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Fusarium diseases, including Fusarium head blight (FHB) and
Fusarium crown rot (FCR), reduce crop yield and grain quality
and are major agricultural problems worldwide. These dis-
eases also affect food safety through fungal production of
hazardous mycotoxins. Among these, deoxynivalenol (DON)
acts as a virulence factor during pathogenesis on wheat. The
principal mechanism underlying plant tolerance to DON is
glycosylation by specific uridine diphosphate—dependent glu-
cosyltransferases (UGTs), through which DON-3--p-glucoside
(D3G) is produced. In this work, we tested whether DON de-
toxification by UGT could confer to wheat a broad-spectrum
resistance against Fusarium graminearum and F. culmorum.
These widespread Fusarium species affect different plant or-
gans and developmental stages in the course of FHB and FCR.
To assess DON-detoxification potential, we produced trans-
genic durum wheat plants constitutively expressing the barley
HyUGT13248 and bread wheat plants expressing the same trans-
gene in flower tissues. When challenged with F. graminearum,
FHB symptoms were reduced in both types of transgenic plants,
particularly during early to mid-infection stages of the infection
progress. The transgenic durum wheat displayed much greater
DON-to-D3G conversion ability and a considerable decrease of
total DON+D3G content in flour extracts. The transgenic bread
wheat exhibited a UGT dose-dependent efficacy of DON de-
toxification. In addition, we showed, for the first time, that DON
detoxification limits FCR caused by F. culmorum. FCR symptoms
were reduced throughout the experiment by nearly 50% in seed-
lings of transgenic plants constitutively expressing HvUGT13248.
Our results demonstrate that limiting the effect of the virulence
factor DON via in planta glycosylation restrains FHB and FCR
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development. Therefore, ability for DON detoxification can be
a trait of interest for wheat breeding targeting FHB and FCR
resistance.

Fusarium graminearum and F. culmorum are the main causal
agents worldwide of Fusarium head blight (FHB) and Fusarium
crown rot (FCR) of small grain cereals including wheat. Both
diseases cause significant reductions in wheat yield and quality
and major economic loss. Seeds from diseased plants not only
have lower processing value but are also contaminated by
mycotoxins that can affect animal and human health (Pestka
2010). The mycotoxin risk in the food chain is considered
particularly threatening in durum wheat production, as durum
wheat—derived products are used almost exclusively for human
consumption. Trichothecenes are among the most important
Fusarium mycotoxins. In wheat, predominant trichothecenes
are deoxynivalenol (DON) and nivalenol (NIV), both acting as
virulence factors (Maier et al. 2006).

FHB, mainly caused by F. graminearum, produces typical
symptoms on the spike, such as necrosis of the infected
spikelets and spike bleaching due to vessel occlusion. The ra-
chis node seems to have a central role in wheat resistance
(Jansen et al. 2005; Miller et al. 2004), as it hinders fungal
advancement toward the vascular bundles. TRIS5, the first gene
of the trichothecene biosynthetic pathway, is highly induced at
the rachis node and so is DON production (Boenisch and
Schafer 2011; Ilgen et al. 2009). At the rachis node, cell-wall
thickening was developed by a susceptible wheat cultivar in-
fected with a trichothecene-deficient mutant of F. graminearum,
and this prevented hyphal penetration into the rachis (Jansen
et al. 2005). DON is thus considered essential for fungal spread
along the spike, although it is not essential for the initial estab-
lishment of the infection (Bai et al. 2001).

FCR is another important wheat disease that causes seedling
death or tiller abortion depending on the time of infection. FCR
leads to a reduction in plant vigor, number of heads, and grain
yield and mycotoxin contamination of wheat stubble and heads
(Scherm et al. 2013). Among FCR causal agents, F. culmorum
is the most aggressive seedling pathogen (Dyer et al. 2009).
Although DON does not seem to be a key factor for initial
seedling infection, the reduction in virulence of DON-mutant
Fusarium strains (Mudge et al. 2006; Powell et al. 2017;
Scherm et al. 2011) suggests that DON plays a role in fungal
progression through the stem.

Toxicity of DON is mainly due to its inhibitory effect on
protein synthesis; the epoxide group on C12/C13 and the hy-
droxyl group on C3 (Karlovsky 2011) interfere with the activity
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of peptidyltransferase by binding the 60S subunit of eukaryotic
ribosomes (Dellafiora et al. 2018; Payros et al. 2016; Ueno et al.
1973; Wei et al. 1974). Moreover, in wheat plants, high DON
concentrations induce production of reactive oxygen species,
apoptosis-like processes with chlorotic and necrotic lesions,
and root-growth inhibition (Desmond et al. 2008; Masuda et al.
2007). Fungal and plant DON derivatives are found in cereal
products (Berthiller et al. 2005). Although less active than
DON, these ‘masked’ DON-derived molecules can release their
toxic precursor after hydrolysis. The main fungal derivatives
are 3- and 15-acetyl DON (3ADON, 15ADON), while the plant
derivative is DON-3-B-p-glucoside (D3G), produced by glu-
cose conjugation on C3. DON glycosylation by uridine
diphosphate—dependent glucosyltransferases (UGTs) (Bowles
et al. 2006) has been identified as the main detoxification
strategy adopted by the wheat plant (Berthiller et al. 2005;
Kluger et al. 2015). Notably, the ability to detoxify DON by
glycosylation has been correlated with Fhbl, a major wheat
quantitative trait locus (QTL) for FHB resistance (Lemmens
et al. 2005). Among known monocot UGTs that detoxify DON,
the barley HvUGT13248 conferred DON resistance when het-
erologously expressed in DON-sensitive yeast (Schweiger et al.
2010) and in Arabidopsis thaliana (Shin et al. 2012). More
importantly, the constitutive expression of HvUGT13248 in
transgenic bread wheat conferred FHB resistance toward
DON- and NIV-producing F. graminearum strains (Li et al.
2015, 2017).

