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Abstract In many plant/pathogen interactions, host suscepti-
bility factors are key determinants of disease development
promoting pathogen growth and spreading in plant tissues.
In the Fusarium head blight (FHB) disease, the molecular
basis of wheat susceptibility is still poorly understood while
it could provide new insights into the understanding of the
wheat/Fusarium graminearum (Fg) interaction and guide fu-
ture breeding programs to produce cultivars with sustainable
resistance. To identify the wheat grain candidate genes, a
genome-wide gene expression profiling was performed in
the French susceptible wheat cultivar, Recital. Gene-specific
two-way ANOVA of about 40 K transcripts at five grain de-
velopmental stages identified 1309 differentially expressed
genes. Out of these, 536 were impacted by the Fg effect alone.
Most of these Fig-responsive genes belonged to biological and
molecular functions related to biotic and abiotic stresses indi-
cating the activation of common stress pathways during sus-
ceptibility response of wheat grain to FHB. This analysis
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revealed also 773 other genes displaying either specific Fg-
responsive profiles along with grain development stages or
synergistic adjustments with the grain development effect.
These genes were involved in various molecular pathways
including primary metabolism, cell death, and gene expres-
sion reprogramming. An increasingly complex host response
was revealed, as was the impact of both Fig infection and grain
ontogeny on the transcription of wheat genes. This analysis
provides a wealth of candidate genes and pathways involved
in susceptibility responses to FHB and depicts new clues to
the understanding of the susceptibility determinism in plant/
pathogen interactions.

Keywords Fusarium graminearum - Wheat - FHB -
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Introduction

Wheat (Triticum aestivum L.) has become the second largest
cereal crop worldwide just after rice. Used as a main
source of protein and starch for human consumption, an-
imal feed, industrial raw materials, and biofuels, its yield
is threatened by several diseases such as Fusarium head
blight (FHB) primarily caused by the Fusarium
graminearum (Fg) fungus (teleomorph Gibberella zeae,
Schwabe). FHB is a devastating disease affecting many
cereals with small grains (McMullen et al. 1997) and
one of the main causes of starch and storage protein losses
in grains, which leads to severe decrease in grain quality
(Sutton 1982). Furthermore, FHB constitutes a serious
threat to human and animal health because of the produc-
tion and accumulation of mycotoxins such as
deoxynivalenol (DON) (Tuite et al. 1990). The ineffec-
tiveness of the current tools in the prevention and the
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control of the FHB disease, as well as the absence of
major resistance genes despite the hundreds of identified
quantitative trait loci (QTLs) (Buerstmayr et al. 2003: Li
et al. 2011; Zhu et al. 2012), requires to deepen our
knowledge regarding the biology of this specific interac-
tion and on the molecular cross-talk promoting Fg inva-
sion. Unlike resistant cultivars, in the susceptible ones, Fg
fungus could take advantage of host susceptibility factors
to successfully complete its infectious cycle (Chetouhi
et al. 2015). Up to now, the factors contributing to the
Fg growth in wheat are still poorly understood while sev-
eral host genes necessary for pathogen growth were al-
ready reported in other pathosystems (Jia et al. 2011;
Gonzalez-Lamothe et al. 2012). A loss of functional mu-
tations of such genes has already been successful in pro-
viding durable and broad-spectrum plant resistance, mak-
ing the susceptibility genes (S-genes) a promising source
of resistance in breeding strategies. More than 30 poten-
tial host susceptibility factors, validated through either
transient knockdown or over-expression of the corre-
sponding genes, were reported in the literature (Pavan
et al. 2010). Among S-genes, PMR6 and MLO genes were
coding for susceptibility factors promoting growth of
powdery mildews; ADH1 gene modulates the susceptibil-
ity of Hordei spp. plant to Bulmeria graminis fungus
(Pathuri et al. 2011); and, recently, /44-Asp gene was
identified as susceptibility gene which promotes the de-
velopment of Botrytis cinerea in Arabidopsis thaliana
(Gonzalez-Lamothe et al. 2012). Furthermore, studies
have shown that some S-genes may be essential for the
development of the plant as well as for the pathogen de-
velopment and its installation. One example is the rice
Xal3 gene which is essential for the growth of the
Xanthomonas oryzae bacteria and for plant pollen devel-
opment (Chu et al. 2006). Recently, Brewer et al. (2014)
showed that the homoserine kinase DMR1 mediated sus-
ceptibility mechanisms that occur during infection of
A. thaliana by both F. culmorum and F. graminearum.
Although increasing knowledge is available, identifying S-
genes still requires a better understanding of the molecular
determinism of the plant-pathogen interacting system, includ-
ing genome-wide approaches. Among transcriptomic studies
performed on the wheat-Fg pathosystem, most provide a lim-
ited picture of the whole infection dynamics, prioritizing ei-
ther on different stages of disease establishment or on organ-
specific responses (Golkari et al. 2007; Bernardo et al. 2007;
Erayman et al. 2015). Although grains constitute the main
target of FHB disease, no study has been interested in identi-
fying and understanding Fg-induced transcriptome adjust-
ments along with the fluctuating molecular context of grain
development. In healthy plants, grain ripening involves a fine-
tuned control of cellular processes (Rogers and Bendich 1994;
Evers and Millar 2002; Nadaud et al. 2010) that impacts grain
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physiology. The formation of the grain is defined by three
specific phases: (i) the cell division and differentiation stage
(0-165 °Cd after anthesis) includes the formation of the main
cell types (transfer cells, aleurone, starchy endosperm, and
cells surrounding the embryo); (ii) the grain filling stage
(195-450 °Cd after anthesis ) starts with the deposition of
starch and gluten proteins in endosperm cells; and (iii) the
desiccation/maturation phase (Wan et al. 2008). The transition
between these contrasted phases is finely regulated by gene
expression and comes along with increasing grain size and
weight. Abiotic stresses, such as heat or drought, are known
to broadly impact wheat grain physiology (Ashraf 2014), but
little is known about the molecular events occurring in Fg-
infected grains. Recent publications refer to a possible link
between the development of the grain and the development
of FHB (Dornez et al. 2010; Chetouhi et al. 2015 ; Walter et al.
2015), while the whole molecular mechanisms involved in the
colonization of the grain are still unknown.

Here, we report a comprehensive view of the mechanisms
and main metabolic pathways impacted by FHB disease. Mo-
lecular changes were specifically traced in grain tissues of a
susceptible wheat cultivar to gain new insights into plant sus-
ceptibility and related susceptibility factors. Using the
GeneChip® Wheat Genome NimbleGen micro-array, we per-
formed a genome-wide expression profile analysis at different
pivotal stages of the wheat grain formation: the cell division
stage (50 °Cd), the cell differentiation stage (150 °Cd), the
beginning of the grain filling stage (250 °Cd), and the end of
the grain filling (350, 450 °Cd). A special attention has been
paid for detecting development-dependent gene expression
remodeling as a way to provide clues about the identification
of susceptibility genes.

Materials and methods
Plant growth and Fusarium graminearum inoculation

During 2009 and 2010, a winter wheat cultivar, so-called
Recital, was grown in a greenhouse at the INRA Research
Center of Clermont-Ferrand (France) without treatment and
pesticide protection. Inoculation (i.e., infection) of wheat
ears by the F. graminearum Fgl strain was done at the
flowering stage (~14 weeks after sowing), especially at
mid-anthesis, when about 50 % of the stamens were visi-
ble. The inoculum (50 pl at 10° spores per milliliter) was
deposited by spraying on both sides of the ears. A mock
treatment was realized by spraying water and served as
negative control. After spraying, the control and the Fg-
inoculated ears were covered with a bag for 2 h to maintain
sufficient moisture and to promote attachment of the Fgl
spores. The infection process was surveyed during 450 °Cd
(corresponding to about 26 days) after the Fg treatment and
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Fig. 1 Dynamics of FHB development on grains of a susceptible wheat
genotype. a Typical symptoms during susceptibility response to Fg in
wheat grains (cv-Recital) at different development stages of the grain
(50, 150, 250, 350, and 450 °Cd), the inoculation was performed at
mid-anthesis; b Fg/GS relative quantification using qPCR method
during the time course infection; ¢ Log2 relative expression of the Tri5
(trichodiene synthase) gene during the time course using the qRT-PCR
method. Values are expressed as the ratio of treated versus control plants
per fungal mass unit

especially at five key grain developmental stages including
cell division (50 °Cd), cell differentiation (150 °Cd), and
grain filling stages (250, 350, and 450 °Cd) (Fig. la). As a
whole, ten infected and ten control ears were randomly
harvested at each stage, pooled, and immediately frozen
in liquid nitrogen. The grains of negative control and Fg-
inoculated ears were dissected, ground under liquid nitro-
gen, and stored at —80 °C.

