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1 | INTRODUCTION

Fusarium Head Blight (FHB), mainly caused by the Ascomycota fungus
Fusarium graminearum, represents a major threat to wheat (Parry
et al,, 1995; Goswami & Kistler, 2004; McMullen et al., 2012; Dahl &
Wilson, 2018). FHB has direct impacts on yield and grain quality as
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Abstract

Wheat responses to F. graminearum result in a deep and sharp reprogramming of a
wide range of biological processes, including energy-associated functions and related
metabolisms. Although these impacts have been thoroughly described at the molecu-
lar scale through proteomics and transcriptomics studies, phenotypic studies are still
needed to fill the gap between the observed molecular events and the actual impacts
of the disease on the ecophysiological processes. Taking advantage of the gas
exchange method, the effects of two F. graminearum strains of contrasting aggres-
siveness on spike's photosynthesis and respiration-associated processes during an
early infection time course were deeply characterized. Besides, an RNAseqg-based
expression profiling of the genes involved in the photosynthesis, respiration and sto-
matal movement processes was also performed when plants were challenged using
the same two fungal strains. In response to Fusarium head blight, CO, assimilation
and CO, diffusion adjustments matched transcriptomic data, showing altered photo-
synthetic processes and sharp gene regulations unrelated to symptom development.
In contrast, although ecophysiological characterization clearly demonstrated respira-
tion adjustments along with the F. graminearum's infection process, the gene regula-
tions involved were not fully captured transcriptionally. We demonstrated that
combining gas exchange methods with transcriptomics is especially effective in
enhancing and deepening our understanding of complex physiological adjustments,
providing unique and complementary insights that cannot be predicted from a single

approach.

well as causes serious human health concerns through the accumula-
tion of harmful mycotoxins (e.g., deoxynivalenol, DON) (Boyacioglu &
Hettiarachchy, 1995; Argyris et al., 2003; Chen et al., 2019). Existing
control strategies, i.e. the combined use of fungicides, tolerant wheat
genotypes and agricultural practices, are currently insufficient to con-
trol FHB epidemics (Dahl & Wilson, 2018; Xia et al., 2020). While
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breeding for resistance remains the most efficient way of limiting
damages associated with FHB outbreaks (Mesterhazy, 2020), FHB
resistance trait is strictly quantitative and involves more than
625 Quantitative Trait Loci (Zheng et al., 2021) displaying relatively
small effects (Bai et al., 2018; Steiner et al., 2017; Venske et al., 2019)
and strong dependency to environmental conditions (Osman
et al., 2015; Steiner et al., 2017). Over the past two decades, the mul-
tiple evidence of the involvement of host's genes in the pathogen's
establishment (Vogel et al., 2002), the so-called susceptibility genes
(S genes), have opened new opportunities to identify new key deter-
minants of plant diseases that can have direct application in breeding
for resistance (Pavan et al., 2010; van Schie & Takken, 2014; Zaidi
et al,, 2018; Garcia-Ruiz et al., 2021). The importance of S genes in
the outcome of wheat-F. graminearum interaction has already been
demonstrated in several studies (Ma et al., 2006; Garvin et al., 2015;
Nalam et al., 2015; Gordon et al., 2016; Hu et al., 2018; G. Li
et al, 2019; Z. Su et al,, 2019; Brauer et al., 2020; Hales et al., 2020;
Chhabra et al., 2021; P. Su et al., 2021), making the elucidation of the
mechanisms underlying wheat susceptibility to FHB a promising
approach to improve FHB resistance (Fabre et al, 2020; Gorash
et al., 2021).

By definition, S genes are not only involved in the setup of a
compatible interaction but also in a wide range of plant fundamental
processes (Lapin & Van den Ackerveken, 2013; van Schie &
Takken, 2014; Engelhardt et al., 2018; Garcia-Ruiz et al., 2021). Thus,
beyond their identification, it is necessary to understand their role in
the basal functions of the host plant. There is a growing interest in S
genes in wheat-F. graminearum pathosystem now requires an in-depth
characterization of the biological functions and physiological pro-
cesses impacted throughout the infection's progression. While omics
studies have resulted in large amounts of information on the pro-
cesses impacted during wheat's infection by F. graminearum (Fabre,
Vignassa, et al., 2019; Rocher et al., 2024), the very complex nature of
plant's susceptibility to pathogens makes it necessary to fill the gap
between the molecular information and the observed phenotype.
More generally, this also raises outstanding questions about how
pathogens can manipulate host energy metabolism, carbon gain and
allocation, notably by interfering with chloroplastic photosynthetic
processes and their interplay with mitochondrial respiration. Both
chloroplast and mitochondria represent central hubs of plant physiol-
ogy that interconnect a wide array of biological processes, including
photosynthesis and respiration, respectively, as well as Reactive Oxy-
gen Species (ROS) production, hormone synthesis (Jasmonate and Sal-
icylic acid), programmed cell death signalling, calcium signalling and
the synthesis of specialized metabolites. Hence, while being
involved in primary metabolism functions, those two organelles are
also important sensors and drivers of plant stress responses (Lee
et al., 2011; Colombatti et al., 2014; Caplan et al., 2015; Huang
et al, 2016; Lu & Yao, 2018; Littlejohn et al.,, 2021; Wang
et al., 2022). Such control of basal processes makes chloroplast and
mitochondria important targets in the pathogen's infection strategy
through the delivery of specific molecules, the so-called effectors,