Susceptibility against Fusarium spp. infection seems to be
higher in durum wheat than in bread wheat cultivars (Buerstmayr
et al. 2009; Stack et al. 2002). This could be explained by the fact
that durum wheat, traditionally cultivated in warm and dry
Mediterranean conditions, has had limited exposure to relevant
disease pressure (Ban et al. 2005). Moreover, durum wheat
seems to possess strong susceptibility factors for FHB (Ban and
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Fig. 1. Southern blot analysis of Ubi-UGT (transgenic lines ST7-47 and
ST7-56) and Lem-UGT (transgenic lines ST8-49 and ST8-74) plants. A,
The pAHC17_Ubil::HvUGT13248 and pAHC17_Leml::HvUGT13248
linearized constructs with main restriction sites. B, Genomic DNA (10 pg)
of transgenic lines digested with BamHI and C, Sphl and probed with a
digoxigenin-labeled coding region of HvUGT13248-FLAG. Lanes: 1, ST7-
47; 2, ST7-56; 3, Triticum durum ‘Svevo’; 4, ST8-74; 5, ST8-49; and 6, T.
aestivum ‘Bobwhite’.

584 / Molecular Plant-Microbe Interactions

Watanabe 2001; Ban et al. 2005), and some of its morphological
traits, mainly at the spike level, apparently favor disease devel-
opment (Lops et al. 1998). The current lack of effective re-
sistance sources is also the result of so-far limited breeding
efforts targeting Fusarium resistance in durum wheat compared
with bread wheat (Giancaspro et al. 2016; Prat et al. 2017). Thus,
to assess the efficacy of DON detoxification for Fusarium re-
sistance in durum wheat, in this work, we produced transgenic
durum wheat plants constitutively expressing the barley
HvUGT13248 and tested their reaction to FHB and FCR upon
infection with F. graminearum and F. culmorum, respectively.

In previous work, we demonstrated that the trans-
genic expression in bread wheat spike tissues of the
bean PvPGIP2, an inhibitor of F. graminearum poly-
galacturonase activity, provided the same level of FHB
resistance exhibited by plants expressing the same gene in
all plant tissues (Tundo et al. 2016a). In this work, we also
expressed in bread wheat the HvUGTI3248 under the
control of the Leml promoter, which regulates expression in
lemma, palea, rachis, and anthers (Somleva and Blechl 2005;
Tundo et al. 2016a), to assess whether DON detoxification
in spike tissues could also be sufficient to enhance FHB
resistance.

RESULTS

Production and selection of transgenic durum wheat
constitutively expressing HyUGT13248 and transgenic
bread wheat expressing HvUGT13248 in floral tissues.

Biolistic transformations of embryogenic calli of durum
wheat cultivar Svevo and bread wheat cultivar Bobwhite
were performed by cobombardment of the pAHC17_Ubil::
HvUGT13248 or the pAHC17_Lem1::HvUGT13248, respectively,
and the pBI_Ubil::Bar as selectable marker. The promoters
of maize Ubiquitinl and of barley Leml were used for consti-
tutive and floral-specific expression, respectively. The durum
wheat bombardment, named ST7, was performed on 1,104
embryogenic durum wheat calli and it produced 13 T, lines
containing the HvUGT13248 transgene (1.18% transformation
efficiency). In the bread wheat experiment, named ST8, of
1,272 bombarded embryogenic calli, four T, lines presented
the HvUGTI13248 (0.3% efficiency). The particularly low
transformation efficiency of pAHC17_Leml-driven con-
structs was also observed in previous studies (Tundo 2015).
Transgenic lines ST7-47 and ST7-56 (hereafter referred to
as Ubi-UGT) as well as ST8-49 and STS8-74 (hereafter re-
ferred to as Lem-UGT) were selected for further characteriza-
tion in subsequent generations. None of the analyzed lines
exhibited evident phenotypic alterations versus wild-type
plants.

Characterization of selected Ubi-UGT
and Lem-UGT transgenic lines.

To confirm transgene integration, genomic DNAs of the se-
lected transgenic lines were analyzed by Southern blot analysis,
using about 800 bp of the HvUGT13248 coding region as probe.
Cleavage with the BamHI restriction enzyme, which causes the
excision of the HvUGT13248 coding region (Fig. 1A), con-
firmed the presence of the expected hybridization fragment of
about 1,400 bp in all transgenic lines (Fig. 1B). In particular,
the signal of the ST7-47 line was more intense than that of the
ST7-56 line (Fig. 1B), probably reflecting a higher copy
number of integrated transgenes. Conversely, both Lem-UGT
transgenic lines displayed a similar band intensity (Fig. 1B),
which was weaker than that of Ubi-UGT lines, suggesting a
lower copy number of integrated coding regions in the former
lines. Digestion with the Sphl enzyme, which has one



restriction site within the constructs (Fig. 1A), produced the
expected hybridization fragment in all the transgenic lines,
corresponding to entire constructs (Fig. 1C) of 6,104 and
5,409 bp for pAHC17_Ubil::HvUGT13248 and pAH-
C17_Leml1::HvUGT13248, respectively. In both ST7 lines,
additional hybridizing fragments were found (Fig. 1C), in-
dicating the possible occurrence of transgene rearrangement
events. Hybridization bands in the ST8 lines were weakly
visible (Fig. 1C), reflecting the low copy number of integrations
observed with BamHI digestions (Fig. 1B). As expected, in all
Southern blot experiments, no hybridization signal was de-
tected in genomic DNA of the untransformed plants.