Total RNA extraction, double-stranded cDNA synthesis,
and microarray design

Total RNA was extracted from 250 mg of the grain powder
sample for each negative control and Fg-inoculated samples,
using the method described by Bogorad et al. with few adjust-
ments (Bogorad et al. 1983). The RNA was treated with TUR-
BO DNase (Ambion, AM1907), and its integrity was assessed
using the RNA 6000 Nano Assay bioanalyzer (Agilent).
cDNA was synthesized from total RNA using the SuperScript
Kit (Invitrogen) and labeled with fluorescent Cy3 and Cy5
dyes using a Two-Color DNA Labeling Kit (NimbleGen).
Hybridization was performed using the NimbleGen Hybridi-
zation Kit, according to the manufacturer’s instructions. Two
technical replicates were achieved using either the Cy3 or Cy5
dye for each biological replicate. A wheat NimbleGen micro-
array (ref. A-MEXP-1928) was used for gene expression pro-
file generation. Each microarray included 39,019 unigenes
with three different probes per unigene, 78 with two probes
and 82 with one probe.

Microarray data normalization and statistical analysis

Microarray images were obtained with NimbleGen MS200
Scanner. Scanning arrays were read with Deva software
(v1.2.1). Microarrays were analyzed using the limma
bioconductor package in the R environment (Smyth 2004).
To control for any technical variation, the raw data were first
normalized within arrays using the loess package/method and
then normalized between arrays using the Aquantile method
(Smyth and Speed 2003). To detect transcripts displaying sig-
nificant abundance changes during the infection dynamics and
to identify their connections with changes involved in grain
development, we designed a two-way analysis of variance
(ANOVA) using a linear model including the infection and
the grain developmental stages as grouping factors. The model
used was Y;3=pn+T,;+D;+T;xD;+¢;;, where Y, refers to
individual transcript abundance value, p is the general mean,
T; is the effect of the treatment (i=2; control or infected), D; is
the effect of the development stage (=5, 50, 150, 250, 350, or
450 °Cd), T; x D; is the infection by development stage inter-
action, and ¢ is the residual. For each individual transcript, a
QO value was calculated from the resulting p values of each
effect (T;, D, and T;xD;). A 0.05 threshold was defined to
deem transcript abundance changes significant (correspond-
ing to a positive false discovery rate at a 5 % level) (ESM
Table Sla and b).

Gene ontology annotation of significant genes
The function of differentially expressed genes was annotated

by performing a Blast search with the Blast2GO software,
against the non-redundant (nr) protein sequence database
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using default parameters (Conesa et al. 2005). The Blast2GO
software (v1.3.3) was used to obtain gene ontology (GO) in-
formation retrieved from database matches. GOslim
“goslim_plant.obo” was used to achieve specific GO terms
by means of a plant-specific version of the GO. GO-
annotated datasets were represented at level 2. unigenes be-
longing to each group and to each cluster were used to collect
the corresponding probe set in the Wheat Affymetrix
GeneChip (http://www.affymetrix.com). The corresponding
GOIiD for each probe set were then identified from the
Blast2Go home page (http://bioinfo.cipf.es/b2gfar/
affychips:wheat) and used for GO enrichment analysis. In
our analysis, the wheat Affymetrix chip annotated by the
Blast2Go team was used as a reference (annotated array) to
perform Fisher’s exact tests. GO terms with a p value lower
than 0.05 were considered to be significantly different and
enriched within the cluster (ESM Table S2a—d).

Mapping of significant genes on wheat chromosomes

The localization of 1309 significant genes on the different
wheat chromosomes was obtained by aligning the sequence
of each significant unigene against wheat chromosome survey
sequences generated by the International Wheat Genome Se-
quencing Consortium (IWGSC) and available on URGI
website (https://urgi.versailles.inra.fr/blast). Blastn results
were parsed using a cutoff of 95 % identity over a minimum
of 200 bp.

PCR analyses on Fusarium graminearum and wheat
targets

Relative F. graminearum biomass quantification and Fg-
Tri5 gene expression were performed on genomic DNA
and total RNA extracts, respectively, and analyzed using
gPCR as described in Chetouhi et al. (2015). Wheat tar-
gets were analyzed using qRT-PCR on RNA extracts ob-
tained from three independent biological replicates of
wheat infected grains. The RNase L inhibitor (7aRLI)
gene that displays no expression variation between Fg--
inoculated and control wheat samples was used as a ref-
erence gene (Giménez et al. 2011) and was amplified
along with the target gene allowing normalization of gene
expression. Real-time PCR products were detected using
the SYBR Green Supermix (Roche) following the manu-
facturer’s recommendations. One microgram of total RNA
was reverse-transcribed into cDNA with oligo(dT) using
iScript reverse transcriptase (Bio-Rad) after treatment
with amplification grade DNase I (Invitrogen). Four mi-
croliters of a 30-fold dilution of this cDNA and 250 nM
of each primer (ESM Table S3) were used as a template
for qRT-PCR. The PCR cycling conditions included an
initial denaturation step of 95 °C for 10 min followed

@ Springer

by 55 cycles of 95 °C for 15 s and 60 °C for 1 min. A
melting curve analysis was performed at the end of the
PCR run over the range 55-95 °C, increasing the temper-
ature stepwise by 0.5 °C every cycle. Baseline and thresh-
old cycles (Ct) were determined automatically using Op-
tical System Software (LightCycler, Roche). Zero tem-
plate controls were included for each primer pair, and
each PCR was performed in triplicate. The PCR efficien-
cies of target and reference genes were determined by
generating standard curves, and the relative expression
values were calculated using the ACt method (Pfaffl
2001).

Results

Fusarium graminearum settled in grain of a susceptible
wheat genotype along with a burst of mycotoxin synthesis
and with two distinct spurts of growth

FHB disease was tested using the susceptible French wheat
cultivar so-called Recital and the mycotoxigenic fungus,
F. graminearum. In this experiment, the dynamics of Fg
infection on wheat spikes was surveyed over five pivotal
stages of the grain development from 50 to 450 °Cd. The
earliest visible symptoms were noticed at the cell differenti-
ation stage of the grain (150 °Cd) while severe damages,
including the bleaching of the spikelets and shrunken grains,
were detected at the grain filling stage (250 °Cd; Fig. la;
Fig. S1). The quantification of Fg fungal mass was traced by
gPCR method using Fg/GS and revealed that Fg did not
grow continuously over the infection process. Fg experi-
enced two spurts of growth, the first one occurring at the
onset of the symptoms, concomitantly with the beginning of
the grain filling stage (>4-log increase between 150 and
250 °Cd, Fig. 1b), and the second one at the end of the
latter stage (five times increase between 350 and 450 °Cd,
Fig. 1b). Besides these events, no significant change in Fg
growth happened even over periods lasting up to 5 days
(duration corresponding to about 100 °Cd). Fgtri5 gene ex-
pression per fungal mass unit increased up to 17 times dur-
ing 50 and 150 °Cd just before the first spurt of growth
while no expression signal has been detected in the range
of 250 to 450 °Cd (Fig. 1c). Our results evidenced that the
infection by F. graminearum involved at least three main
phases on wheat grain: (i) a first phase until reaching
150 °Cd, during which Fg is likely to enter the grain along
with substantial mycotoxin production; (ii) a second phase at
the turning point of 150 to 250 °Cd, characterized by a
strong and rapid Fg growth; and (iii) a last phase starting
from 250 °Cd during which Fg develops independently to
the Tri5 gene expression.
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Large-scale grain transcriptomics revealed different
Fg-responsive patterns connected with grain development
stages

