2012). Besides direct losses due to alteration of grain
filling, FHB constitutes a health threat due to the pro-
duction of mycotoxins by the causal pathogens, which
are harmful for humans and animals (Rocha et al., 2005;
Yazar and Omurtag, 2008). One of the main FHB causal
agents is the ascomycete fungus Fusarium graminearum
(teleomorph Gibberella zeae). This fungus produces my-
cotoxins mostly belonging to type B trichothecenes
(TCTBs) but also the estrogenic compound zearalenone
(Yazar and Omurtag, 2008). TCTBs include deoxynivalenol
(DON), nivalenol, and their acetylated derivatives
3-acetyldeoxynivalenol, 15-acetyldeoxynivalenol (15-
ADON), 4-acetylnivalenol (or fusarenon X), and
4,15-acetylnivalenol (Yazar and Omurtag, 2008). An
F. graminearum strain is generally characterized by its
chemotype and produces one main TCTB. Genes encod-
ing enzymes involved in TCTB biosynthesis have been
identified, and most of them belong to the Tri5 cluster
(Kimura et al., 2003), named after the T7i5 gene encoding
the trichodiene synthase enzyme, which catalyzes the
first committed step of the biosynthetic pathway. TCTBs
are sesquiterpene secondary metabolites that inhibit
protein synthesis in eukaryotic cells (Rocha et al., 2005).
Animal toxicity is well described, and TCTBs have been

shown to induce altered appetite but also immunotoxic
effects (Pestka, 2010). In plants, the application of high
concentrations of toxins induced the production of re-
active oxygen species, apoptosis-like processes such as
nuclear DNA laddering, chlorotic and necrotic lesions,
and root growth inhibition (Masuda et al., 2007;
Desmond et al., 2008).

The relationship between the ability to produce
TCTBs and pathogenicity has been investigated using
mutant strains impaired in the Tri5 gene and thus un-
able to produce TCTBs. In wheat (Triticum aestivum), a
tri5 mutant strain was unable to efficiently colonize the
spike from a single inoculation site, whereas in barley
(Hordeum vulgare), both a wild-type strain and the near-
isogenic tri5 mutant strain were limited in their pro-
gression (Maier et al., 2006). These contrasting results
were interpreted as likely reflecting the specificity of
resistance mechanisms of the host plants and led to the
conclusion that TCTBs generally can be considered as
aggressiveness factors.

The resistance of small-grain cereals to FHB has been
investigated extensively. No monogenic resistance has
been identified, but more than 100 quantitative trait loci
have been described so far (Buerstmayr et al., 2009). A
number of studies using DON-producing strains of
F. graminearum have tried to decipher the biological
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functions leading to quantitative resistance to FHB in
wheat or barley. Some secondary metabolism path-
ways were frequently found to be associated with re-
sistance, such as the induction of the phenylpropanoid
pathway and metabolites such as Phe, p-coumarate,
and sinapate (Bollina et al., 2011; Kumaraswamy et al.,
2011a, 2011b) as well as the production of conjugates of
flavonoids/isoflavonoids like naringenin and kaemp-
ferol (Kumaraswamy et al., 2011a, 2011b). The induc-
tion of jasmonate-regulated allene oxide synthase and
12-oxo-phytodienoic acid reductase (Gottwald et al.,
2012; Kugler et al., 2013; Xiao et al.,, 2013), and the
related metabolites linoleic and linolenic acids,
jasmonates, and traumatic acid (Bollina et al., 2011;
Kumaraswamy et al., 2011a), have been described as
markers of quantitative resistance to FHB. Other com-
mon features were associated with defense responses
such as the induction of B-1,3-glucanases, chitinases,
and thaumatin-like proteins, the scavenging of reactive
oxygen species, and xenobiotic detoxification by family
1 UDP-glycosyltransferases, glutathione S-transferases,
cytochrome P450-monooxygenases, and transporter
detoxification (Boddu et al., 2006; Golkari et al., 2007; Jia
et al., 2009; Gardiner et al., 2010; Foroud et al., 2012;
Kugler et al., 2013; Xiao et al., 2013). Other phenomena
that have been linked to resistance to FHB include in-
creased photosynthesis and carbohydrate metabolism
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involving chloroplast oxygen-evolving enhancer pro-
teins, NAD(P)*-binding proteins, and the pentose
phosphate pathway (Kugler et al., 2013; Zhang et al,,
2013). The biosynthesis and metabolism of riboflavin
also have been associated with FHB resistance (Kugler
et al., 2013).

Although a full understanding of the genetic basis of
such resistance reactions is challenging, in particular
due to the genetic diversity of the cultivars, a common
feature is the relationship between partial resistance and
the production on infected cereal spikes of deoxynivalenol-
3-O-glucose (D3G), now clearly considered a resistance-
related metabolite (Lemmens et al., 2005; Kumaraswamy
et al.,, 2011a, 2011b; Kugler et al., 2013). Glucosylation
is a well-known step in detoxification processes in
plants, leading to more hydrophilic and generally less
toxic compounds. This reaction is catalyzed by UDP-
glucosyltransferases (UGT) that are encoded by the
multigene family 1 of glycosyltransferases in plants
(Ross et al., 2001). These enzymes mediate the transfer
of glycosyl residues from nucleotide sugars to accep-
tor aglycones, thus regulating properties of the ac-
ceptors such as their bioactivity, water solubility, and
transport within the cell and throughout the organism
(Gachon et al., 2005). Candidate genes encoding
UGTs able to conjugate DON into D3G have been
identified in Arabidopsis (Arabidopsis thaliana [UGT73C5];
Poppenberger et al., 2003), barley (Hv13248; Schweiger
et al., 2010; Shin et al., 2012), wheat (TalUUGT3 [Lulin et al.,
2010] and TaUGT12887 [Schweiger et al., 2013b]), and
Brachypodium distachyon (Bradi5g03300; Schweiger et al.,
2013a). Conjugation of DON into D3G by the corre-
sponding UGTs was only shown in heterologous species,
such as Saccharomyces cerevisiae (Schweiger et al., 2010,
2013a, 2013b), Arabidopsis (Poppenberger et al., 2003;
Shin et al., 2012), or wheat (Li et al., 2015). In that most
recent study, heterologous overexpression of the barley
UGT gene Hv13248 in wheat varieties susceptible to
FHB was shown to result in higher resistance in both
greenhouses and field conditions (Li et al., 2015).
However, that study only investigated DON conju-
gation after direct application of the toxin and not
during infection by F. graminearum, thereby prevent-
ing the establishment of a direct correlation between
the in planta conjugation of DON into its glucoside
during infection and resistance to the fungal pathogen
(Li et al., 2015).

In the last decade, B. distachyon has emerged as a
model plant species for small-grain cereals because
of its interesting characteristics: a small size, a short
life cycle avoiding vernalization under long-day con-
ditions, a small genome, a routine genetic transforma-
tion, and the availability of a number of genetic and
genomic resources (Mur et al., 2011). B. distachyon has
been shown to be a host species for many cereal
pathogens (Peraldi et al., 2011, 2014; Mandadi and
Scholthof, 2012; Falter and Voigt, 2014; Sandoya and de
Oliveira Buanafina, 2014; Fitzgerald et al., 2015). In
particular, it has been shown to exhibit typical FHB
symptoms following infection by F. graminearum and to
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accumulate DON in infected spikes (Peraldi et al., 2011;
Pasquet et al., 2014), demonstrating the potential of this
model plant species to conduct functional genomics of
FHB resistance. In the recent study of Schweiger et al.
(2013a), a phylogenetic analysis of B. distachyon UGT
protein sequences was performed to identify potential
orthologous sequences to UGT73C5 from Arabidopsis
(Poppenberger et al., 2003) and HvUGT13248 from
barley (Schweiger et al., 2010), which are known to be
able to glucosylate DON. This work identified the B.
distachyon UGT Bradi5g03300 as a potential functional
homolog of barley HvUGT13248 and demonstrated that
the enzyme was able to glucosylate DON using S. cer-
evisiae as a heterologous system (Schweiger et al., 2013a).
The corresponding gene also was shown to be differen-
tially induced following infection by F. graminearum
strains producing DON or not (Schweiger et al., 2013a).