Reverse transcription-polymerase chain reaction (RT-PCR)
of the HvUGT13248 complete coding region was performed to
confirm transgene expression. Among durum wheat Ubi-UGT
lines (Fig. 2A), ST7-47 produced a more intense band, sug-
gesting a higher transcript level. Concerning Lem-UGT lines
(Fig. 2A), HvUGTI13248 expression was confirmed in both
bread wheat lines, although ST8-49 exhibited a very low level
of expression.

Expression in plant tissues of the HvUGT13248 protein was
confirmed by Western blot analysis, detecting the FLAG-tag
present at the N-terminus of the protein. The signal corre-
sponding to 52 kDa, the expected mass for HvUGT13248, was
present in both Ubi-UGT lines (Fig. 2B). Two signals of 25 and
20 kDa were also detected, suggesting a partial proteolytic
degradation. In Lem-UGT plants, the same analysis revealed
the presence of HvUGT13248 protein only in the ST8-74 line
(Fig. 2B); the failure of protein detection in the ST8-49 line
possibly reflects the corresponding weak transcript level (Fig.
2A). As expected, no signal of HvUGT13248 was detected in
the Western blot assay of protein extracted from the un-
transformed plants.

Constitutive expression of HvUGT13248
in Ubi-UGT durum wheat reduces
the negative effect of DON on root elongation.

As a DON-inhibiting effect on root elongation was reported
(Masuda et al. 2007), an in-vitro root-growth assay was carried
out to assess the response to DON of Ubi-UGT durum wheat
lines. As shown in Figure 3A, in the presence of DON, root
elongation in both ST7-47 and ST7-56 lines was significantly
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Fig. 2. Expression analyses of Triticum durum ‘Svevo’ and Ubi-UGT
(transgenic lines ST7-47 and ST7-56) plants (leaves) and of T. aestivum
‘Bobwhite’ and Lem-UGT (transgenic lines ST8-49 and ST8-74) plants
(spikelets at anthesis stage). A, Reverse transcription-polymerase chain
reaction amplification products of HvUGT13248 complete coding region,
of housekeeping Actin gene, and total RNA. B, Western blot detection of the
FLAG-tag present at the N-terminus of HvUGT 13248 (52 kDa). Lanes: C+,
c¢DNA or gDNA control; 1, ST7-56; 2, ST7-47; SV, T. durum Svevo; C—,
null-segregate gDNA control; 3, ST8-74; 4, ST8-49; BW, T. aestivum
Bobwhite; and W, water.

less inhibited than in the control, although the expression of the
barley UGT did not restore normal root growth in the transgenic
lines. Compared with the respective mock treatments, root
lengths of ST7-47 and ST7-56 lines were reduced by 67 and
39%, respectively, while that of Svevo wild-type plants was
reduced by almost 90% (Fig. 3B).

Resistance to FHB and FCR increases
in transgenic Ubi-UGT durum wheat.

Following spike point-inoculation with F. graminearum,
symptom progression was slower in both Ubi-UGT lines than in
untransformed Svevo plants (Fig. 4A). The maximal reduction
of 30% in symptom severity was between 5 and 9 days post-
infection (dpi). During that time period, several transgenic
plants showed a temporary block of the infection to the in-
oculated spikelets. Subsequently, the infection resumed and the
difference in symptoms between transgenic and wild-type
plants progressively decreased, so that it was no longer signi-
ficant at 15 dpi.

At maturity stage, kernels from infected spikes of the
transgenic Ubi-UGT plants were more developed and filled
than those of untransformed plants, probably reflecting the
longer period elapsed before fungal spreading as compared
with the untransformed plants. Thousand kernel weight (TKW,
in grams) varied considerably between infected transgenic lines
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Fig. 3. Root-growth assay on Ubi-UGT (transgenic lines ST7-47 and ST7-
56) and Triticum durum ‘Svevo’ plants. A, Roots subjected to mock (M) and
10 uM deoxynivalenol (DON) treatments. B, Inhibition of root elongation
in DON treatment compared with mock. Data represent means + standard
errors of at least three biological replicates. All data were subjected to
analysis of variance. Different letters correspond to significant differences
(P < 0.05) according to the Tukey test.
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and wild-type Svevo plants; values (mean =+ standard error)
were, on average, 10.5 + 3.7,9.2 + 2, and 4.2 + 2 for ST7-47,
ST7-56, and Svevo, respectively, although differences were not
statistically significant. Ultrahigh-performance liquid chroma-
tography (UHPLC) mass spectrometry analyses were per-
formed to quantify DON and D3G contents in flour from
mature kernels of Ubi-UGT and untransformed plants (Table 1).
Compared with untransformed Svevo, a highly significant re-
duction in DON+D3G content was detected in both transgenic
lines, being about 70 times lower in ST7-47 and over 500 times
lower in ST7-56. Irrespective of the difference between the two
lines, both exhibited similar D3G/DON ratios, averaging
around 20 to 30%. By contrast, the same ratio was 0.3% in
untransformed Svevo plants (Table 1).

To evaluate the response to FCR, infection experiments with
F. culmorum were performed on durum wheat seedlings
(Zadoks stage 11) of Ubi-UGT transgenic and untransformed
Svevo plants. Symptom progression was visually scored for a
period of three weeks and was evaluated by using a disease
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Fig. 4. Infection experiments on Triticum durum ‘Svevo’ (SV) and Ubi-
UGT transgenic lines ST7-47 and ST7-56. A, Time-course development of
Fusarium head blight (FHB) symptoms following Fusarium graminearum
head inoculation. According to analysis of variance (ANOVA) and ranking
of Tukey test, both Ubi-UGT lines were significantly different from Svevo
from 5 to 9 days postinfection (dpi) (P < 0.01) and until 15 dpi (P < 0.05).
B, Fusarium crown rot (FCR) symptom development following F. culmo-
rum seedling inoculation. All data were subjected to ANOVA. Different
letters correspond to significant differences (P < 0.01) according to the
Tukey test. Data represent mean values + standard errors of three in-
dependent FHB and FCR assays.

index (DI) that considers symptom extension and the browning
index. Both transgenic lines exhibited less-severe symptoms
compared with the untransformed plants, with a significant
50% reduction of the DI (Fig. 4B). Importantly, symptom re-
duction was maintained throughout the time of infection for
both transgenic lines.