Awheat (Triticum aestivum) NimbleGen 40 K unigene micro-
array was used to assess changes in gene expression profiles
upon Fg infection during grain development. This microarray
included 39,179 wheat genes that correspond to nearly 42 %
of the whole set of genes assigned to the three component
genomes (A, B, and D) of the hexaploid wheat (Brenchley
et al. 2012). To depict a comprehensive picture of the Fg-
responsive genes and their connections with grain develop-
ment stages, we designed two-way ANOVAs to compute the
significance of the variance across Fg treatment (T), develop-
ment stages (D), and their interaction effects (T X D). This
model was used to efficiently trace different populations of
responsive genes: (i) genes displaying Fg-responsive pattern
without any impact from the development stage (T genes); (ii)
genes displaying Fg-responsive pattern that occurs along with
the basal adjustments of grain development (T+D genes;
unigenes showing both significant T and D effects); and (iii)
genes displaying Fg-responsive patterns that depend on the
grain development stage (T x D genes, unigenes showing a
significant T x D effect at least).

Statistical analyses were computed on the 39,179 unigenes.
Using a pFDR significance threshold of 5 %, we identified a
total of 13,813 unigenes that display at least one significant
effect in the two-way linear model, with 12,504 unigenes
deemed significant for the D effect alone (Fig. 2) (ESM
Table Sla and b). These D genes reached up to 30 % of the
39,179 unigenes and depict differentially expressed genes in-
volved especially in wheat grain development. This propor-
tion of D genes corroborates previously published results
showing that 24 % of the total NimbleGen chip unigenes were
involved in wheat grain development (Capron et al. 2012).
Focusing on Fg-related responses, we identified 1309
unigenes (~3.5 % of the whole set of wheat unigenes) that
displayed a significant change upon Fg inoculation. These
included 536 T genes, 601 T+D genes, and 172 T x D genes
(Fig. 2). For each gene population, the Blast2GO software was
used to collect functional GO annotations. As a whole, 646
GO annotations were identified for the T genes, 695 for the
T+ D genes, and 188 for the T x D genes (ESM Table S2a—c).
A Fisher’s exact test (significant threshold for BH adjusted
p values set to 0.05) was applied to test whether these GO
showed any enrichment for a given biological process. This
evidenced a significant enrichment for 35 GO biological pro-
cesses; 20 were found in T genes, 21 in T+ D genes, and 6 in
T xD genes. Interestingly, part of the enriched GO biological
processes was specific to each gene population (ESM
Table S2d). T genes were mostly enriched for GO terms asso-
ciated with defense responses to fungus, general stress re-
sponses, translational initiation, and brassinosteroid metabolic

Development (D)

A%

Interaction (T x D)

Fg-Treatment (T)

Fig. 2 Venn diagram showing the number of significant responsive
genes identified for the Fg-treatment (T), the grain development (D),
and the interaction (T x D) effect. Changing gene expression was
assessed using 2-way ANOVA

process. T+D genes grouped GO terms mainly related to
GTP catabolic process, histone lysine methylation, response
to growth hormone stimulus, and embryo development. T X D
genes were enriched toward responses to pathogen and drug
transmembrane transport.

To check up on the microarray data, a number of genes
exhibiting significant changes after Fig treatment were select-
ed from different functional categories, and their expression
was measured in control and in infected tissues using quanti-
tative RT-PCR. The qRT-PCR profiles of these genes exhibit-
ed the same trends as those observed in the microarray
(Fig. S2).

T genes were mainly defined by increasing transcript
abundances upon F. graminearum infection

Considering the 536 T genes, 492 genes were up-regulated in
response to Fg infection while no change has been detected
between consecutive developmental stages (ESM Table S4a).
These set of genes belonged to roughly 20 GO terms including
defense response to fungus, glutathione metabolic process,
ATP catabolic process, response to jasmonic acid stimulus,
killing of cells of other organisms, and brassinosteroid meta-
bolic process (ESM Table S4b). They also gathered 79 genes
without functional annotation and 40 hypothetical proteins.
Noticeably, 40 other genes were involved in mycotoxin de-
toxification (e.g., 3 genes encoding UDP-glycosyltransfer-
ases, 15 glutathione S-transferases, 7 cytochromes p450, and
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6 PDRs), 28 genes encoded different ribosomal proteins, 4
corresponded to pathogenesis related protein, 4 encoded dis-
ease resistance proteins, 4 referred to peroxidases, and 5 re-
ferred to cytokinin-O-glucosyltransferases. Regarding the 44
remaining T genes displaying a decrease of transcript abun-
dance (ESM Table S4b) in response to Fg infection, they were
mainly involved in translational initiation and response to
stimulus (ESM Table S4c).

T +D genes revealed four contrasting patterns of gene
expression in response to Fg infection

The 601 T+ D genes depicted a significant g infection effect
that occurs along with the basal adjustments of grain develop-
ment. To deepen into the Fg-responsive patterns, genes were
classified in different groups regarding gene expression
changes. Among T+D genes, 344 depicted significant T ef-
fect along with a fluctuating gene expression during grain
development while the 253 others showed a significant linear
regression between their transcript abundance change upon
Fg inoculation and the development stage, in control samples
atleast (p<0.01). Among these 253 unigenes, 232 displayed a
negative linear regression (i.e., continuously down-regulated
during grain development in healthy grains) whereas 21
displayed a positive linear regression (i.e., up-regulated during
grain development in healthy grains) (Table S5a-d). On this
basis, we characterized four contrasting groups.

Group I: down-regulated genes during development but
up-regulated in response to Fg, This group gathered 68
genes that were mainly involved in cell wall macromole-
cule catabolic process and cellular response to phosphate
starvation (ESM Table S5a and e). Among genes belong-
ing to group I, the magnitude of their expression changes
tended to increase with the stress duration: slight changes
were observed at the early stages of infection while the
later time points (i.e., 350 and 450 °Cd) were mainly
characterized by >2-fold increases of transcript
abundance.

Group II: down-regulated genes during development and
in response to Fg. This group gathered 164 genes and
was mainly enriched in GO terms related to regulation
of transcription, GTP catabolic process, and protein po-
lymerization (ESM Table S5¢). Analogously to the group
I, the magnitude of decreasing gene expression tended to
strengthen with the stress duration. However, the number
of down-regulated genes displaying a >2-fold change was
lesser than the number of genes showing a <2-fold
change.

Group II: up-regulated genes during development and in
response to Fg. Response to stress, negative regulation of
translation, and cell killing were the GO-enriched terms
for this set of 18 genes. Interestingly, the magnitude of
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gene expression changes in response to Fg infection in-
creased between 250 and 350 °Cd and reached all genes
at 450 °Cd.

Group 1V: up-regulated genes during development but
down-regulated in response to Fg. This group included
only three genes: Ta S13050011, Ta_S24623180, and
Ta S26027950. These genes were involved in
ubiquitin-dependent protein catabolic process or in amine
metabolic process (ESM Table S5¢). These down-
regulated genes displayed a fold change of >2 at 450 °Cd.