Here, we report the functional analysis of the UGT-
encoding Bradi5g03300 gene in B. distachyon as a model
host infected with F. graminearum. By using Bradi5g03300
mutant or overexpressing lines, we demonstrate that
early in planta conjugation of DON into D3G is func-
tionally linked to root tolerance to the mycotoxin as well
as to spike resistance toward FHB. A detailed analysis of
how overexpression impacts the infection provides in
planta evidence that DON is crucial in the early estab-
lishment of the fungal pathogen in the model cereal
species B. distachyon.

RESULTS

Identification of B. distachyon Lines Mutated in the
Bradi5g03300 Gene

UGTs exhibit two important domains in their primary
sequence. The first domain, localized at the N terminus
of the protein, is involved in the interaction between the
protein and its substrate but is not conserved at the
amino acid level (Osmani et al., 2009). The second do-
main, located at the C terminus, is involved in binding of
the sugar donor and is named the plant secondary pro-
duct glycosyltransferase (PSPG) box. This 44-amino acid
motif is highly conserved in all family 1 plant UGTs
(Gachon et al., 2005). The PSPG box of the Bradi5g03300
UGT is encoded by exons 2 and 3 and is located between
amino acids 345 and 388 of the protein (Supplemental
Fig. S1). Screening of the TILLING mutant collection of
B. distachyon (BRACHYTIL; Dalmais et al., 2013) allowed
us to search for mutants in the Bradi5¢03300 gene. This
was performed using specific primers (3300_N2Ft1 and
3300_N2Rt1) allowing the amplification of a 964-bp
DNA fragment surrounding the PSPG box-encoding
region (see “Materials and Methods”; Supplemental
Fig. S1). Fifteen potential mutant families were identified
(Supplemental Table S1). Following sequencing of the
corresponding mutant alleles, six were shown to carry
mutations located in the region encoding the PSPG box, of
which three (8637-12, 6829-7, and 6491-12) could poten-
tially impact the protein activity (Supplemental Table S1).
In mutant line 8637-12, a nonsynonymous substitution of
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Ser-368 by Phe (S368F) was identified. In lines 6829-7 and
6491-12, Trp residues at positions 345 and 366, respec-
tively, were replaced by a stop codon (W345* and W366*),
resulting in both cases in the production of a truncated
protein. As a control line for mutant family 6829, we se-
lected a line, named 6829-3, carrying a wild-type Bra-
di5g03300 allele. No control lines could be obtained for the
two other mutant families.

Developmental criteria were observed and quanti-
fied: seed germination time and rate, emergence of the
first three leaves, heading date, overall size of the ma-
ture plant, and yield. For the three TILLING mutant
lines, no differences were observed as compared with
the wild-type Bd21-3 line or with the control line 6829-3
(Supplemental Fig. S2).

Construction of Lines Overexpressing the
Bradi5g03300 Gene

In order to obtain lines overexpressing the Bradi5g03300
gene, a pIPKb002-derived binary vector was constructed
(Himmelbach et al., 2007; see “Materials and Methods”).
The resulting construct, carrying both the Bradi5g03300
complementary DNA (cDNA) under the control of the
Zea mays ubiquitin promoter and a hygromycin resistance
cassette for the selection of transformants, was named
pIPKb002-Bradi5g03300 and used for Agrobacterium
tumefaciens-mediated transformation of B. distachyon
Bd21-3 embryogenic calli. Five independent homozygous
lines, each carrying the corresponding transfer DNA as a
single insertion locus, were obtained (Supplemental Fig.
S3). Quantitative reverse transcription (qQRT)-PCR exper-
iments were conducted to identify lines exhibiting a high
level of Bradi5¢03300 overexpression in spikelets (Table I;
Supplemental Fig. S4A). The overexpression strength was
shown to be similar in leaves (Supplemental Fig. S4B) and
roots (Fig. 2C; Supplemental Fig. 54B). For further func-
tional analyses, three overexpressing lines (OE-9R5,
OE-24R27, and OE-10R14) differing in overexpression
rate were used. In addition, a null segregant obtained
during the same transformation experiment was kept
as a control.

As for TILLING mutant lines, no effects on plant
growth or phenotype were observed for the three se-
lected overexpressing lines at different stages of shoot
development (Supplemental Fig. S2). These lines,
therefore, represent appropriate genetic tools with which
to specifically investigate the importance of this UGT
in response to DON and F. graminearum.

Mutation and Overexpression in the Bradi5g03300 Gene
Alters Root Tolerance to DON

DON has already been reported to preferentially affect
root growth of wheat grown on agar medium (Masuda
et al., 2007). To determine the involvement of the Bra-
di5g03300 UGT in the DON effect on root growth, seeds
from the three mutant lines, the 6829-3 control line, and
the Bd21-3 wild-type line were germinated on agar
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Table 1. B. distachyon lines used in this study

Line Name Line Type Impact on the Bradi5g03300 Gene
Bd21-3 Wild type Wild-type allele

6829-3 TILLING mutant Wild-type allele

6829-7 TILLING mutant Truncated protein (stop codon), W345*
6491-37 TILLING mutant Truncated protein (stop codon), W366*
8637-12 TILLING mutant Amino acid substitution (PSPG box), S368F
OE-5R36  Transformant (pIKB002-Bradi5g03300) Overexpression

OE-9R5 Transformant (pIKB002-Bradi5g03300) Overexpression

OE-18R22  Transformant (pIKB002-Bradi5g03300) Overexpression

OE-24R27  Transformant (pIKB002-Bradi5g03300) Overexpression

OE-10R14  Transformant (pIKB002-Bradi5g03300) Overexpression

medium with or without DON. While no difference of
root development was observed between the lines on
agar medium without DON, strong phenotypes were
observed on 10 um DON. Whereas root growth inhibition
was around 18% for the Bd21-3 wild-type and 6829-3
control lines, it reached 90% for the three mutant lines
(6829-7, 8637-12, and 6491-37; Fig. 1, Newman and Keuls
test, P = 0.001). Similar tests were performed on over-
expressing lines, but DON concentration in the medium
was increased to 50 um in order to obtain more pro-
nounced effects. The overexpressing lines exhibited root
tolerance to DON (Fig. 2, A and B) with an apparent pos-
itive correlation with the level of Bradi5g03300 over-
expression (Fig. 2C). The OE-10R14 line revealed nearly full
resistance to DON at this concentration, the reduction of
root growth reaching only 10%, whereas the null segregant
showed 50% root growth inhibition (Fig. 2, A and B).
The strong root growth inhibition observed in all the
mutant lines was accompanied by an important swell-
ing of the root apex grown with 10 um DON (Fig. 3A).
DON treatment of roots from the wild-type line did not
induce major changes, apart from an apparent decrease
of root hair development (Fig. 3B). In contrast, for the

Figure 1. Mutations in Bradi5g03300 dra-
matically increase root sensitivity to DON.
A, Root length of Bd21-3 wild-type, 6829-3
control, and three mutant lines on medium
with (black bars) or without (gray bars)
10 um DON, measured on 7-d-old seed-
lings (n > 30; error bars represent st, and
different letters indicate significant differ-
ences between conditions; Newman and
Keuls test, P = 0.001). B, Photograph
showing typical root development of plants

>

Root length (cm)

6829-7 mutant line, although root apex morphology
was similar to that of the wild-type line in the absence of
the mycotoxin (Fig. 3C), DON induced important
changes (Fig. 3D). These included a marked reduction
of the root apical meristem, an apparent disorganiza-
tion of dividing cells, and a global enlargement of cells
at the root tip (Fig. 3D). No such changes were observed
in the root apex of the OE-10R14 line, even on a high
DON concentration (Supplemental Fig. S5).