Finally, to assess the UGT-specific role, Ubi-UGT transgenic
and untransformed Svevo plants were infected with the DON-
nonproducing fungal pathogen Bipolaris sorokiniana. No sig-
nificant difference in response to leaf spot blotch disease was
observed between transgenic and untransformed Svevo plants
(Fig. 5), with the percentage symptomatic leaf area averaging
12 to 16% in both transgenic and wild-type leaves.

Resistance to FHB increases
in transgenic Lem-UGT bread wheat.

The Lem-UGT bread wheat lines, namely ST8-74 and ST8-
49, were also infected with F. graminearum to evaluate their
response to FHB. In this case, a different trend of symptom
progression was observed (Fig. 6). Disease severity was re-
duced by 20 to 40% in the ST8-74 line compared with Bob-
white untransformed plants, from 6 to 18 dpi (Fig. 6A). In line
ST8-49 symptom severity was significantly reduced only be-
tween 6 and 12 dpi (Fig. 6B).

Harvested kernels from infected spikes of Lem-UGT lines, in
particular of ST8-74, were more developed and filled than those
of untransformed plants, with TKW of 8.1 + 0.2, 6.4 + 0.4, and
4.7 = 0.8, respectively, in ST8-74, ST8-49, and Bobwhite
plants.

UHPLC-mass spectrometry measurements of DON and D3G
contents in flour extracted from mature kernels of Lem-UGT
and untransformed plants revealed a higher DON+D3G content
in both ST8-49 and ST8-74 lines as compared with Bobwhite-
derived flour (Table 2), though significantly only in line ST8-49
(P < 0.05). Despite this, the D3G content was 10 times greater
in Lem-UGT lines than in untransformed plants. The
D3G/DON ratio followed the same relative trend and, irre-
spective of the different UGT-expression levels among the two
lines, it was 10 times greater, on average, in Lem-UGT lines
compared with untransformed plants (Table 2).

DISCUSSION

Fusarium species, including F. graminearum and F. culmorum,
cause devastating diseases for bread and durum wheat cultivation
worldwide, namely FHB and FCR. Successful colonization
of wheat heads by F. graminearum requires production of the
trichothecene mycotoxins (Bai et al. 2001). Among them, DON
is the most widely detected in diseased wheat and derived
products (Canady et al. 2001; Streit et al. 2012). Among the
natural mechanisms occurring in plants to reduce DON accu-
mulation and, hence, to counteract its effects, DON conjugation
to a glucose molecule by specific UGTs produces the less-toxic
metabolite D3G; this is also considered a promising strategy for
FHB resistance breeding (Kluger et al. 2015; Lemmens et al.
2005).

Table 1. Deoxynivalenol (DON) and deoxynivalenol-3-glucoside (D3G) content in wholemeal flour from seeds of infected spikes of Ubi-UGT (transgenic lines

ST7-47 and ST7-56) and untransformed Svevo plants”

Genotype DON (ppm) D3G (ppm) DON+D3G (ppm) D3G/DON
Svevo 454 £ 1.1 A 1.32+0.02B 4553 £45A 0.003+0a
ST7-56 0.68 £0.01 B 0.12+0.02B 0.80+0.1B 0.16 + 0.03 b
ST7-47 536+0.05B 1.41 £0.02 A 6.77+0.18 B 026 +0.02 ¢

“* Values are shown as parts per million (ppm) and represent means + standard errors detected in 1 mg of flour. Different letters correspond to significant
differences (P < 0.05 in lower case, P < 0.01 in upper case), according to the Tukey test.
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A major goal of this work was to evaluate the UGT-mediated
response to FHB and FCR of transgenic durum wheat plants
constitutively expressing the HvUGT13248 transgene (Ubi-
UGT). Two Ubi-UGT lines challenged with F. graminearum at
anthesis stage had appreciably reduced FHB severity (up to
30%) throughout the experiment, particularly significant (P <
0.01) between 5 and 10 dpi, as compared with untransformed
Svevo plants. Although seeds of all genotypes were clearly
affected by the infection, DON content was significantly re-
duced in both transgenic lines. This is an important result,
considering the toxic effects of DON on human and animal
health (Maresca 2013; Pestka 2010). In Ubi-UGT plants, a
more efficient DON detoxification from early infection stages
may have impaired fungal progression and, as a consequence,
decreased the amount of DON and D3G contamination in
kernels. Such lines, in fact, had a much higher D3G/DON ratio
(about 100 times) than Svevo untransformed plants, confirming
their better DON-to-D3G conversion ability and the contribu-
tion of DON-detoxification in reducing FHB symptoms during
disease progression (Li et al. 2015; Pasquet et al. 2016).

The extent of the UGT-based effect that we observed
in durum wheat was lower than that of bread wheat lines
expressing HvUGTI3248, also point-inoculated with
F. graminearum, reported by Li et al. (2015). However, results
of the same authors from spray-inoculated plants in field trials,
while confirming an overall significant reduction in FHB se-
verity, were highly variable for DON, D3G, and DON+D3G
contents, likely due to different disease pressures occurring
through the years. A similar lack of correlation between disease
severity and mycotoxin accumulation was also observed in
various bread wheat genotypes (Mesterhazy et al. 1999). Sev-
eral reasons might account for the observed differences be-
tween our results on Ubi-UGT durum wheat plants and those of
Li et al. (2015) on bread wheat. First, the tetraploid versus
hexaploid genomic context could have impacted differently
on the host-pathogen interaction and on DON-detoxification
(Giancaspro et al. 2016). Furthermore, the use of different
growth conditions (growth chamber versus greenhouse) and
of F. graminearum strains with different aggressiveness
(Akinsanmi et al. 2006) could also have influenced the exper-
imental trend of the infection.