T xD genes reveal ontogenic-specific patterns and early
responsive genes to F. graminearum infection

T x D genes are expected to depict changes in mRNA levels in
response to Fg treatment but with contrasting trends according
to the different developmental stages. They included 172
genes showing at least a 1.5-fold change in relative expression
between inoculated and control grains in at least one of the
five time points of the time course (ESM Table S6). Among
these genes, 125 were successfully annotated while the re-
maining failed to match any known function. Annotated genes
included signaling and hormone-related processes (17 %),
sugar catabolism, transport and glycolysis (9 %), gene regu-
lation (13 %), drug response (10 %), stress response (6 %),
amino and fatty acid metabolism (5 %), secondary metabolism
(2 %), and cellular component organization (2 %). In order to
obtain an overview of expression profiles and to identify
genes with specific patterns of expression along with grain
development, we used a hierarchical complete linkage cluster
analysis (Fig. 3). Five main clusters were identified (Fig. 3a).
Cluster I included genes that were sharply down-regulated in
the late responses to Fg. These genes are involved in signal-
ing, gene regulation, and starch synthesis (Fig. 3b). Cluster 11
contained early-responsive genes displaying high transcript
abundance at 50 °Cd only. Eleven genes belonged to this
cluster, among which eight were of unknown function and
three were involved in signaling and hormone metabolism.
Clusters III and V included up-regulated genes belatedly in
response to Fg infection. These clusters were enriched in
genes involved in drug response, sugar catabolism, transport,
glycolysis, and gene regulation. Finally, cluster IV contained
genes specifically down-regulated at 250 °Cd but up-
regulated at 350 and 450 °Cd (Fig. 3b). No obvious enrich-
ment for any biological process was observed in this cluster.

Genome distribution and chromosome location
of Fg-responsive genes

In order to identify chromosome-specific responses to Fg in
the wheat grain, the sequence of each significant unigene was
blasted against each chromosome arm sequence (Fig. 4) (ESM
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Fig. 3 Hierarchical classification
of the genes displaying a
significant Fg inoculation by
development interaction (T X D)
effect. Gene expression changes
were categorized into five groups
a according to their expression
pattern and b overview of
biological processes in each
cluster

Table S7). Among the 1309 blasted sequences, 875 matched
significantly. This blast showed a 4 % over-representation of
Fg-responsive genes in the D component genome, mainly due
to chromosomes 7D and 5D. In contrast, the A genome in-
volved a lesser number of genes especially in chromosomes 6
and 7 while the B genome was over-represented only for
chromosome 3. This result may be explained by the length
of this chromosome. All genes with significant Fg response
mapped in chromosomes 5D and 7D are listed in Supplemen-
tary Data (ESM Table S8).

Fig. 4 Chromosome distribution 80
of all genes displaying significant
expression changes for any Fg-
related effect (7" genes, T+D
genes, and T x D genes)
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Discussion

The identification of regulated genes in the susceptibility
responses to FHB in wheat grain represents a major chal-
lenge for understanding the molecular determinism of dis-
ease occurrence. While few data are available about plant
genes involved in the susceptibility to fungal pathogens
(Eichmann et al. 2010), many studies suggest their poten-
tial as a new breeding strategy to achieve durable and
broad spectrum resistance (Pavan et al. 2010). The study
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of the host molecular mechanisms contributing to the host
susceptibility and to the fungal growth on the host tissues
is a prerequisite. Here, we report the first use of wheat
microarray in the compatible interaction between the
wheat grain and Fg pathogen with a particular focus on
cellular alterations of a susceptible host as a way to trace
putative susceptibility factors. Although several
transcriptomic analyses on this hemibiotrophic fungus re-
vealed that the transition from biotrophic phase to
necrotrophic phase required the specific expression pat-
tern of several genes (Yang et al. 2013), little is known
about the progress of the infection process of Fg, espe-
cially on wheat grains. In the current study, we combined
the survey of Fg growth, its mycotoxin synthesis, and
plant transcriptomic responses to characterize the evolu-
tion of FHB in wheat. Our results showed three different
phases in the progress of the compatible wheat grain/Fg
interaction (Fig. 5). During the first one, Fg involved
widely the DON synthesis with slow spreading into plant
tissues while wheat grain was slightly impacted, as sug-
gested by the few detected symptoms along with the faint
remodeling of grain gene expression. During the second
phase, Fg favored spreading through a spurt of growth
while reducing DON synthesis. At this stage, wheat expe-
rienced increasing symptoms and DON accumulation in-
duced the activation of plant DON detoxification mecha-
nisms through changing expression of 14 cytochrome
P450s (Ito et al. 2013), 5 UGTs (Poppenberger et al.
2003), 10 ABC transporters, and 11 PDR genes (Fig. 5)
(Table 1). Interestingly, the genes belonging to these fam-
ilies showed a similar pattern in their expression that sug-
gests the co-regulation of all these genes under DON syn-
thesis. The last phase was characterized by a second spurt
of Fg growth without any connection to DON synthesis
while wheat underwent deep changes in carbohydrate me-
tabolism as suggested by the altered expression of starch
synthase, sucrose synthase, alcohol dehydrogenase genes,
and other genes involved in the tricarboxylic acid (TCA)
cycle (Fig. 5) (Table 1). This result suggests that this
fungus growth could be due to plant metabolism inputs
and/or signals such as susceptibility factors.

Digging into transcriptome responses yields putative
susceptibility factors to Fusarium head blight

The susceptibility of plants to pathogens (bacteria, fungi,
virus, and nematode) involves several susceptibility fac-
tors (Lapin and Van den Ackerveken 2013). During the
last decade, increasing identification of so-called host sus-
ceptibility genes suggests their involvement in many
plant-pathogen interactions including the wheat/Fg
pathosystem (Ma et al. 2006). In the current study, we
investigated susceptibility factors using a transcriptomic

@ Springer

approach. Our analysis allowed the identification of three
groups of genes that were controlled upon Fg infection.
The first group called “T genes” includes genes specifi-
cally involved in the generic response to Fg infection
without any connection with the grain development
stages. This mainly gathered genes that respond either to
biotic and abiotic stresses such as PR proteins or to toxins
such as GST, CytP450, and UGT. These genes may re-
spond to any stress emphasizing that this group includes a
number of genes that display low adaptive value to FHB-
specific events. Therefore, this group of genes could have
limited interest to identify susceptibility factors, especially
since the majority of these genes are also activated in
resistant genetic backgrounds (Buerstmayr et al. 2003;
Kong et al. 2005; Bernardo et al. 2007). The second
group of genes showed both development and Fg infec-
tion effects so called “T+D genes.” This group includes
patterns depicting an impact of the infection along with
basal adjustment of grain developmental processes. Inter-
estingly, it gathers genes that exhibit synergistic changes
which could sustain grain formation even upon Fg infec-
tion. Finally, the third group represents the genes which
have development-dependent responses, i.e., Fg-respon-
sive genes whose reaction norm is partly influenced by
the molecular context of the grain development stage.
These genes called “T x D” may represent the best source
for identifying susceptibility genes, because it provides an
access to genes actively involved in Fg infection and
closely connected to the changing grain metabolic envi-
ronment. Among the 172 genes displaying T x D interac-
tion, at least 10 unigenes may encode putative suscepti-
bility family genes previously described in the literature.
For instance, two of these genes belong to the WRKY
transcription factor family such as the WRKY gene iden-
tified in barley which promotes plant susceptibility to the
fungus Blumeria graminis by the repression of the PAMP-
triggered basal defense (Shen et al. 2007). One unigene
encoding the MLO protein, a susceptibility gene of wheat
to B. graminis fungus (Varallyay et al. 2012), was part of
the TxD genes (Table 2). Moreover, two unigenes
displaying the same function as the Medicago zinc finger
transcription factor were identified in our study. This tran-
scription factor was previously described as a susceptibil-
ity gene to Phakopsora pachyrhizi (Ishiga et al. 2013), to
Puccinia emaculata, and to Colletotrichum trifolii. This
gene plays a role in P. pachyrhizi pre-penetration struc-
ture. Two other unigenes orthologous of the A. thaliana
Patatin (lipid acyl hydrolase) gene were also identified in
our analysis. Patatin gene is required to fungus B. cinerea
and bacteria Pseudomonas syringae to infect 4. thaliana
(La Camera et al. 2009). This gene could provide fatty
acid precursors for the biosynthesis of specific oxylipins
and differentially affecting resistance to pathogens with
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Fig. 5 Schematic representation of the gene expression profiles of metabolic, defense pathways, detoxification mechanisms, transcription factors, and

PCD at the three phases of Fig development on wheat grain

distinct lifestyle. A transcription factor from the MYB
family was found in our study. This gene may have the
same function as MYB3R4 from A. thaliana, identified to
be a susceptibility gene to Golovinomyces orontii
(Chandran et al. 2013). This gene could promote the en-
hancement of metabolic demands imposed by the fungus,
which acquires all its nutrients from the plant host. Final-
ly, the polygalacturonase gene which confers the suscep-
tibility to B. cinerea fungus in tomato was found in our
data (Cantu et al. 2008). Polygalacturonase is one of the
cell wall proteins that cooperatively participate in
ripening-associated cell wall disassembly. Its suppression
reduced the susceptibility of ripening fruit to B. cinerea.
Although this list of known susceptibility genes sustains
the value of the TxD gene population, complementary
approaches will be required to target specific susceptible
genes, such as the characterization of different wheat ge-
notypes or tilling mutants (Ma et al. 2006) as well as
biochemical investigations to determine the function of

each susceptible gene and its contribution to FHB instal-
lation and promotion.