The Bradi5g03300 UGT Gene Is Involved in
Susceptibility/Resistance to F. graminearum Infection

The above observations show that TILLING mutants
and overexpressing lines affect root responses to DON in
an opposite manner. To test the impact of DON on spike
susceptibility / resistance to FHB, spray inoculations with
a DON-producing F. graminearum strain (FgDON™) were
performed, and both the primary infection and the fungal
spread were assessed in spikes. In parallel, the fungal
spread also was evaluated in individual florets using
point inoculations with spores of the same F. graminearum
strain (Miedaner et al., 2003).

o =2 N W A2 00 0o N
L |

from wild-type, control, and mutant lines
grown for 7 d on agar medium containing
10 um DON. The inset shows a magnifi-
cation of the 6829-7 mutant plant. Bars =
1cm.
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The 6829-7, 8637-12, and 6491-37 mutant lines as well
as the Bd21-3 wild-type line and the 6829-3 control line
were first spray inoculated by FgDON™. In this experi-
ment, an inoculated spikelet was considered sympto-
matic if it exhibited full bleaching. Symptoms were
scored 7 and 10 d after spraying. In the mutant lines,
a significant increase of spikelets exhibiting bleaching
symptoms was observed compared with the wild-type
line (Fig. 4A). Seven days after spray inoculation (dai), the
Bd21-3 wild-type line exhibited bleaching symptoms on
30% of the inoculated spikelets on average (Fig. 4C, gray
bars). In contrast, this percentage reached 50% to 60%
of overall inoculated spikelets in mutant lines. This

No DON

10 yM DON

Brachypodium UGT in Fusarium Resistance

Figure 2. Overexpression of Bradi5g03300
increases root tolerance to DON. A, Per-
centage of root growth inhibition by 50 um
DON measured on 7-d-old seedlings of
control null segregant (NS) and over-
expressing lines (n > 30; error bars repre-
sent sg, and different letters indicate
significant differences between conditions;
Newman and Keuls test, P = 0.001). B,
Photograph showing typical root develop-
ment of plants from control and over-
expressing lines grown for 7 d on agar
medium containing 50 um DON. Bar =
1 cm. C, Relative expression of the Bra-
di5g03300 gene in roots of overexpressing
lines OE-9R5, OE-24R27, and OE-10R14.
The relative quantity of Bradi5g03300 gene
transcripts compared with the Bd21-3 wild-
type line was calculated using the compara-
tive cycle threshold (Ct) method (2749,
The B. distachyon UBC18and ACT genes
(Bradi4g00660 and Bradi4g41850) were
used as endogenous controls to normalize
the data for differences in input RNA be-
tween the different samples. Data repre-
sent mean values of three independent
biological experiments, and error bars
represent sp (different letters indicate sig-
nificant differences between conditions;
Student’s t test, P < 0.05).

differential between the wild-type line and the three
mutant lines was significant (Newman and Keuls test,
P = 0.01), but no significant difference was observed
between the three mutant lines (Fig. 4C). Increased sus-
ceptibility of the mutant lines was still observed at 10 dai
(Fig. 4C, black bars). At this stage, almost all inoculated
spikelets of the mutant lines were fully symptomatic,
whereas only up to half of the spikelets of the wild-type
and control lines showed extensive bleaching.

Similar experiments were conducted on the three
overexpressing lines, OE-9R5, OE-24R27, and OE-10R14.
Considering the potential resistance level of these lines,
the scoring method was adapted: an inoculated spikelet

Figure 3. DON induces root apex disor-
ganization in Bradi5g03300 mutant lines
but not in the Bd21-3 wild-type line. Root
apices are shown for the wild-type line
Bd21-3 (A and B) and the mutant line 6829-
7 (Cand D) on agar medium without (A and
C) or with 10 um DON (B and D). Bars =
300 pm.
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was considered symptomatic if it exhibited bleaching
symptoms on half or more of its florets (approximately
10 florets per spikelet). At 7 dai, strong differences in the
extent of symptoms could be observed on over-
expressing lines as compared with the Bd21-3 wild-type
line (Fig. 4B). For the wild-type line, 60% of the inocu-
lated spikelets were found to be symptomatic 7 dai,
reaching 70% at 10 dai (Fig. 4D). In contrast, the over-
expressing lines exhibited a strong reduction of symp-
tomatic spikelets at 7 dai (between 5% and 25%) and
10 dai (between 15% and 42%; Fig. 4D). As shown for
root tolerance to DON, the OE-10R14 line was the most
resistant line, exhibiting only very minor bleaching
symptoms 7 and 10 dai (Fig. 4, B and D).

To assess the impact of Bradi5g03300 function on
fungal development more directly, fungal DNA was
quantified by qRT-PCR 7 and 10 dai of the Bd21-3 wild-
type line, the 6829-7 mutant line, and the OE-10R14 line.
Tissues of the 6829-7 mutant line exhibited a signifi-
cantly higher accumulation of fungal DNA after inoc-
ulation with FgDON" (Fig. 5, black bars). At 7 and
10 dai, fungal DNA had accumulated, respectively, to
2.1 and 2.8 times higher in the mutant line than in the
Bd21-3 wild-type line (Fig. 5, gray bars; Newman and
Keuls test, P = 0.01). By contrast, after infection of the
OE-10R14 line by FgDON", 5.3 and 2.7 times less fungal
DNA was detected in comparison with Bd21-3 at 7 and
10 dai, respectively (Fig. 5, white bars). Thus, the results
on fungal DNA abundance in the different lines were in
accordance with the macroscopic observations (Fig. 4).

To date, DON production has been correlated mainly
with the ability of fungal colonization through the

A
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Fully symptomatic
spikelets (%)
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rachis in bread wheat (Maier et al., 2006) and, more re-
cently, in B. distachyon (Pasquet et al., 2014). In order to
precisely determine the role of the Bradi5g03300 gene on
fungal spread in infected spikes, point inoculations by the
FgDON" strain were performed on two mutant lines
(8637-12 and 6829-7) as well as on the three over-
expressing lines (OE-9R5, OE-24R27, and OE-10R14), and
symptoms were compared with those obtained on the
Bd21-3 wild-type line at 7 and 14 dai. Both the Bd21-3
wild-type line and the 8637-12 and 6829-7 mutant lines
exhibited bleaching symptoms on the entire inoculated
spikelets that progressed to the most adjacent spikelet
(Fig. 6A). In contrast, 7 d after point inoculation, the three
overexpressing lines exhibited a high level of resistance
to F. graminearum. The bleaching symptoms decreased
(OE-9R5 line) or even were not observed (OE-24R27 and
OE-10R14 lines) on these lines in comparison with the
symptoms observed on the Bd21-3 line (Fig. 6A). These
observations were supported by scoring of the symptoms
at7 and 14 dai, using a scoring scale to evaluate the extent
of spikelet and spike colonization (see “Materials and
Methods”). No significant difference was observed be-
tween the mutant lines and the Bd21-3 wild-type line, but
the differential between the overexpressing lines and the
wild-type line was highly significant at 7 dai (Fig. 6B;
Newman and Keuls test, P = 0.001). At 14 dai, lines
OE-24R27 and OE-10R14 continued to exhibit less
symptoms than Bd21-3, while symptoms on OE-9R5
were similar to those of the parental line (Fig. 6B). As
observed for root tolerance to DON, the higher resistance
rate was observed for the OE-10R14 line, exhibiting the
strongest Bradi5g03300 overexpression.

Mock Bd21-3 DE-SRS OE

(%)

Spikelets exhibiting at least
50% symptomatic florets

k) 2] A )
I S P
-

Figure 4. Mutation or overexpression of the Bradi5g03300 gene increases spike susceptibility or resistance, respectively, to
F. graminearumfollowing spray inoculation. A and B, Typical FHB symptoms observed on mutant lines (A) or overexpressing lines
(B) at 7 dai by the FgDON* strain. Bars = 1 cm. C, Percentage of spikelets exhibiting FHB symptoms on the entire inoculated
spikelet at 7 dai (gray bars) and 10 dai (black bars) by fungal strain FgDON" (n > 30; error bars represent sp, and different letters
indicate significant differences between conditions; Newman and Keuls test, P= 0.01). D, Percentage of spikelets exhibiting FHB
symptoms on half or more of the florets of the inoculated spikelet at 7 dai (gray bars) and 10 dai (black bars) by fungal strain
FgDON" (n > 30; error bars represent sp, and different letters indicate significant differences between conditions; Newman and

Keuls test, P < 0.01).
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Figure 5. Bradi5g03300 contributes to resistance to FgDON* coloni-
zation. Quantification of fungal DNA by gqRT-PCR at 7 and 10 dai of
spikes by the FgDON" strain is shown. Data represent mean values of
three independent biological experiments, and error bars show sp
(different letters indicate significant differences between conditions;
Newman and Keuls test, P =< 0.001). Gray bars, Bd21-3; black bars,
6829-7; and white bars, OE-10R14.