Seedlings of the Ubi-UGT lines were also challenged with
F. culmorum, to evaluate the contribution of DON de-
toxification to FCR resistance. DON involvement as a virulence
factor during durum wheat stem colonization but after initial
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Fig. 5. Symptomatic leaf area following Bipolaris sorokiniana infection of
Triticum durum ‘Svevo’ (SV) and Ubi-UGT transgenic lines ST7-47 and
ST7-56. Data represent mean values + standard errors of three independent
infection experiments. All data were subjected to analysis of variance.
Different letters correspond to significant differences (P < 0.05) according
to the Tukey test.

infection was suggested by experiments with F. culmorum TRI6
mutants (Scherm et al. 2011). F. graminearum TRI5 mutants
provided similar evidence when employed on bread wheat and
soybean seedlings (Mudge et al. 2006; Sella et al. 2014) and so
did a F. pseudograminearum TRI5 mutant on bread wheat
(Powell et al. 2017). Our results indicated a symptom reduction
of about 50% at all timepoints in the two Ubi-UGT durum
wheat lines compared with Svevo wild-type seedlings. Notably,
this is the first evidence of a direct involvement of DON de-
toxification by UGT glycosylation in the response to FCR.
Using transcriptome analyses, Powell et al. (2017) identified a
number of candidate genes differentially regulated after seed-
ling inoculation with F. pseudograminearum, another causal
agent of FCR. UGT and ABC-transporter genes were expressed
only in infected samples, suggesting the involvement of de-
toxification. However, to date, none of these genes has been
functionally characterized. Similarly, Wang et al. (2018)
pointed out that TaUGTI2887 and TaUGT3 wheat genes,
known to be induced during FHB (Gottwald et al. 2012;
Schweiger et al. 2013), were among those more rapidly and
highly expressed in resistant seedlings following infection by
FE. graminearum.

In FCR, DON is produced even before visible symptoms can
be observed (Mudge et al. 2006; Stephens et al. 2008) and its
presence can impair root development (Masuda et al. 2007).
The Ubi-UGT seedlings tested in the present work could have
taken advantage of better root tolerance to DON, consequently
displaying higher vigor than untransformed seedlings. Indeed,
as observed by Stephens et al. (2008), fungal mycelium moves
below the point of inoculation after germination and might,
therefore, contribute to the presence of DON in the root envi-
ronment under the soil surface. A severe impact on root de-
velopment was highlighted in susceptible wheat genotypes as a
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Fig. 6. Time-course of Fusarium head blight (FHB) symptom development
following Fusarium graminearum inoculation of Triticum aestivum ‘Bob-
white’” (BW) and A, Lem-UGT transgenic lines ST8-74 and B, ST8-49.
According to analysis of variance and ranking of Tukey test, the ST8-74
line was significantly different from Bobwhite between 6 and 12 days
postinfection (dpi) (P < 0.01) and up to 18 dpi (P < 0.05), whereas for ST8-
49 line the difference was between 6 and 12 dpi (P < 0.05). Data represent
mean values + standard errors of three independent FHB assays.
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result of F. graminearum seedling infection (Wang et al. 2018).
To our knowledge, none of the wheat genotypes tested in the
natural population or in breeding programs exhibited both
FHB and FCR resistance, as apparently conferred by the
HvUTG13248 transgene. As a remarkable exception, high FHB
and FCR resistance was achieved by introgressing the Fhb-7EL
QTL from Thinopyrum elongatum (Ceoloni et al. 2017) and
Fhb-7el,L from Thinopyrum ponticum (C. Ceoloni, unpublished
data; Forte et al. 2014) into wheat. Improved FCR seedling
resistance and FHB resistance was also achieved in wheat by
cotransformation with Chi and Pep3 or Chi and MsrAl trans-
genes controlling different antifungal peptides (Liu et al. 2012).
Although limited research has been carried out on simultaneous
resistance to the two diseases, a genetic correlation between FHB
and FCR resistance in bread wheat has not been found (Li et al.
2010; Xie et al. 2006).

Our research indicates that the UGT-based effect on Fusa-
rium diseases is specific to DON-producing pathogens, as the
response of Ubi-UGT plants to B. sorokiniana infection was
found not to differ from that of wild-type plants. Multiple re-
sistance to different fungi, both hemibiotrophic or necrotrophic,
like F. graminearum and B. sorokiniana, respectively, was de-
scribed in transgenic wheat expressing different glycosidase
inhibitors able to counteract fungal cell wall-degrading en-
zymes (Janni et al. 2008; Tundo et al. 2016b; Volpi et al. 2011).
However, in that approach, host defense mechanisms com-
monly affected by different pathogens were involved, whereas
UGTs specifically interact with mycotoxins. This aspect makes
UGTs able to confer resistance against multiple Fusarium
strains, as demonstrated by Li et al. (2015, 2017) with DON- or
NIV-chemotypes of F. graminearum.