FHB fits over grain development processes

Our analysis revealed 172 genes displaying changes in mRNA
level in response to Fg treatment but with contrasting response
patterns according to the different development stages. This
result indicates the high connection of Fg-responsive gene
expression with processes related to grain development, sug-
gesting that Fg-specific molecular adjustments depended on
grain development or that Fig set up different strategies to fit
with different molecular environments of grain formation.
One study has previously demonstrated a high relationship
between grain development stage and Fg response for the
wheat xylanase inhibitors at proteome level (Dornez et al.
2010). They clearly showed that the xylanase inhibitors were
more expressed during the soft dough stage (15-25 days post-
anthesis (DPA)) than at 5 DPA. TaABCC3, an ABC
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Table 1

development on wheat grain

Unigenes corresponding to defense pathways, detoxification mechanisms, transcription factors, and PCD at the three phases of Fg

Ids Seq. Description 50 °Cd 150 °Cd 250 °Cd 350 °Cd 450 °Cd Description

Ta_ Aconitase/3-isopropylmalate —0.1792776 0.202020175  0.3515629748  2.34778303 27481731743  TCA
S178900- dehydratase protein
09

Ta_ Isocitrate dehydrogenase 0.1078438082  0.116221198 0.9007059995  2.73254599 4561472579  TCA
S158816-
23

Ta_ Hexokinase 1 0.446761301 0.0243594795  0.111997872 1.4713694943  1.9391451705  Glycolysis
S377660-
27

Ta_ Glyceraldehyde 3-phosphate 0.015361144  —0.0077498868 1.5676107125  3.684421736  4.9242017493  Glycolysis
S132509- dehydrogenase
22

Ta_ Phosphoglycerate mutase —0.0132721425 -0.0447910222 0.189207438  2.8677885223  3.4111328968  Glycolysis
S158242- family protein
81

Ta_ Alternative oxidase 0.1125171725  0.28664366 0.5280954492  2.5680234225  2.8793226605 AOX
S129232-
22

Ta_ Alternative oxidase —0.2245455725 0.4853456575  0.8281982125  2.0967442675 2.789618705  AOX
S131443-
12

Ta_ Alternative oxidase 0.317509795 1.40496196 1.6968738018  4.3710268075  5.2626515265 AOX
S131447- mitochondrial
16

Ta_ Alternative oxidase 0.0263182398  0.0299741708  0.188069257  2.5968934315  2.9606051663 AOX
S179864- mitochondrial
25

Ta_ Alternative oxidase 0.259464624 1.0773515525  1.16678831 4.03038366 4984346079  AOX
S377567- mitochondrial
39

Ta_ Glucose-1-phosphate —0.067933045 —0.23973345 —0.34026591 —0.762380215  —1.4424587075 Starch synthesis
S384790- adenylyltransferase
81 large subunit

chloroplastic-like

Ta_ ADP-glucose —0.2038065025 —0.101501245 —0.2125646325 —0.677159695 —1.2405418825 Starch synthesis
S221193- pyrophosphorylase
24 small subunit

Ta_ ADP-glucose 0.18720322 —0.1585443075 —0.42357268  —0.6231927225 —1.5611667925 Starch synthesis
S129229- pyrophosphorylase
48

Ta_ Glucose-1-phosphate —0.067933045 —0.23973345  —0.34026591  —0.762380215 —1.442458707  Starch synthesis
$384790- adenylyltransferase large
81 subunit chloroplastic-like

Ta_ Starch binding domain —0.4129845 0.0647748325  —0.402170155 —1.24540957  —1.23705096  Starch synthesis
S162261- containing protein
97

Ta_ Soluble starch synthase i —0.120951345 —0.19468914  —0.327201865 —0.5739290825 —1.5538121575 Starch synthesis
S$129232-
24

Ta_ Starch branching enzyme 3 —0.291376225 —0.26898127  —0.455887145 —0.6106869325 —1.8244412725 Starch synthesis
S319255-
91

Ta Sucrose-phosphate synthase —0.0701836425 —0.3113608125 —0.3955667875 —1.08537719  —1.555879605  Sucrose synthesis
$223703-
20

Ta Sucrose synthase —0.027033485 0.1393058775 —0.3509861025 —0.65180324  —0.8503944775 Sucrose synthesis
S$129230-
95

Ta_ Sucrose synthase —0.152597095  0.0373304675 —0.39617437 —0.8554747575 —0.8286873975 Sucrose synthesis
S131284-
34

Ta_ Alcohol dehydrogenase 0.1284262727  0.151442583  2.5914244948  4.849919695 5.858391578  Fermentation
S128919-
07

Ta_ Alcohol dehydrogenase 1 0.1301877075  0.0676415088  0.6902272808  3.5999311708  4.7177620545  Fermentation
S131432-
00

—0.1169392723 0.3470915437  0.8514752613  2.2991393375  1.835426525  Fermentation
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Table 1 (continued)

Ids Seq. Description 50 °Cd 150 °Cd 250 °Cd 350 °Cd 450 °Cd Description

Ta_ Alcohol dehydrogenase
S179762- superfamily protein
45

Ta_ Carbohydrate transporter —0.062391915  0.190059525  0.29407457 3.13579424 2.7115336975  Carbohydrate
S132415- sugar porter transporter transport
95

Ta_ Carbohydrate transporter 0.1703052675  —0.0583013575 0.384920525  3.7424678925 3.51832615 Carbohydrate
S260228- sugar porter transporter transport
95

Ta_ ABC transporter B family 0.0706191123  0.223982684  0.0767444318  0.8908371918  0.8162209648  Mycotoxin
S160579- member 4 detoxification
27

Ta_ PDR-like ABC transporter 0.0764243125  0.4545444275  0.5919173575 3.3082137025 4.767178682  Mycotoxin
S5162504- detoxification
66

Ta_ ABC transporter family —0.02655531  0.093600255  0.6679324475 2.2274811875 1.715409469  Mycotoxin
S178654- protein, putative, expressed detoxification
79

Ta ABC transporter b family —0.0523305575 0.2904450275 0.71010535 3.297988134 34327126075  Mycotoxin
S179747- member 4 detoxification
09

Ta_ ABC transporter cholesterol 0.1235781105  —0.004223241 0.1009057112  0.860724497 1.2527709545  Mycotoxin
S223729- phospholipid flippase detoxification
83

Ta_ ABC transporter B family —0.0720651975 0.20602396 0.7347458228  2.8468192525  3.310812535 Mycotoxin
S324235- member 4 detoxification
20

Ta_ ABC transporter G family 0.1276392025  0.3858208875  0.152988375  2.313734805  3.1612882 Mycotoxin
S325004- member 28-like detoxification
77

Ta_ ABC transporter C family 0.04899943 0.32993706 0.657855635  3.107344585  2.8650850975 Mycotoxin
S160580- member 3 detoxification
73

Ta_ ABC transporter B family 0.0724191062  0.1101267853  0.0613239475  1.9901891785  2.3853727333  Mycotoxin
S179800- member 4 detoxification
99