In order to better characterize the observed pheno-
types during fungal infection, the wild-type line and the
overexpressing line OE-10R14 showing the greatest
resistance phenotype were point inoculated with a
transformed FgDON™ strain constitutively expressing
GFP. While a normal spikelet colonization was ob-
served in the wild-type Bd21-3 line between 3 and 7 dai
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(Fig. 7, A and C), the fungal strain appeared to be re-
stricted close to the inoculation site in the over-
expressing line (Fig. 7, B and D).

To verify that the observed differences are not due to
increased basal defenses in the OE-10R14 line, the ex-
pression of a subset of four defense genes was investi-
gated during an infection time course following point
inoculation of the FgDON" strain. Three of these genes
encode pathogenesis-related proteins (PR2 [Bliimke
et al., 2015], chitinase, and PR9 [Pasquet et al., 2014]),
and the fourth one codes for Phe ammonia lyase, the
first committed step of the phenylpropanoid pathway
(Pasquet et al., 2014). The results showed that the
overexpressing line OE-10R14 did not exhibit higher
expression of defense genes than the wild-type Bd21-3
line (Supplemental Fig. S6). In contrast, a lowered in-
duction of defense genes could be observed at some but
not all later time points of infection (Supplemental Fig.
56), in correlation with a reduced fungal development
in the overexpressing line (Fig. 6).

The Bradi5g03300 UGT Conjugates DON into D3G in
B. distachyon

The results above demonstrate that mutant lines ex-
hibit increased root sensitivity to DON and spikelet
susceptibility to FgDON™ and that overexpressing lines
show increased root tolerance to DON and spikelet
resistance to FgDON™. A glucosylated form of DON,
D3G, has been detected in wheat and barley (Lemmens
et al., 2005; Kumaraswamy et al., 2011a). In order to
evaluate the role of the Bradi5g03300 UGT in DON
conjugation in planta, a quantification of DON, D3G, as
well as 15-ADON, a minor TCTB mycotoxin produced

Figure 6. The Bradi5g03300 gene is in-
volved in the control of spike colonization
by the FgDON" strain. A, Typical FHB
symptoms on the different lines 7 d after
point inoculation by the FgDON™ strain.
Bar = 1 cm. B, Quantification of FHB
symptoms using a scoring scale (see “Ma-
terials and Methods”) at 7 (gray bars) and
14 (back bars) d after point inoculation by
fungal strain FgDON" (n > 30; error bars
represent s, and different letters indicate
significant differences between conditions;
Newman and Keuls test, P < 0.001).
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Figure 7. Overexpression of Bradi5g03300
reduces spikelet colonization by the FgDON™
strain. Micrographs show longitudinally sec-
tioned spikelets at 3 (A and B) and 7 (C and D)
d post inoculation with the GFP-tagged
F. graminearum FgDON" strain, visualized
with epifluorescence illumination. A and C,
Wild-type Bd21-3 ecotype. B and D, OE-
10R14 line overexpressing the Bradi5g03300
gene. White arrowheads indicate the inocu-
lated florets. Bars = 500 pm.

by the FgDON" strain, was conducted following inoc-
ulation. The 6829-7 and 8637-12 mutant lines and the
three overexpressing lines were used and compared
with the Bd21-3 wild-type line, and one mutant and one
overexpressing line were selected for a more detailed
time-course analysis of mycotoxin production during
the infection.

First, the relative abundance of D3G to DON was
measured at 14 dai in whole infected spikes of the dif-
ferent lines. The results revealed important differences
between the lines. This value was 5.6% and 6.6% for the
6829-7 and 8637-12 mutant lines, respectively, and
18.4% for Bd21-3 (Fig. 8A; Student’s f test, P = 0.05). In
contrast, it was significantly enhanced in all the over-
expressing lines, with an average increase of 40% over
the wild-type value (Fig. 8A). Absolute quantification
of DON, D3G, and 15-ADON in all lines was then
performed : at the same infection time point. An average
of 56 ug g~ ' fresh weight of total DON (DON + D3G)
and much lower quantities of 15-ADON (around
1 ug g ' fresh weight) were quantified in infected
spikes of the Bd21-3 line and the two mutant lines (Fig.
8B). No significant difference in total DON amount was
observed between these three lines. In contrast, the
quantities of total DON in infected spikes of over-
expressing lines were drastlcally reduced, with only
27.2,29, and 9.2 ug g ! fresh weight in the OE-9R5,
OE-24R27, and OE-10R14 lines, respectively (Fig. 8B;
Student’s t test, P = 0.05).

Next, to better understand the dynamics of D3G
formation during fungal infection, quantification was
performed over a shorter time scale during infection of
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spikelets by FgDON". Three time points were consid-
ered: 48, 96, and 168 h after inoculation (hai). The cal-
culation of the relative abundance of D3G to DON
showed important differences between the 6829-7,
Bd21-3, and OE-10R14 lines as early as 48 hai. Indeed,
this value was only 13.2% in the 6829-7 mutant line,
51.4% in the Bd21-3 wild-type line, but as high as
185.1% in the OE-10R14 line (Fig. 8C). The value
remained at a lower level during the time-course ex-
periment in the 6829-7 mutant line: 10.5% and 2.5% at
96 and 168 hai, respectively (Fig. 8C). In the Bd21-3
wild-type line, we observed the same tendency, with
a decrease of the relative abundance of D3G between
96 and 168 hai from 41.5% to 11.8% (Fig. 8C). In the
OE-10R14 line, although the value decreased from the
very high value observed at 48 hai, it remained as high
as 69% even at 168 hai (Fig. 8D). The values in the three
different lines were always significantly different from
each other at the same infection time point (Student’s ¢
test, P = 0.05). Absolute quantification of DON, D3G,
and 15-ADON in infected spikelets of the three lines
was then performed during the same infection time
course. For the three time points, no significant differ-
ence in total DON produced could be detected between
the 6829-7 mutant line and the Bd21-3 wild-type line
(Fig. 8D). In contrast, we observed a drastic reductlon of
total DON in the OE-10R14 hne, with only 0.6 ug g " fresh
weight at 48 hai, 10.3 ug g~ fresh weight at 96 hai, and
22 pg ¢! fresh weight at 168 hai, as compared with
infected spikelets of the Bd21 -3 wild-type line, containing
1.8, 35.8, and 113.9 ug g~ fresh weight, respectively, at
the same time points.

Plant Physiol. Vol. 172, 2016
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Schweiger et al. (2013a) recently demonstrated that
expression of the Bradi5g03300 cDNA in the heterolo-
gous S. cerevisiae system conferred resistance to DON
and allowed the conversion of DON into D3G. To more
precisely determine that the Bradi5g03300 UGT was
acting on DON in vitro, the enzyme was produced by
heterologous expression in Escherichia coli as a His
fusion protein (Supplemental Fig. S7, A and B). The
estimated apparent K, value toward DON was
determined to be 32.5 * 3.6 um (Supplemental Fig.
S7C). No glucosylation of scopoletin, a 6-methoxy-7-
hydroxycoumarin often used as a reference substrate
in UGT assays (Lim et al., 2003), was detected (data not
shown).