An additional target of this work was to test host reaction to
FHB when the UGT-mediated DON-to-D3G conversion is ac-
tive in the pathogen-targeted spike tissues. Our results from
bread wheat plants expressing HvUGT13248 in spike-related
tissues (Lem-UGT) pointed out their enhanced FHB resistance
but, also, highlighted a differential contribution to resistance
depending on the level of transgene expression. In fact, a dose-
effect response was observed in the two transgenic lines com-
pared with untransformed plants; the higher-expressing line
(ST8-74) reduced FHB severity throughout the infection
(nearly 40% maximum reduction), the lower-expressing line
(ST8-49) reduced FHB severity to a lower extent (about 20
to 25%) and, remarkably, at mid-infection stages. Li et al.
(2015) observed up to 60% symptom reduction in the same
bread wheat Bobwhite cultivar constitutively expressing
HvUGTI13248. This difference is probably ascribable to lower
disease pressure than in our experiments (70 versus 100%,
respectively). In both studies, transgenic UGT contribution
to DON-to-D3G conversion significantly increased the
D3G/DON ratio. We observed that the higher-expressing Lem-
UGT line (ST8-74) reduced DON amount and enhanced D3G,
indicating more efficient DON glycosylation due to higher
UGT expression. By contrast, the lower-expressing ST8-49 line
increased D3G content, compared with the control, while the
DON content remained the same. The total DON (DON+D3G)
was, therefore, even higher than in the control and in ST8-74.

This might have resulted from higher DON production and
stronger aggressiveness of the pathogen in its interaction with
this specific genotype.

The Leml promoter used to produce Lem-UGT lines, ini-
tially isolated from barley by Skadsen et al. (2002), drives gene
expression in wheat lemma, palea, rachis, and anthers (Somleva
and Blechl 2005; Tundo et al. 2016a). In wheat, the Lem[-driven
PvPGIP2 transcript was highly expressed during head emer-
gence, before anthesis (Tundo et al. 2016a), whereas the protein
activity peaked at anthesis stage (Tundo et al. 2016a), similarly to
the reporter green fluorescent protein (Somleva and Blechl
2005). A key factor in DON-sensitivity of the host plant seems to
be the timing of toxin neutralization; the earlier the mycotoxin is
neutralized, the higher are the chances of limiting pathogen
spread (Li et al. 2015, 2017). Due to this, it is possible that Lem -
driven expression of HvUGT13248 did not coincide with the
time of maximum DON production in the fungus. Indeed, the
HvUGT13248 protein might be degraded quickly after its tran-
scriptional peak, hence being insufficient at later and more
critical stages for effective plant response to DON. By contrast,
under constitutive expression, like that of Ubil-driven
HvUGT13248, the transgene activity was likely to be relatively
constant throughout all developmental stages. In addition, or as
an alternative, the absence of ectopic UGT in ovaries and kernels
could have contributed to the higher content of total DON+D3G
in Lem-UGT derived flours than in control extracts. By contrast,
DON+D3G amount was much lower in Ubi-UGT lines, in-
dicating the importance of the ‘promptness’ of host de-
toxification to impair fungal DON production.

In conclusion, the present work provides evidence of the
contribution of DON-detoxification in wheat resistance to
Fusarium diseases. Based on the effect of the floral-specific
expression on FHB symptoms, the need for a minimum UGT
amount to effectively contribute to resistance is envisaged. The
results concerning durum wheat indicate that both FHB and
FCR diseases are positively affected by the UGT-based DON
detoxification mechanism. This evidence is particularly note-
worthy for a highly susceptible species like durum wheat. For
both durum and bread wheat, the proved efficacy of DON-
detoxifying UGT makes it an attractive trait in breeding pro-
grams targeting broad-spectrum resistance against Fusarium
pathogens.

MATERIALS AND METHODS

Constructs preparation, production,
and selection of wheat transgenic plants.

The pAHC17_Ubil::HvUGT13248 and pAHC17_Leml::
HvUGT13248 constructs were prepared by inserting the com-
plete coding region of HvUGT13248 into the BamHI site of
pAHCI17 (Christensen and Quail 1996) under control of the
maize Ubiquitinl or the barley Leml promoters, with NOS
terminator. The coding sequence of HvUGT13248 (accession
number GU170355) was synthetized and inserted into pUC57
vector by GenScript Biotech (Piscataway, NJ, U.S.A.), with
amino acidic sequence optimized for Triticum durum codon
usage. A FLAG-tag region was added at the 3’ end of the

Table 2. Deoxynivalenol (DON) and deoxynivalenol-3-glucoside (D3G) content in wholemeal flour from seeds of infected spikes of Lem-UGT (transgenic

lines ST8-49 and ST8-74) and untransformed Bobwhite plants”

Genotype DON (ppm) D3G (ppm) DON+D3G (ppm) D3G/DON

Bobwhite 412 +202a 36 +£20.7b 448 + 284D 0.09 +0.08 b
ST8-74 274+73b 313+£36.8a 587 £29.4 ab 1.14+0.15a
ST8-49 414+ 6.8 a 320+ 66.3 a 737 £594 a 0.77+0.16 a

“* Values are shown as parts per million (ppm) and represent means + standard errors detected in 1 mg of flour. Different letters correspond to significant

differences (P < 0.05), according to the Tukey test.
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HvUGT13248. Two BamHI restriction sites were added at the 5’
and 3’ ends of the sequence, respectively. The HvUGT13248
sequence, as well as the pAHC17 and pAHC17_Lem1 (obtained
from pAHC17_Lem]1::PvPGIP2 [Tundo et al. 2016a] excising
the PvPGIP2) were digested with BamHI (Promega, Milano,
Italy) following the producer’s protocol and were then ligated
using the T4 ligase (Promega), generating pAHC17_Ubil::
HvUGT13248 and pAHC17_Leml1::HvUGT13248 constructs
(6,104 and 5,409 bp, respectively). The correct sequence and
the insertion sites were confirmed by nucleic acid sequencing.

Constructs were introduced into immature embryo-derived
calli of Svevo or Bobwhite, for durum and bread wheat, re-
spectively, by biolistic bombardment, following the procedure
described by Weeks et al. (1993). The constructs carrying the
gene of interest (pAHC17_Ubil::HvUGT13248 or pAH-
C17_Leml::HvUGT13248) were cobombarded in a 3:1 molar
ratio, with the pUbi::Bar construct carrying the Bar gene (ac-
cession number X17220.1), conferring resistance to phosphi-
notricin, used as selectable marker.