Ta_ ABC transporter B family 0.0242826275  0.6325695825  0.34165919 3.6743041275  4.3324695375  Mycotoxin
S$326967- member 4 detoxification
43

Ta_ Pleiotropic drug resistance —0.054189815 0.1756863175 0.0578910975  3.1181107975  3.35680162 Mycotoxin
S129625- protein 3-like detoxification
62

Ta_ Pleiotropic drug resistance 0.2299339685  0.4230648485  0.6060666192  2.3676084073  2.610864801 Mycotoxin
S$129904- protein 5 detoxification
00

Ta_ Pleiotropic drug resistance 0.162315878  0.7969061838  0.7095291427  3.8233957308  4.4442010778  Mycotoxin
S130153- protein 5 detoxification
46

Ta_ Pleiotropic drug resistance 0.012452689  0.438537322  0.172648622 1.827228639  2.4461496473  Mycotoxin
S130436- protein 5 detoxification
91

Ta_ Pleiotropic drug resistance —0.1756457525 0.7715943 0.83974427 3.27668786 3.4455573175  Mycotoxin
S160579- protein 4 detoxification
42

Ta_ Pleiotropic drug resistance —0.4423401875 0.8541953675  1.022326 2.7306265975  3.070512745 Mycotoxin
S223824- protein 4 detoxification
86

Ta_ Pleiotropic drug resistance 0.034137385 —0.0798386475 0.9016815425  3.1195272525  2.5261302825 Mycotoxin
$223909- protein 4 detoxification
28

Ta_ Pleiotropic drug resistance —0.0479227028 0.450665289 0.3642905055  2.246315515 2.947404317 Mycotoxin
S260275- protein 5 detoxification
65

Ta_ Pleiotropic drug resistance 0.2224050225  0.9101158575  0.6896326075  3.2682994975  3.4377825775 Mycotoxin
S377710- protein 5 detoxification
80

Ta_ Pleiotropic drug 0.1325959775  0.47319315 0.581284135  3.309534845  4.341455265  Mycotoxin
S503718- resistance prote detoxification
46
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Table 1 (continued)

Ids Seq. Description 50 °Cd 150 °Cd 250 °Cd 350 °Cd 450 °Cd Description

Ta_ Pleiotropic drug resistance 0.0619542075  1.242841705 1.497589765  3.94558702 4.5907631175  Mycotoxin
S379422- protein 5 detoxification
49

Ta_ UDP-glycosyltransferase 0.0089789107  0.672242222 1.5500150198  4.0532082248  4.805100662  Mycotoxin
S130488- 76¢2-like detoxification
92

Ta_ UDP-glycosyltransferase 0.107541461 0.07013103 0.8021402225  1.3626091093  2.0609112845  Mycotoxin
S162112- 83al-like detoxification
08

Ta_ UDP-glycosyltransferase 74el ~ —0.0286966542 0.600567861 1.868281542  4.6625816133  5.6418908798  Mycotoxin
S325836- detoxification
37

Ta_ UDP-glycosyltransferase 74el ~ 0.0050963245  0.6263497263  0.9055947328  4.385328364  4.791532055  Mycotoxin
S378649- detoxification
52

Ta_ UDP-glycosyltransferase 0.0071344725  0.3144308785  0.6773849198  3.608761007  3.264215468  Mycotoxin
S378834- 7412-like detoxification
94

Ta_ Pathogenesis-related protein 5~ —0.1480712812 1.0206829955  0.8850669998  2.1385969625  2.492384199 Biotic response
S131898-
15

Ta_ Pathogenesis-related 0.226373843 0.739183198 0.5011654722  2.2895758855  3.0931141453  Biotic response
S132032- maize seed protein
59

Ta_ Pathogenesis-related protein 5 0.12240517 1.48563513 1.531845819 2.7602413625  2.9961143475  Biotic response
S132035-
48

Ta_ Pathogenesis-related protein 5 0.195294655 0.795574356 0.3566154248  1.7228522515  2.183219246 Biotic response
S132041-
91

Ta_ Pathogenesis-related protein I~ —0.018409124  0.4976867668  0.3478299805  2.1806009228  2.4503107885  Biotic response
S245130-
84

Ta_ Pathogenesis-related protein 5 0.1157463385  1.2981564425 12262874865  3.1305797288  3.0629397728  Biotic response
S260280-
75

Ta_ Pathogenesis related protein 5 0.13232017 0.782732705 1.4089450123  2.5847380225  3.6486304525  Biotic response
S325511-
26

Ta_ Chitinase 8 0.2162416475  0.6847648152  0.3588482422  0.8358052573  0.588618083  Biotic response
S260282-
27

Ta_ Chitin elicitor-binding protein ~ 0.1762701525  0.20775134 0.146136835 1.8896438898  1.9266970075  Biotic response
S179731-
34

Ta_ Endochitinase a-like —0.013086985 0.3672106925  1.0524765345  1.907926605 2.6026558518  Biotic response
5260272-
67

Ta_ Chitinase 5 0.1740186085  0.2492961525  0.6337665768  2.6692624863  3.232831655  Biotic response
S5129232-
05

Ta_ Chitinase 1 0.262526791 0.540127755 0.823214855 1.386998265 1.8456917725  Biotic response
S178932-
51

Ta_ Chitinase 5 0.057027135  0.7834355025 0.663983987  2.748606805  3.1435035453  Biotic response
S180066-
36

Ta_ Chitin-inducible gibberellin- —0.1513477575 0.0165994975  —0.0937140825 1.7699808325  1.4415339375  Biotic response
S503836- responsive protein 1-like
73

Ta_ Endoglucanase 11 —0.38988082 —0.5875951175 0.3570402525 —1.1495473025 —0.9091376425 Biotic response
S325736-
27

Ta_ Acetylomithine mitochondrial-  0.07624531 0.2102619625  0.382255335 1.14181927 1.1725963325  Polyamines
S131587- like metabolism
56

Ta_ Acetylomithine mitochondrial- ~ —0.0740974675 0.23626089 0.38401238 1.301762445 1.3370939975  Polyamines
S160580- like metabolism
14
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Table 1 (continued)

Ids Seq. Description 50 °Cd 150 °Cd 250 °Cd 350 °Cd 450 °Cd Description

Ta_ Ornithine decarboxylase-like —0.0215874147 0.8886050078  1.1008395 3.6423587303  4.5916624298  Polyamines
S179895- metabolism
62

Ta_ Agmatine deiminase-like —0.2531739125 -0.23451762  —0.2653810975 —0.801726705 —1.0745116675 Polyamines
S324975- metabolism
50

Ta_ Agmatine coumaroyltransferase  0.2163658825  0.9537652525  0.1443197487  2.0197191 3.6731664038  Polyamines
S151837- metabolism
73

Ta_ Agmatine coumaroyltransferase- —0.101787475  0.5504012135  0.5153462318  2.7572357435  3.0898482335  Polyamines
S379422- 2-like metabolism
20

Ta_ Acetyl-CoA carboxylase 2 —0.06546225  —0.1628216125 —0.08987515  —0.922528105 —1.019025955 Malonyl CoA
S129231- sythesis
53

Ta_ Acetyl-CoA carboxylase —0,017489 —0.0613275675 —0.16749988  —1.56791661  —1.493869255 Malonyl CoA
S178783- sythesis
65

Ta_ Acetyl-CoA carboxylase —0.18181978  0.0213320575 —0.1600418825 —1.5592132925 —1.3993858425 Malonyl CoA
S178808- sythesis
65

Ta_ WRKY transcription factor 20  —0.1141248075 —0.18938494  —0.1731598075 —1.0427361675 -0.9770910975 WRKY TF
S160580-
12

Ta_ WRKY45-like transcription 0.0493160825  0.333932356  0.669621195 2.1544042175  2.5261357728 WRKY TF
S374432- factor
73

Ta_ WRKY transcription factor 6-  0.3552698308  0.7491094133  0.378020702  3.4531334493  4.5564135945 WRKY TF
S178891- like
07

Ta_ WRKY transcription factor 0.0551785 0.535711275 0.4227102745  2.7265155975  3.0720916165 WRKY TF
S179769-
42