Mutation or Overexpression of the Bradi5g03300 Gene
Does Not Modify the Interaction with an F. graminearum
Strain Unable to Produce DON

The interaction between B. distachyon and an F. gra-
minearum strain unable to produce DON (FgDON")
impaired in the Tri5 gene encoding the first committed
enzyme of the trichothecene biosynthetic pathway
(Cuzick et al., 2008) has been described in two inde-
pendent studies (Pasquet et al., 2014; Bliimke et al.,
2015). Both showed that the mutant strain is largely
delayed in symptom development following point in-
oculation of B. distachyon spikes (Pasquet et al., 2014;
Bliimke et al., 2015). In order to determine whether the

Plant Physiol. Vol. 172, 2016

differences observed between the mutant and over-
expressing lines following inoculation with the FgDON*
strain are strictly correlated with DON conjugation,
spray inoculations of the same three lines were per-
formed with the FgDON strain. The resulting symp-
toms were observed 7 and 10 dai, and fungal DNA was
quantified. No striking differences in symptoms could
be observed 7 and 10 dai of spikes of the 6829-7 mutant
line and the OE-10R14 expressing line compared with
the Bd21-3 wild-type line (Fig. 9A). Quantification of
fungal DNA on the same biological material confirmed
the absence of significant differences between the three
lines during infection by FgDON™ (Fig. 9B).

Overexpression of, But Not Mutation in, the Bradi5g03300
Gene Alters Primary Infection of F. graminearum

In the spray inoculation experiments, mutant and
overexpressing lines were more susceptible and more
resistant, respectively, to the fungal pathogen. In con-
trast, following point inoculations, which only allow
estimation of the fungal colonization from the inocu-
lation sites, the overexpressing lines remained highly
resistant, but no significant differences were observed
between the mutant lines and the wild-type line. To
further explore the impact of the Bradi5g03300 UGT on
the F. graminearum infection process, we set up a de-
tached glumes assay (Rittenour and Harris, 2010) and
observed the adaxial surface of infected lemma of
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Figure 9. Bradi5g03300 is not involved in the control of FgDON™
colonization following spray inoculation. A, Brown symptoms observed
10 dai by the FgDON™ strain. Bar = 1 cm. B, Quantification of fungal
DNA by quantitative PCR (qPCR) at 7 and 10 dai of spikes of the wild-
type line Bd21-3 (gray bars), the 6829-7 mutant line (black bars), and
the overexpressing line OE-10R14 (white bars). Data represent mean
values of three independent biological experiments, and error bars
represent sp (different letters indicate significant differences between
conditions; Newman and Keuls test, P < 0.001).

mutant line 6829-7 and overexpressing line OE-10R14
as compared with those of the wild-type line Bd21-3 at
72 hai after Lactophenol Blue staining. Typical amber-
brown discoloration of numerous circular cells, corre-
sponding to the base of macrohairs, were observed on
Bd21-3 infected lemma (Fig. 10A, left), described pre-
viously as favored target sites for fungal penetration
(Peraldi et al., 2011). Although no significant difference
was observed on the infected lemma in the mutant (Fig.
10A, middle), a strong decrease in necrosis was evident
on OE-10R14 samples (Fig. 10A, right). Quantification
of discoloration confirmed this effect in the over-
expressing line (Fig. 10B), suggesting that early DON
glucosylation in planta alters the potential of F. grami-
nearum primary infection.

DISCUSSION

Mycotoxins are among the toxic compounds im-
posed exogenously on plants, and more specifically on
small-grain cereals (Miller, 2008). TCTBs produced by
plant pathogenic fungi belonging to the Fusarium genus
are the most important mycotoxins worldwide (Foroud
and Eudes, 2009). These sesquiterpene molecules, in-
cluding DON, were shown to have phytotoxic effects
on Arabidopsis (Masuda et al., 2007) and wheat
(Desmond et al., 2008). Glycosylation of secondary
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metabolites by UGTs has been identified as one of the
major detoxification steps of exogenous compounds in
plants (Coleman et al., 1997; Messner et al., 2003; Lim
and Bowles, 2004). Thus, the Arabidopsis UGT73C5
(Poppenberger et al., 2003) and HvUGT13248 in barley
(Schweiger et al., 2010) were shown to be involved
in DON glucosylation. Although very informative,
these studies did not establish a causal role for the
ability to conjugate DON into D3G in determining
the resistance/susceptibility of plants to the DON-
producing fungal pathogen. Here, we directly ad-
dressed the question of the role of the UGT encoded
by Bradi5g03300 in the resistance of B. distachyon to
F. graminearum.

The Bradi5g03300 UGT Is Involved in Root Tolerance
to DON

The use of B. distachyon mutant and overexpressing
lines in this study allowed us to establish a direct rela-
tionship between DON glucosylation and root sensiti-
vity /tolerance to the mycotoxin. Mutant lines exhibited
hypersensitivity to the mycotoxin (Fig. 1), whereas
overexpressing lines showed a strong tolerance to
DON, as compared with the wild-type line (Fig. 2).
Masuda et al. (2007) previously reported the inhibitory
effect of DON on root elongation in Arabidopsis and
wheat plants. The authors mentioned an abnormal
morphology of DON-treated Arabidopsis roots, in-
cluding a reduction in root hair length and a relative
disorganization of root cells (Masuda et al., 2007). In

6829-7

OE-10R14
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Figure 10. Early DON glucosylation alters primary infection of F. gra-
minearum. A, Detached infected lemmae of the Bd21-3, 6829-7, and
OE-10R14 lines 72 hai showing amber-brown cells corresponding to
F. graminearum infection sites at the base of macrohairs (white arrows).
Bars = T mm. B, Quantification of amber-brown cells on detached
infected lemmae (n = 12) at 72 hai. The asterisk indicates a significantly
different result (Student’s ttest, P < 0.01).
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this work, we have shown that DON affected root
cell organization in the apex, such that root apical
meristematic area became difficult to distinguish in
DON-treated mutants (Fig. 3). These effects were not
observed in the wild-type line or in the overexpressing
lines in the presence of the mycotoxin (Fig. 3;
Supplemental Fig. S5). Such observations are reminis-
cent of phenotypes due to hormonal deregulation, in
particular an auxin deficiency (Ubeda-Tomas et al.,
2012). So far, F. graminearum has been shown to induce
jasmonate and ethylene pathways (Ding et al., 2011;
Gottwald et al., 2012), but there are no reports of a
modulation of other plant hormone biosynthesis
and/or signaling pathways.

The Bradi5g03300 UGT Is Involved in the Establishment of
Early Resistance to F. graminearum

D3G has been established as a resistance-related
metabolite in a number of studies on wheat (Gunnaiah
et al., 2012) and barley (Kumaraswamy et al., 2011a,
2011b). Therefore, the Bradi5g03300 mutant and over-
expressing lines were challenged with F. graminearum
in order to determine whether DON glucosylation
could be connected directly to FHB resistance. As de-
scribed in previous studies on FHB, we used two in-
fection assays, point inoculations and spray inoculations
(Miedaner et al., 2003). Whereas the first approach al-
lows the colonization of spikelets and spikes to be
scored (type II resistance), the second also estimates
primary infection (type I resistance). The lines over-
expressing the Bradi5¢03300 gene were shown to ex-
hibit increased resistance to F. graminearum using both
inoculation methods. Moreover, the level of resistance
correlated well with the level of Bradi5g03300 over-
expression (Fig. 4). Previous studies on wheat and
barley have established that genes encoding UGTs are
up-regulated following fungal infection (Lemmens
et al., 2005; Boddu et al., 2007; Gottwald et al., 2012) or
DON application (Gardiner et al., 2010; Lulin et al.,
2010). However, in several transcriptomic studies,
overall differences in gene expression were partly due
to their different genetic backgrounds between FHB-
resistant and -susceptible lines rather than differences
in specific resistance loci (Jia et al., 2009). In a recent
study using near-isogenic wheat lines, no differential
induction of genes encoding UGTs could be detected
after fungal infection (Xiao et al., 2013). While a lack of
induction suggests that glucosylation of DON may not
be associated with resistance to FHB in all genetic
backgrounds, such evidence is only circumstantial.
Here, we directly tested the importance of DON glu-
cosylation by constructing and exploiting B. distachyon
lines specifically altered in the function of the UGT
encoded by Bradi5g03300. This allowed us to determine
unambiguously the direct relationship between the in
planta formation of D3G and resistance to FHB.