PCR was performed to discriminate the presence of trans-
genes in transformed plants. Genomic DNA was extracted from
plant leaves using the method described by D’Ovidio and
Porceddu (1996), obtaining a DNA solution of about 15 ng/ul.
PCR reactions were prepared in 10 ul composed as follows: 5 pl
of GoTaq green master mix (Promega), 0.5 uM of each specific
primer, 1 pl of extracted DNA, and nuclease-free sterile water
for the remaining volume. Amplification conditions were 1
cycle at 95°C for 3 min, then, 35 cycles of denaturation at 95°C
for 45 s, annealing at 60°C for 45 s, extension at 72°C for 1 min,
and a final extension step at 72°C for 5 min. Actin (accession
number AB181991.1) was used as the control gene with a
relatively consistent level of expression (housekeeping con-
trol). Amplicons were then confirmed by electrophoresis in 1%
agarose gel.

To check the HvUGT13248 presence in Ubi-UGT or Lem-UGT
plants, respectively, primer pairs used were Ubi-49F (TCGATGCT
CACCCTGTTGTTT) and UGT472R (CTGCATGGTTGGGA
GAAGAA) or Lem789F (ACCTTAACCTGGCGCCTTAG)
and UGT472R, which produced amplicons of 522 and 788 bp,
respectively. Ubi-49F and Bar2R (GAAACCCACGTCATGC
CAGT) were used to check the presence of the Bar gene;
TaAct77F (TCCTGTGTTGCTGACTGAGG) and TaAct321R
(GGTCCAAACGAAGGATAGC) were employed to amplify
the Actin gene.

Characterization of durum wheat Ubi-UGT
and bread wheat Lem-UGT transgenic lines.

Southern hybridization was carried out as reported by Janni
et al. (2008) on green leaf material. Hybridization probes la-
beled with digoxigenin were prepared by PCR following the
procedure of D’Ovidio and Anderson (1994), using the primer
pair UGT759F (AACCCTGCCATCGTACTACC) and FlagR
(CTTGTCGTCGTCGTCCTTGTAGTC), amplifying almost
700 bp of the HvUGT13248 coding region. Immunological
detection with a chemiluminescence assay using 1:10,000
antidigoxigenin-AP’ antibody (Roche Diagnostics, Monza,
Italy) was performed by CSPD (Roche Diagnostics) methods,
following the manufacturer’s procedure.

For RT-PCR experiments, total RNA was extracted from leaf
or spike (discarding ovaries) tissues, using Spectrum plant
total RNA kit (Sigma-Aldrich, Milano, Italy), according to
the manufacturer’s instructions. Total RNA was qualitatively
evaluated by electrophoresis in 1% agarose gel and was quan-
tified in a Multiskan GO microplate spectrophotometer (Thermo
Scientific, Monza, Italy). One microgram of total RNA was
subjected to genomic DNA elimination, and first-strand cDNA
synthesis was carried out, using a QuantiTect reverse transcription

kit (Qiagen, Milano, Italy), according to the manufacturer’s
protocols.

RT-PCR reactions were prepared as described above, using
0.5 pl of cDNA as template. Actin amplification was used as
a housekeeping control. Amplicons were then confirmed
by electrophoresis in 1% agarose gel. To check HvUGT13248
expression, the primer pair used was UGT35F (GCAC
CACCTCATCGTCAGTC) and UGT1430R (GGATCCTCA
CTTGTCGTCGTC), which produced an amplicon of 1,430 bp.
TaAct77F and TaAct321R, which produce an amplicon of
350 and 250 bp on genomic (g)DNA and complementary (c)
DNA, respectively, were used for Actin.

For Western blotting experiments, fresh or frozen (-80°C)
leaves or spikes of transgenic and untransformed plants were
crushed in a mortar, with a pestle, using liquid nitrogen. Plant
tissues were then homogenized with Laemmli buffer (Laemmli
1970), composed of 2% sodium dodecyl sulfate (SDS), 60 mM
Tris-HCl, pH 6.8, 144 mM f-mercaptoethanol, and 10%
glycerol (2 ml/g). Homogenized material was kept 15 min in
ice and was then centrifuged at 12,000 rpm for 20 min at 4°C.
The supernatant was recovered and the centrifugation step was
repeated. Protein concentration of the total protein extracts was
determined with the Bio-Rad Protein assay kit (Bio-Rad Lab-
oratories, Segrate, Italy), using bovine serum albumin as stan-
dard. Ten micrograms of total proteins were separated in 15%
polyacrylamide gel by SDS-polyacrylamide gel electrophoresis
and were transferred to Immuno-Blot 0.2 um polyvinylidene
diflouride membrane (Bio-Rad Laboratories). The poly-
clonal rabbit primary OctA-Probe antibody (1:2,000; Santa
Cruz Biotechnology, Santa Cruz, CA, U.S.A.) coupled with
horseradish peroxidase (HRP)-conjugated secondary antibody
produced in rabbit (1:25,000; Sigma-Aldrich) were used
to detect the FLAG sequence presence at the N-terminus
of HvUGTI13248. Signals were detected, using Luminata
Crescendo Western HRP substrate (Millipore, Bedford, MA,
U.S.A.) as chemiluminescent substrate, by an autoradiography
film.

Root elongation assay.