Ta_ WRKYS53 - superfamily of tfs ~ 0.096375915  0.3188569725  0.4830234057  2.5825883318  2.749446379  WRKY TF
S260289- having
42 wrky and zinc finger domains

Ta_ WRKY transcription factor —0.0876241077 0.6711782842  0.8190380957  1.6711840895  2.508720946 ~ WRKY TF
S325917-
25

Ta_ WRKY transcription factor —0.0335448525 0.2272184825  —0.1552661113 1.130144655 1.9497155483  WRKY TF
S372235-
62

Ta_ WRKY transcription factor 33 0.4610054025  0.5195999625  0.707073885  2.56815889 3.1164745513  WRKY TF
S446929-
25

Ta_ MLO-like protein 1-like 0.1435525647  0.8202656008  0.4326560408  2.197602999  3.2248460595  Cell death
S160580-
00

Ta_ MLO-like protein 1 0.061739186  0.2984634463  0.2052066212  2.7927683145  3.520942489  Cell death
S503798-
97

Ta_ Transmembrane BAX inhibitor  0.022085415  0.1057399225  0.11882031 0.4919443825  0.4533538625  Cell death
S131028- motif-containing protein 4
54

Ta_ Transmembrane BAX inhibitor ~ 0.1850645525  0.219687475  0.1926551475  0.6863542025  0.4950635225  Cell death
S180076- motif-containing protein 4
69

Ta_ Cyclin-dependent kinase F-2 0.37045689 0.1728395525  0.9637916885  2.6352133475  3.9443998625  Cell death
$260290-
58

Ta_ Apoptosis-inducing factor 0.1473597425  -0.3200115025 —0.44859391  —1.1483556925 —1.3566324575 Cell death
S160584- homolog A-like
21

Ta_ Cyclin-dependent kinase F-4 0.0183968875  —0.25468856  —0.0630598125 —1.141308495 —1.1481405675 Cell death
S223712-
36

Ta_ F-box-like protein —0.373351615 —0.02444012  —0.376613015 —0.573044825 —0.6486503475 F-box
S129524-
12
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Table 1 (continued)

Ids Seq. Description 50 °Cd 150 °Cd 250 °Cd 350 °Cd 450 °Cd Description

Ta_ F-box kelch-repeat protein —0.1548284675 —0.2828806825 —0.23017504  —0.2314686225 —0.8323311475 F-box
S162364- Atlg51550-like
90

Ta_ F-box protein At4g22280-like ~ —0.0038044675 —0.0812043225 —0.1221360825 —0.8647718025 —0.8080432225 F-box
S179880-
19

Ta_ F-box FBD LRR-repeat —0.3844211025 -0.519291635 —0.3765037525 —0.1918628825 —0.92576065  F-box
S326729- protein Atlg66290-like
94

Ta_ F-box and WD40 domain —0.138129555 —0.31738642  —0.178243935 —1.6622728075 —2.0005520325 F-box
S130193-
82

Ta_ F-box only protein 6-like —0.27451477  -0.1582712075 —0.134657495 —0.8365905025 —0.742543555 F-box
S179763-
63

Ta_ F-box LRR-repeat protein —0.105060055 —0.1507160775 —0.15581204  —0.6708927225 -0.77579814  F-box
S223916- At3g48880-like
61

Ta F-box kelch-repeat protein —0.1276308025 —0.15000232 —0.1738623325 —0.5256885 —1.237592255  F-box
S326118- at1g55270-like
40

Ta_ E3 ubiquitin-protein ligase —0.2318074975 —0.2249489175 —0.270509825 —0.844572955 —0.77702092  E3 ubiquitin
S$162470- march6
94

Ta_ E3 ubiquitin-protein ligase —0.006354955 —0.211127145  —0.0799096325 —0.6294974275 —0.80195226  E3 ubiquitin
$223692- MGRNI-like
80

Ta_ E3 ubiquitin-protein —0.2076392775 —0.2018271625 —0.111055845 —0.5596132825 —0.8383231575 E3 ubiquitin
S260214- ligase HERC1
51

Ta_ E3 ubiquitin-protein —0.07642014  —0.207219595 —0.23418325  —0.341311235 —0.6879846825 E3 ubiquitin
S325541- ligase MGRNI1-like
64

Ta_ E3 ubiquitin-protein —0.1170826503 0.0573601385  0.133097369  1.4888041735  1.5977987873  E3 ubiquitin
S260289- ligase ELS
63

Ta_ Cyclin-dependent kinase F-4 0.0183968875  —0.25468856  —0.0630598125 —1.141308495 —1.1481405675 e3 ubiquitin
S223712-
36

transporter engaged in the DON response, was also shown to
be involved in grain development (Walter et al. 2015), further
reinforcing the link between Fg response and grain develop-
ment. Among the 172 genes displaying T X D interaction, we
identified two unigenes that encoded two ABC transporters
(Ta_S32696743 (Ta.9295) and Ta S16058073 (Ta.27443))
corresponding to the 7aABCC3 protein (ESM Table S6). In
our current analysis, deeper information is emphasized at the
transcriptome level and focused on genes displaying a signif-
icant Fg by development stage interaction effect. The hierar-
chical clustering of these genes showed that they displayed
different expression profiles between the different time points
of'the time course (Fig. 3) (ESM Table S6). At the early stages
of FHB (50 °Cd), few changes were observed, but the sharpest
ones were detected only for hormone-related genes (cluster II,
Fig. 3) suggesting that adjustments in cell signaling occur at
this time while other early-expected changes such as stress-
related processes are altered secondarily from 250 to 450 °Cd
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(clusters I, II1, IV, and V, Fig. 3). This corroborates the already
suggested hypothesis that wheat susceptibility to Fg is related
to the delay of defense mechanism activation (Ding et al.
2011; Chetouhi et al. 2015). In addition, the phenotypic ob-
servations made during the time course experimentation re-
vealed that the grain development was not interrupted
(Fig. 1a), which may suggest the role of the grain integrity
preservation for appropriate fungal development. Our results
suggest that the successful establishment of the FHB on the
grain is closely associated with different phases characterized
by specific host plant signals and further by the nutrient avail-
ability, as already reported for obligate biotrophic and
hemibiotrophic fungi (Bouarab et al. 2002).

Genome distribution of significant genes

The chromosome distribution of significant genes re-
vealed that the D genome and especially chromosomes 5
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Table 2 Unigenes displaying a significant T X D interaction effect and described as susceptibility genes in previous studies
Ids Seq. description Susceptibility Gene product Plant Pathogen References
genes in
literature
Ta_ WRKY HvWRKY Transcription factor Barley Blumeria graminis Shen et al. 2007
S17889107 transcription WRKY (virulent)
factor
Ta_ WRKY
S17976942 transcription
factor
Ta_ WRKY
S37223562 transcription
factor
Ta_ WRKY
S44692925 transcription
factor
Ta MYB-like DNA- MYB3R4 MYB transcription Arabidopsis Golovinomyces orontii Chandran et al.
S43896571 binding domain factor 2013
Ta_ MAPK activating ~ OsMAPKS MAP kinase Rice Burkholderia glumae , Xiong and Yang
S17883980 Magnaporthe oryzae/grisea 2003
Ta_ Polygalacturonase ~ LePG Polygalacturonase and Tomato Botrytis cinerea (only fruit) ~ Cantu et al. 2008
S12950024 andLeEXP1 Expansin (double
mutant tested)
Ta_ MLO-like protein 1 TaMLO Membrane anchored Wheat Blumeria graminis Varallyay et al.
S50379897 protein 2012
Ta_ Zinc finger protein 1 IRG1/ PALM1  Transcription facor Medigaco  Puccinia emaculata, Ishigaetal. 2013
S12959527 (Znfinger) controlling Phakopsora pachyrhizi,
Ta_ Zinc finger protein 1 wax biosynthesis Colletotrichum trifolii
S26028647
Ta_ Patatin group A-3 ~ PLP2 Patatin (lipid acyl Arabidopsis Botrytis cinerea, La Camera
S17984200 hydrolase) Pseudomonas et al. 2009
Ta_ Patatin group A-3 syringae (avirulent)
S15824043