The mutant lines isolated through TILLING showed
a significantly increased susceptibility in spray inocu-
lation assays (Fig. 4). In contrast, no significant
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differences were observed between the mutants and the
wild-type line after point inoculations (Fig. 6), a method
specifically testing for symptoms spread along the
spikes. So far, DON production has been reported as a
virulence factor that contributes to the colonization of
spikes in wheat but not in barley, a host plant exhibiting
a high level of type Il resistance (Bai et al., 2002; Maier
et al., 2006). We have shown previously that an F. gra-
minearum tri5> mutant strain unable to produce DON in
B. distachyon was delayed in spike colonization
(Pasquet et al., 2014). Together, these results suggest
that DON is a virulence factor of F. graminearum for
spike colonization of B. distachyon, but to a lesser extent
than for wheat infection.

Two hypotheses can be proposed to explain the
contrasting results obtained in the mutant lines with the
two inoculation methods. The first one is that another B.
distachyon UGT could, in the absence of a functional
Bradi5g03300 UGT, glucosylate DON and, therefore,
compensate any effect of the Bradi5g03300 gene muta-
tion. In a recent study, another UGT-encoding gene
localized in the same genomic region, Bradi5g02780,
was shown to exhibit a slight activity on DON when
expressed in a S. cerevisine heterologous system
(Schweiger et al., 2013a) and, therefore, could be a
candidate. However, we have never observed any sig-
nificant misregulation of this gene in the different
mutant or overexpressing lines during infection
(Supplemental Fig. S8); therefore, we have no evidence
for this explanation. The second hypothesis is that
DON may act as a virulence factor not only during the
colonization phase, as we could show using a
GFP-expressing strain (Fig. 7), but also for primary in-
fection. Using a detached glumes assay to better syn-
chronize the initial infection, a strong reduction of
potentially successful fungal primary infection sites on
the OE-10R14 line was observed (Fig. 10). Our results
demonstrate, to our knowledge for the first time, that
DON may be involved not only in spike colonization of
wheat and barley, as already described (Jansen et al.,
2005), but also in very early infection steps, which may
be determinant for fungal establishment in plant tis-
sues. These results are consistent with previous ones
showing early induction of DON biosynthesis during
host infection (Boenisch and Schifer, 2011). Because of
the complexity of the corresponding assays, type I re-
sistance has been poorly investigated in the selection
processes of FHB-resistant cereal crop varieties
(Gosman et al., 2010). These aspects are worth recon-
sidering in efforts to improve resistance.

The Bradi5g03300 UGT Glucosylates DON in Planta
during Infection by F. graminearum

Overexpression of the Arabidopsis UGT73C5 and
barley Hv13248 genes in Arabidopsis (Poppenberger
et al., 2003; Shin et al., 2012) and of the barley gene
Hv13248 in wheat (Li et al., 2015) has been shown to
increase DON conjugation to D3G following direct
application of DON. However, in those studies, the
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conjugation of DON could not be or has not been
demonstrated following F. graminearum infection (i.e. in
the presence of fungus-derived mycotoxins). In this
work, the selection of B. distachyon lines carrying mu-
tations in the Bradi5g03300 gene, as well as the gener-
ation of lines overexpressing the gene, allowed us to
establish the involvement of the UGT in DON conju-
gation in planta (Fig. 8). Indeed, we showed that mu-
tant lines exhibited a 60% reduction of their D3G-DON
ratios 14 d after inoculation as compared with the wild-
type line. Residual amounts of D3G were detected in
the mutant lines, suggesting the existence of another
redundant glucosylation activity in these lines. In con-
trast, lines overexpressing the Bradi5g03300 gene
showed a nearly 2-fold increase of their D3G-DON ra-
tio. Similar results were obtained when analyzing
samples from a time course covering 48 to 168 hai:
significant differences were observed between the lines
as early as 48 hai and were maintained throughout the
infection time course. These results clearly demonstrate
the involvement of the Bradi5g03300 UGT in DON
conjugation in planta. Interestingly, a strong reduction
of total DON produced in the overexpressing lines also
was evident. Altogether, these results suggest either a
very early resistance process leading to fungal growth
inhibition/slowing down or fungal death in the over-
expressing lines or a negative feedback control of DON
production.

Is Bradi5g03300 Specific for DON?

The B. distachyon Bradi5g03300 UGT belongs to
group L (subgroup L1) of secondary metabolism gly-
cosyltransferases, which includes Arabidopsis UGT74
sequences and the IAGlu protein from Z. mays
(Schweiger et al., 2013a). UGT74B1 was shown to be a
thiohydroximate S-glycosyltransferase involved in
glucosinolate biosynthesis (Grubb et al., 2004). Inser-
tional mutants of the UGT74B1 gene exhibited strong
developmental phenotypes linked to auxin accumula-
tion (Grubb et al., 2004). Both Arabidopsis UGT74D1
(Jin et al., 2013; Tanaka et al., 2014) and UGT74E2
(Tognetti et al., 2010) and Z. mays IAGlu (Szerszen et al.,
1994) were demonstrated to catalyze the glucosylation
of one or several auxins such as indole-3-butyric acid,
indole-3-acetic acid, and naphthaleneacetic acid. Ara-
bidopsis lines overexpressing the UGT74D1 gene
exhibited a mutant phenotype reminiscent of a defi-
ciency in auxin content (Jin et al., 2013). Moreover, Dean
and Delaney (2008) have shown that UGT74F1 and
UGT74F2 both produced salicylic acid-2-O-B8-p-Glc and
that UGT74F2 formed a salicylic acid-Glc ester. Apart
from metabolic differences, no phenotype was associ-
ated with the mutations in either of the two genes (Dean
and Delaney, 2008). In our work, neither the mutant
lines nor the overexpressing lines were shown to exhibit
any developmental phenotype when the plants were
grown under nonstress conditions in a growth chamber
(Supplemental Fig. S2). These observations confirm that
it is risky to assign the in vivo substrate specificity of a

570

UGT solely based on phylogenetic analyses (Osmani
et al., 2009). Moreover, they suggest that the Bra-
di5g03300 UGT is not essential for plant development,
although this also could be due to partial functional
redundancy with other UGTs. An alternative explana-
tion may be that, following coevolution between the
host plant and its pathogen, the Bradig03300 UGT
specificity has adapted to specifically conjugate DON.
Comparative metabolomic studies on wild-type, mu-
tant, and overexpressing lines could help determine
more precisely whether Bradi5g03300 is specific for
DON or may fulfill another role in B. distachyon.

In conclusion, we have shown here that early and
rapid conjugation of DON by a B. distachyon UGT is
necessary and sufficient to establish resistance to
F. graminearum, the FHB causal agent. Our results
suggest that the mycotoxin is an important virulence
factor for the fungus not only to colonize the plant tis-
sues, as described previously (Jansen et al., 2005; Maier
et al., 2006), but also for primary infection. These im-
portant results open new perspectives for innovative
breeding strategies in cereal crops.

MATERIALS AND METHODS
Plant Material and Growth Conditions

Brachypodium distachyon lines (Table I) were cultivated in a growth chamber
under a 20-h light period at 23°C = 2°C under fluorescent light (265 uE m 25"
at the soil level and approximately 315 uE m 2 s™! at the spike level). Prior to
sowing, seeds were surface sterilized by incubation in a 0.6% sodium hypo-
chlorite solution for 10 min with gentle shaking followed by three rinses in
sterile distilled water. Sterilized seeds were subsequently incubated for 5 d at
4°C in the dark. Plants were grown routinely on a 2:1 mixture of compost (Tref
terreau P1; Jiffy France SARL) and standard perlite (Sinclair) and soaked with
an aqueous solution containing a carbamate fungicide (Previcur at 2 mL L™7;
Bayer Crop Sciences) and a larvicide (Hortigard at 1 g L™; Syngenta France).
Plants were routinely watered in 2- to 3-d intervals using a standard nutritional
solution and were never allowed to stand in water.

To study the overexpression rates of the Bradi5¢03300 gene in roots, surface-
sterilized seeds were pregerminated on filter paper soaked with sterile water for
3 d and then transferred under hydroponic conditions for 2 weeks in liquid one-
quarter-strength Murashige and Skoog medium in trays to ensure darkness
conditions for the root system. The medium was changed every 3 d.