Sterilized wheat seeds of Ubi-UGT durum wheat lines and
untransformed Svevo were sown in glass tubes containing
Murashige Skoog (MS) rooting medium (MS salt mixture 2.15
g/liter, maltose 20 g/liter, thiamine-HCl [25 mg/500 ml]
5 ml/liter, L-asparagine 0.075 g/liter, 0.25% vol/vol phytagel)
supplemented with 10 pM DON (Romer Labs, Getzersdorf,
Austria), diluted in 70% ethanol. Mock controls were prepared
adding the same amount of 70% ethanol into the same medium
without DON. Glass tubes were kept in the dark until germi-
nation (approximately 3 days after seeding) and were then
moved to a growth chamber at 22°C with a 16-h photoperiod
(300 uE m~%s™"). For each line, the experiment was performed
in at least three replicates, with three to four seeds per repli-
cate. Root growth was determined by measuring (in centi-
meters) the longest root of each seedling once a week for one
month. The percentage of root inhibition was calculated as the
difference between mock- and DON-treated samples for each
line.

Plant and fungal growth, infection assays,
and DON/D3G analyses.

Wheat seeds were surface-sterilized with sodium hypochlo-
rite (0.5%, vol/vol) for 10 min and were then rinsed thoroughly
in sterile water. After seed germination, seedlings were trans-
ferred into jiffy pots with soil and were vernalized at 4°C for
2 weeks. Afterward, plants were, two by two, transferred in
14 x 14 cm pots and were grown in a growth chamber at 18 to
23°C with a 14-h photoperiod (300 pE m2 s™'). The growth
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stages were assessed using the Zadoks’ scale (Zadoks et al.
1974).

F. graminearum 3827 and F. culmorum UK99 were cultured
on synthetic nutrient agar medium (Urban et al. 2002), to
produce macroconidia. B. sorokiniana 62608 DSMZ strain was
cultured on potato dextrose agar medium.

FHB infection experiments were performed in triplicate by
single-spikelet inoculation with F. graminearum conidia, ad-
justed to 2.5 x 10* conidia/ml, using a final concentration of
500 conidia in 20 pl, supplemented with 0.05% Tween 20. The
conidia suspension (20 pl) was pipetted directly through the
glumes of two opposite central florets of a wheat head during
anthesis (Zadoks stage 68). Infected spikes were covered with
plastic bags for 2 days to maintain high humidity conditions.
FHB disease symptoms were assessed, for a period of 18 days,
by counting the number of visually diseased spikelets every
day postinfection and by calculating their percentage out of
the total number of spikelets of the respective head. For each
experiment, at least 15 plants for each genotype were used.
Bulked seeds obtained from infected plants of the respective
genotype were weighed and TKW was calculated for each
experiment.

FCR infection experiments were performed in triplicate,
following the procedure described by Ceoloni et al. (2017).
Seedlings were individually grown in jiffy pots and were
arranged in plastic trays covered with a plastic film to maintain
high relative humidity, at 22°C and with a 16 h light period.
Inoculation was performed with a F. culmorum suspension
adjusted to 1.5 x 10° conidia per milliliter, using a final con-
centration of 3 x 10* conidia in 20 pl, supplemented with 0.05%
Tween 20. The inoculum was applied to the stem base leaf
sheath at the first-leaf stage (Zadoks stage 11). Disease symp-
toms were assessed every three days, from day 5 to 21 post-
inoculation, using two parameters, symptom extension (SE, in
centimeters) and browning index (BI) of the infected tissues
(visual rating of the degree of extension of necrosis, as in-
dicated by brown discoloration). The DI was subsequently
determined as SE x BI (Beccari et al. 2011). For each experi-
ment, at least 12 plants for each genotype were used.

The infection experiment to evaluate leaf spot blotch caused
by B. sorokiniana was performed in triplicate on seedlings at
the first leaf stage (Zadoks stage 11) by conidia inoculation of
the upper surface of each leaf of transgenic and control wheat
plants, as described by Janni et al. (2008). Disease symptoms
were evaluated 72 hpi by Assess image analysis software for
plant disease quantification (American Phytopathological So-
ciety, St. Paul, MN, U.S.A.), as ratio between leaf area showing
symptoms and the total leaf area. For each experiment, at least
10 plants for each genotype were used.

The levels of DON and D3G were determined in kernels of
plants involving two F. graminearum infection experiments,
using, in both cases, three technical replicates for each sample.
DON and D3G metabolites were extracted from 100 mg of
wheat wholemeal flour in 400 pl of 86:14 acetonitrile/water
(vol/vol), by continuous shaking in a horizontal shaker for 24 h
at 180 rpm at 4°C. The supernatant was recovered after cen-
trifugation at 10,000 x g for 10 min. Supernatants (20 ul) were
injected into an UHPLC system (Ultimate 3000, Thermo Sci-
entific) and were run in positive ion mode. The UHPLC system
was coupled online with a mass spectrometer Q Exactive
(Thermo Scientific), scanning in full mass spectrometry mode
(two microscans) at 70,000 resolution in the 67 to 1,000 m/z
range. UHPLC-MS was performed as described by D’ Alessandro
et al. (2011). A Reprosil C18 column (2.0 x 150 mm, 2.5 um)
was used for metabolite separation. Data files were processed
by MAVEN.52 (available online). Standard curves were
obtained with serial dilutions of analytical standards of DON
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(Romer Labs), resuspended in 96% ethanol, and D3G (Romer
Labs), 50 pg/ml in acetonitrile).

Statistical analyses.

All data were subjected to analysis of variance using
SYSTAT12 software (Systat Software Inc., San Jose, CA, U.S.A.).
The variable parameter (i.e., percentage of symptomatic
spikelets for FHB, DI for FCR, quantification of DON/D3G
content in flour) was considered as the dependent factor against
the independent factors genotype and replicate. Two levels of
significance (P < 0.05, P < 0.01) were considered to assess
significance of the F values. When significant F values were
observed, a pairwise analysis was carried out by the Tukey
honestly significant difference test at a 0.95 or 0.99 confidence
level.
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