and 7 contributed significantly to the Fg responses
(Fig. 4). The highest plasticity detected in the D genome
may suggest (i) gene losses in the genomes B and A, (ii)
epigenetic modifications which could have led to genome
structure reorganization promoting the D genome expres-
sion, or/and (iii) the recent apparition of the disease in-
volving a recent adaptation of wheat to this disease. This
hypothesis is supported by previous studies evidencing
that tetraploid wheat lacking the D genome displayed
higher susceptibility to FHB disease and to DON accumu-
lation as compared to the hexaploid wheat cultivars
(Limin and Fowler 1985; Ma et al. 2006). Interestingly,
differentially expressed genes belonging to the D genome
included genes involved in carbohydrate metabolism that
were down-regulated while genes involved in DON de-
toxification and in plant defense were up-regulated
(ESM Table S7 and Table S8). At this stage, deepening
these results will require the use of ditelosomic lines to
identify the genetic effect of different chromosome arms
on FHB such as that already done for other characters and
stresses (Wanous et al. 2003).

Fusarium graminearum infection induces reprogramming
of the host’s primary metabolism, modulation of cell
death, and activation of detoxification mechanisms

Transcripts involved in starch and sucrose synthesis were
down-regulated specifically from 250 °Cd, suggesting a re-
duction of de novo carbohydrate synthesis in the wheat grain.
This decrease in the synthesis of starch and sucrose in
Fusarium-damaged grains could have a drastic impact on
the grain filling stage, while healthy grains are gradually filled
in starch and storage proteins (Fig. 5) (Table 1) (Chetouhi et al.
2015). This defect in the grain filling stage may explain the
decreased size of infected grains. On the other hand, the acti-
vation of glycolysis in infected grains suggests that infection
by Fusarium promotes high production of glucose which
could be used by the fungus for its growth and dissemination
in the ear. Transcript abundance changes in starch and sucrose
metabolism have already been reported in susceptible wheat
genotypes submitted to a 12-h-long Fg infection (Erayman
et al. 2015); such early adjustments could in part support the
changes we detected at later stages of the infection. Moreover,
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the induction of glucose production was also previously de-
scribed in the proteome and transcriptome analyses of several
plant/pathogen interactions (Kugler et al. 2013). The repres-
sion of genes involved in starch synthesis and the induction of
genes involved in glycolysis may suggest the reallocation of
carbon assimilates into infected grains from all tissues of the
ear (rachis, lemma, and palea). Fg infection seems to induce a
metabolic switch at 250 °Cd from aerobic to anaerobic fer-
mentation by a high expression of ADHI gene (Fig. 5)
(Table 1). The expression of this gene co-occurs with the
apparition of the aleurone layer in the wheat grain. In mature
barley grain, it was shown that the aleurone layer contains
only ADH1 homodimers, and its gene expression is regulated
by an abscisic acid-gibberellic acid interaction (MacNicol and
Jacobsen 2001). The crucial role of fermentative metabolism
in plant-pathogen interactions was evidenced several times. In
A. thaliana, glycolysis, respiration, and fermentation are up-
regulated at the site of powdery mildew attack (Pathuri et al.
2011), in Plasmodiophora brassicae infection (Jubault et al.
2013) and in Agrobacterium tumefaciens infection (Deeken
et al. 20006). It is speculated that the fermentation is favored
under cellular conditions associated with parasitic nutrient ac-
quisition (Chandran et al. 2010; Bergmann and Fleming
2010). A second hypothesis for a positive regulatory of en-
zyme involved in ethanol fermentation is the accumulation of
sugars in the infected grains, which may induce a hypoxia-like
response and consequently may force plant cells to switch to
fermentative energy metabolism (Koch et al. 2000). Further-
more, wheat genes involved in the TCA cycle were up-
regulated during the infection (Fig. 5) (Table 1), which sug-
gests the use of this pathway by Fyg in the effective virulence
strategy, as observed in some necrotrophic and/or toxin-
producing plant pathogens (Brauc et al. 2012; Tsuge et al.
2013). The genes of polyamines synthesis (agmatine and or-
nithine genes) were also up-regulated from the second phase
of Fg growth. Recently, it was observed that the primary
GOGAT cycle was redirected toward the production of orni-
thine and arginine, resulting in the formation of polyamines
(Gardiner et al. 2010). A metabolo-proteomics approach re-
vealed the induction of agmatine-to-polyamine conversion
(Gunnaiah et al. 2012) which could hypothetically contribute
to Fg dissemination and pathogenecity (Gardiner et al. 2009).

Several genes involved in cell death and in apoptosis reg-
ulation were also evidenced in our study. Most genes involved
in the inhibition of cell death were up-regulated (e.g., Bax
inhibitor-1 protein and mlo gene; lhara-Ohori et al. 2007)
whereas the gene involved in its induction (apoptosis-
inducing factor) were down-regulated, which would conse-
quently lead to sustain cell functioning. It suggests that
apoptosis-like in wheat (PCD) may play a crucial role in the
plant colonization process promoted by Fg fungus. Similar
observations were reported in 4. thaliana cells treated with
DON mycotoxins produced by Fg during its infectious cycle
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(Diamond et al. 2013). The results suggested that mycotoxins
synthesized by Fg fungus during the infectious cycle contrib-
ute to the inhibition of plant apoptosis-like programmed cell
death, thus allowing the accomplishment of the fungal biolog-
ical cycle. In addition, the high expression of the mitochon-
drial alternative oxidase (AOX) could maintain the cell viabil-
ity and provides protection against DON-induced PCD
(Desmond et al. 2008). In soybean, the AOX protects cells
against hydrogen peroxide-induced cell death (Amora et al.
2000). The over-expression of wheat AOX (Waox Ia) in
Arabidopsis results in a decrease of reactive oxygen species
production following an abiotic stress (Sugie et al. 2006). The
ubiquitin-proteasome system (E3-ligase, F-box proteins)
genes involved in immune response, programmed cell death
(Hershko and Ciechanover 1998), and in grain development
(Capron et al. 2012) were substantially down-regulated after
Fg infection (Fig. 5) (Table 1). This supports the hypothesis
that Fig response, grain development, and cell death are pos-
sibly connected.

Detoxification of xenobiotic in plants involves chemi-
cal modifications of the mycotoxins (DON) by enzymes
such as UGTs, GSTs, or CYPs and further, additional
steps for removing compounds (Coleman et al. 1997).
DON detoxification has frequently been proposed as one
of the resistance mechanisms of small grain cereals to
FHB (Boutigny et al. 2008). In our study, we found that
the detoxification mechanisms in wheat grain were acti-
vated. Among the detoxification processes, glucosylation
of DON into DON-3Glc is the most unknown mechanism
(Lemmens et al. 2005; Schweiger et al. 2010). As re-
vealed in our data, a number of genes potentially involved
in detoxification processes were identified among the
genes differentially regulated during the time course.
They include genes encoding putative UGTs, GSTs, cyto-
chrome P450, and ABC transporters suggesting that DON
detoxification mechanisms in wheat grains could be very
similar to those observed in Brachypodium spp., barley,
and in wheat rachis. These data suggest that despite the
susceptibility of the cultivar used in this study (Recital) to
FHB, genes involved in detoxification mechanisms are
still induced agreeing with the detection of the QTLs in-
volved in detoxification of mycotoxins in this genotype
(Gervais et al. 2003).

The analysis of the dynamics of wheat gene expression in
grain proves to be helpful in identifying genes that are associ-
ated with the FHB disease. Our analysis provides a wealth of
candidate genes and pathways involved in the FHB response,
but their exact role in the disease is still to be defined. These
probably include several potential plant targets of
F. graminearum effectors which are believed to enable colo-
nization of the grain tissue. Genes and pathways have now to
be characterized further regarding their genetic mechanisms
and toward their potential interest in breeding.
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