Screening of the TILLING Mutant Collection

We screened the TILLING collection (http://urgv.evry.inra.fr/UTILLdb)
available at the Institut Jean-Pierre Bourgin (Institut National de la Recherche
Agronomique) for putative point mutations in a fragment of the Bradi5g03300
gene encompassing the PSPG box-encoding region. Screening was conducted at
the Unité de Recherche en Génomique Végétale (Institut National de la Re-
cherche Agronomique) as described by Dalmais et al. (2013). Specific primers
used for the generation of the Bradi5g03300 PCR product were as follows:
UGT33N1F2 (5'-GTCACTACCACCAAATATTTGGG-3') and UGT33N1R1
(5'-CAAAGACCAGAAATGATGTAGGAGG-3') for the first amplification and
3300_N2Ftl (5'-GGTACTTGGTTGTTGATAGTTATGC-3') and 3300_N2Rtl
(5"-GTGTGCTCCTTCGGCCC-3’) for the second amplification (Supplemental
Fig. S1).

Binary Vector Construction

The Bradi5g03300 cDNA was amplified from spikelet cDNAs using the
primers 5'-CGGGATCCCGATGGACAGCACAGGCAAATCGGTGATGGCGA-
3" and 5'-GGATATCCTTAACTTGACGAATACTTAGCAGCGAATTCAGCA-3,
adding a BamHI and an EcoRV restriction site, respectively (indicated in italics and

Plant Physiol. Vol. 172, 2016


http://www.plantphysiol.org/cgi/content/full/pp.16.00371/DC1
http://urgv.evry.inra.fr/UTILLdb
http://www.plantphysiol.org/cgi/content/full/pp.16.00371/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.00371/DC1

underlines in the primer sequences). The PCR product was digested using the
BamHI and EcoRV restriction enzymes, purified using a NucleoSpin Gel and
PCR Clean-up kit (Macherey-Nagel EURL) using the manufacturer’s in-
structions, and then ligated into the pENTR1A plasmid linearized by the same
restriction enzymes. The resulting pEntry-OE3300 plasmid was used to
transfer a Bradi5g03300 cDNA fragment into the pIPKb002 binary vector
(Himmelbach et al., 2007) by in vitro recombination using the Gateway LR
Clonase II Enzyme mix according to the manufacturer’s recommendations
(Invitrogen, Life Technologies).

B. distachyon Transformation

The pIPKb002-Bradi5g03300 binary vector was electroporated into Agro-
bacterium tumefaciens (AGL1 strain). The Bd21-3 wild-type line was genetically
transformed using a method adapted from that described by Vogel and Hill
(2008) and Alves et al. (2009). After selection of transformants in Murashige and
Skoog medium (Murashige and Skoog, 1962) containing 40 mg L™ hygrom-
ycin, segregation analysis was used to identify single-locus insertion lines in the
T2 generation.

In Vitro Root Assays and Observations

For root tests in vitro, the palea of each seed was removed and seeds were surface
sterilized by incubation in a 0.6% sodium hypochlorite solution for 5 min with gentle
shaking followed by three rinses in sterile distilled water. Sterilized seeds were
subsequently incubated for 5 d at 4°C in the dark. Seeds were sown on Murashige
and Skoog medium with 3% saccharose and vitamins (100 mg L™! myoinositol and
0.1 mg L™ thiamine-HCl) in square petri dishes (12 X 12 cm) with or without DON
(Sigma-Aldrich). During 2 d, petri dishes were placed in the dark and then trans-
ferred to light for 5 d (same photoperiod as described previously for plant growth).
Roots were specifically protected from light by applying a piece of aluminum foil to
cover the corresponding area of the petri dishes.

After 7 d of growth, roots were fixed during 24 h in an ethanol:acetic acid
solution (3:1, v/v), washed for 20 min in 70% ethanol, and incubated overnight at
room temperature in a chloral hydrate solution (8 g of chloral hydrate [Sigma],
2 mL of 50% glycerol, and 1 mL of water). Roots were observed by differential
interference contrast using a macroscope (AZ100; Nikon). Images were captured
with a Nikon RI1 video camera.

Fusarium graminearum Strains, Maintenance, and
Spore Production

F. graminearum strains PH-1 (FgDON") and Atri5 (FgDON~; MU102 mutant
strain; Cuzick et al., 2008) were maintained on potato dextrose agar plates. A
PH-1 transformant expressing GFP under the control of the ToxA promoter
region and resistant to geneticin was obtained through polyethylene glycol-
mediated transformation of protoplasts of a plasmid derived from vector
pCT74 (Lorang et al., 2001). The transformation procedure was as described
before (Hua-Van et al., 2001), and geneticin used as a selection was incorporated
directly onto the bottom plates at a final concentration of 100 mg L™". To obtain
fungal spores, 2- to 4-mm? plugs from 15-d-old potato dextrose agar plates were
inoculated in liquid mung bean medium (Bai and Shaner 1996; 10 plugs for
20 mL) and incubated at 150 rpm at room temperature for 5 to 6 d. The resulting
spore suspension was then diluted 10 times in fresh liquid mung bean medium
and further incubated for an additional 5 to 6 d under the same conditions. For
pathogenicity assays, spores were further filtrated onto sterile Miracloth (Cal-
biochem) and resuspended in 0.01% Tween 20 at a final concentration of 10°
spores mL ™.

Pathogenicity Assays

Point inoculation was performed by pipetting 300 spores (3 uL of a 10° spores
mL ™" suspension) into a central floral cavity of the second spikelet starting from
the top of the spike of different lines at midanthesis (approximately 30-35 d
after sowing). Alternatively, whole plants were sprayed with the fungal spore
suspension (1 X 10 conidia mL ") until dripping.

Inoculated plants were covered with clear plastic bags whose interior had
been sprayed with distilled water beforehand. The first 24-h inoculated heads
werekeptin the dark, then incubated with a photoperiod of 16 h of lightand 8 h
of darkness at 20°C with the same light intensities as those used for plant
development (see “Plant Material and Growth Conditions”). Application of
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0.01% Tween 20 was performed as the control condition for each inoculation
experiment.

Evaluation of Symptoms

For spray inoculations, symptoms were observed at 7 and 10 d after spraying
of the conidial suspension. In experiments with TILLING lines (6829-7, 6491-37,
and 8637-12), a spikelet was considered as symptomatic if all florets of the
spikelet were fully symptomatic. In experiments conducted with overexpressing
lines (OE-9R5, OE-24R27, and OE-10R14), a spikelet was considered as symp-
tomatic if at least half of its florets were symptomatic.

For pointinoculations, symptoms were evaluated 7 and 14 d after inoculation
with a scoring scale for each inoculated spike from 0 to 4 as follows: 0, no
symptoms; 1, only the inoculated floret was symptomatic (most frequently, only
browning); 2, extension of symptoms to additional florets of the inoculated
spikelet (browning or bleaching); 3, symptoms appeared on the entire inoculated
spikelet; and 4, extension of the symptoms to the whole inoculated spikelet and at
least one adjacent spikelet.

Detached Glumes Assays

Detached glumes assays were conducted as described by Rittenour and
Harris (2010) except that a drop of 50 uL of a 10° spores mL ' suspension was
used. Infected lemmae were stained as described by Pasquet et al. (2014).

RNA Extraction

Leaves from three 2-week-old plants or five spikelets from independent
plants were ground in liquid nitrogen, and total RNA was extracted from 0.1 g of
the resulting powder using TRIzol (Invitrogen, Life Technologies) followed by
an RNase-free DNase I step (Ambion, Applied Biosystems) according to the
manufacturers’ instructions. Total RNA was further purified using the Nucle-
oSpin RNA Clean-up XS kit (Macherey-Nagel).

DNA Extraction, Southern-Blot Analysis, and Fungal DNA
Quantification by qPCR

For Southern-blot analysis, genomic DNA was extracted from leaves col-
lected from 3-week-old plantlets (Atoui et al., 2012). Ten micrograms of genomic
DNA was digested with the either Sacl or Sall restriction enzyme, separated by
electrophoresis on 0.7% agarose gels, and transferred on nylon membranes
using a vacuum blotter. A 712-bp hph-specific probe was obtained using hphl
(5'-CAGCGAGAGCCTGACCTATTGC-3') and hph2 (5'-GCCATCGGTCCA-
GACGGCCGCGC-3'). DNA templates were *’P labeled using the rediprimell
kit (Amersham Biosciences). Hybridizations were conducted under standard
conditions (Sambrook et al., 1989).

For quantification of F. graminearum DNA, 10 spikes spray-inoculated with
either of the two strains used in this study were pooled per time point. Quan-
tification of fungal DNA was realized by qPCR (see below) on 10 ng of total
DNA using primers specific for the 18S ribosomal subunit-encoding genomic
region (Mudge et al., 2006; Supplemental Table S2).

Real-Time PCR

cDNA synthesis was performed on 1 ug of total RNA using the ImProm-II
reverse transcription system (Promega France) according to the manufacturer’s
instructions. The resulting product was diluted 10 times in nuclease-free water.
Primers were designed to amplify plant gene transcripts, including the refer-
ence genes Bradi4g00660 (UBC18) and Bradi4g41850 (ACT7; now referred to as
ACT3-like under accession number XM_003578821 in the nucleotide National
Center for Biotechnology Information database) as determined previously
(Hong et al., 2008; Supplemental Table S2). qPCR was performed on 2 uL of the
diluted cDNA product using 8 pmol of each specific primer and 10 uL of
SYBRGreen Master Mix in a final volume of 20 uL. Reactions were performed in
a Light Cycler LC480 real-time PCR system (Roche Diagnostics). All qRT-PCRs
were carried out on biological triplicates, each in technical duplicate. The final
Ct values were means of three values (biological triplicates), each corre-
sponding to the mean of technical duplicates. The comparative Ct method was
used to evaluate the relative quantities of each amplified product in the sam-
ples. The Ct was automatically determined for each reaction by the Light Cycler
LC480 real-time PCR system set with default parameters. The specificity of the
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qRT-PCR was determined by melt-curve analysis of the amplified products
using the standard method installed in the system.

Heterologous Expression of B. distachyon Bradi5g03300
UGT in Escherichia coli

A His-Bradi5g03300 expression plasmid was constructed using the pET-16b
vector (Novagen, Merck Chimie). The Bradi5¢03300 cDNA was amplified using
specific primers 5'-GGAATTCCATATGGACAGCACAGGCAAATC-3" and
5'-CGGGATCCCGTTATTAACTTGACGAATACTTAGCAG-3'. Both the PCR
product and vector pET-16b (Novagen, Merck Millipore) were digested using
BamHI and Ndel restriction enzymes (recognition sites underlined in the primer
sequences) and ligated together to obtain the expression plasmid of the
His-UGTBradi5g03300 fusion protein. Recombinant protein production was
performed in E. coli BL21 (ADE3) strain transformed by thermoporation with
the expression vector (pET-16b::His-Bradi5g03300). The transformed bacterial
cells were grown at 37°C in Luria-Bertani medium containing 100 g mL ™" ampi-
cillin until they reached an optical density at 600 nm of 0.6. Isopropyl B-b-
thiogalactoside (0.5 mm) was then added to induce the production of the
His-Bradi5g03300 protein. The bacteria were grown at 18°C overnight, harvested
by centrifugation, and resuspended in 6 mL of lysis buffer, pH 7 (50 mm Tris-HCI,
pH 7, 300 mm NaCl, and 10 mm imidazole) containing protease inhibitor cocktail
(cOmplete, Mini, EDTA-free [Roche Life Science]; one tablet for 50 mL of lysis
buffer).

The recombinant protein was affinity purified using His-coupled Sepharose
beads (HIS-Select Nickel Affinity Gel; Sigma-Aldrich), according to the manufac-
turer’s instructions, and desalted using PD-10 columns (GE Healthcare). The puri-
fied recombinant protein was quantified by the Bradford method (Bradford, 1976)
with bovine serum albumin as the standard and separated by SDS-PAGE. After
transfer to a polyvinylidene difluoride membrane with Tetra Blotting Module (Bio-
Rad; http://www bio-rad.com/en-uk/product/tetra-blotting-module), immuno-
detection of the His tag was performed using the monoclonal anti-His tag antibody
produced in mouse (Sigma-Aldrich) at a 1:5,000 dilution. Antigen-antibody com-
plexes were detected using horseradish peroxidase-conjugated anti-mouse sec-
ondary antibody (Pierce, Thermo Fisher Scientific) used at a 1:5,000 dilution.

Protein Production and Enzyme Assays

The glucosyltransferase activity assay mix was constituted of the following
components: 1 ug of recombinant His fusion protein, 10 mm 2-mercaptoethanol,
50 mm Tris-HCI, pH 7, 0.1 mu radiolabeled UDP-[*C]Glc (4.625 MBg; Perkin
Elmer), 1 mm UDP-Glc, and 0, 0.01, 0.1, 0.2, 0.4, and 1 mm concentrations of the
acceptor substrate (dissolved in dimethyl sulfoxide for scopoletin and in
methanol for DON). The reactions were carried out in 50 uL at 30°C for 1 h,
stopped by adding 50 uL of methanol, and then stored at —20°C. Analysis of the
reaction products was performed by thin-layer chromatography. An aliquot of
each sample was spotted on a silica gel plate (DC-Fertigplatten SIL G-25 UV
254; Macherey-Nagel) and developed with methanol:chloroform (70:30, v/v)
for scopoletin and with 1-butanol:1-propanol:ethanol:water (2:3:3:1, v/v/v/v)
for DON. The location of each radioactive spot on the silica gel plate was de-
termined using a PhosphorImager (Bio-Rad), and their respective intensities
were determined by counting the specific '*C radioactivity integrated. D3G was
used as a standard (Sigma-Aldrich).

Mycotoxin Extraction and Analysis

A total of 500 mg of fresh ground material (spikes or spikelets infected by PH1
strain) was extracted with 7 mL of acetonitrile:water (84:16, v/v) for 1 h at room
temperature on a tube rotator (50 rpm). Before extraction, 0.5 ug of fusarenon X
(4-acetyl-nivalenol; Romers Lab) was added in each sample as an internal
standard. After centrifugation (5 min at 5,000g), the supernatant was purified
on Trichothecene P Columns (P51 R-Biopharm), and 3 mL of filtrate was
evaporated at 50°C dryness of nitrogen. The pellet was resuspended in 400 uL
of methanol:water (50:50, v/v) and filtered through a 0.20-um filter before
analysis. DON, D3G, 15-ADON, and fusarenon X concentrations were deter-
mined using HPLC-tandem mass spectrometry analyses. These analyses were
performed using the QTrap 2000 LC/MS/MS system (Applied Biosystems)
equipped with the 1100 Series HPLC system (Agilent), a reverse-phase Kinetex
2.6-pum XB-C18 column (150 X 4.6 mm; Phenomenex) maintained at45°C, and a
TurbolonSpray electrospray ionization source. Solvent A consisted of metha-
nol:water (10:90, v/v) and solvent B consisted of methanol:water (90:10, v/v).
The flow rate was kept at 700 uL min ' and was split so that 300 uL min ' went

572

to the electrospray source. Gradient elution was performed with the following
conditions: 4 min with a linear gradient from 80% to 5% A, 4-min hold at 5% A,
1-min linear gradient from 5% to 80% A, and 80% A for 8-min postrun recon-
ditioning. The injection volume was 10 uL. The electrospray interface was used
in the negative ion mode at 400°C with the following settings: curtain gas,
20 p.s.i.; nebulizer gas, 30 p.s.i.; auxiliary gas, 70 p.s.i.; ion spray voltage, —4,200
V; declustering potential, —30 V; entrance potential, —10 V; collision energy,
—30 eV; collision-activated dissociation gas, medium. Quantification was
performed using external calibration with DON (Sigma-Aldrich), D3G
(Sigma-Aldrich), 15-ADON (Sigma-Aldrich), and fusarenon X standard so-
lutions, ranging from 10 to 1,000 ng mL ™.

Accession Numbers

Sequence data of the pIPKb002 vector used in this article can be found in the
GenBank/EMBL data libraries under accession number EU161568.
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