in the host tissues to divert plant primary metabolism and defence

mechanisms (de Torres Zabala et al., 2015; Q. Xu et al., 2019;
Kretschmer et al.,, 2020; G. Xu et al., 2020; Figueroa et al., 2021;
Tzelepis et al., 2021). In the wheat-F. graminearum pathosystem, a
recent proteomics study highlighted a deep remodelling of the chlo-
roplast functions in response to FHB between 48 h and 72 h post-
inoculation (Fabre, Vignassa, et al., 2019). Furthermore, three effec-
tors, Fg03600 (Jin et al., 2024), FgTPP1 (Darino et al., 2024) and
FgCWM1 (Zhang et al., 2024), hijacking plant immunity through the
interaction with chloroplastic and mitochondrial-associated proteins
have been validated. More generally, this also raises outstanding
questions about how pathogens can manipulate host energy metab-
olism, carbon gain and allocation, notably by interfering with photo-
synthetic processes and their interplay with mitochondrial
respiration.

However, so far, the phenotypic characterization of wheat-
F. graminearum interaction is mainly limited to the monitoring of
symptoms, fungal mass and DON concentration (Mesterhazy, 2020),
and it does not provide any information on the impacted biological
processes. Thus, breaking down the susceptibility mechanisms into
their main physiological components is necessary. For this purpose,
non-invasive techniques, such as gas-exchange measurements, have
been successfully applied to several pathosystems (Horst et al., 2010;
Carretero et al,, 2011; Debona et al., 2014; Gortari et al., 2018), can
provide new insights into the physiological status of wheat's spikes
during the interaction with F. graminearum, especially with regards to
photosynthesis- and respiration-related process.

This work addresses an in-depth characterization of the physio-
logical status of wheat's spikes facing two F. graminearum strains
of contrasting aggressiveness using gas-exchange analyses. The main
objectives were to investigate the pathogen-induced perturbations in
photosynthesis and respiration and to connect the obtained data with
the transcriptomics profiling of wheat's FHB-responsive genes

involved in those two biological processes.

2 | MATERIAL AND METHODS
21 | Experimental procedures for ecophysiological
experiments

Two independent gas exchange experiments, referred to as ambient
and saturation light experiments (Figure 1A), were conducted on the
bread wheat cultivar ‘Recital’, an FHB-susceptible genotype. Plants
used in both gas exchange experiments were grown and inoculated
using the same procedure described in the following sections. The
two experiments differed in terms of the light intensity applied when
the measures were performed. Ambient light measurements were per-
formed under a Photosynthetic Photon Flux Density (PPFD) of
616 umol m~2s~ 1 while the saturation light measurements were
done under a PPFD of 968 umol m~2 s~ (Fortineau & Bancal, 2018).
In the saturation light experiment, the plants were placed in a light
adaptation device (Figure 1B-(1)) set up in the growth chamber 10 min
prior to daytime measurements. This device, consisting of four vertical
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Ambient light experiment

1 bread wheat cultivar 2F. gra{ninearum s{rains
highly susceptible to FHB | | of contrasting aggressiveness

3-point infection
dynamics
cv. Recital

MDC_FgU1 and MDC_Fg1 || 24hpi, 48hpi and 72hpi

Saturation light experiment

(B)

FIGURE 1 Overview of the experimental design of the study.
Two independent experiments were performed with 2 light
conditions, one with ambient light and the other one by adapting the
plants at saturation light 10mn before the measures. For both
experiments, the susceptible cultivar ‘Recital’ was inoculated with
two F. graminearum strains, MDC_FgU1 and MDC_Fg1 in increasing
order of aggressiveness, and with water for the controls. Gas
exchange measures were performed at 24, 48 and 72 hpi (hpi: hours
post inoculation). The photo shows (1) the device used for the light
adaptation and (2) the measure chamber connected to (3) the LICOR
6400 device.

LED bars (BL120c, Valoya) and one top LED panel (GentleSpace gen?,
Philips Lighting France Signify), allowed to apply a total PPFD of
1400 pmol m~2s7%.

2.1.1 | Plant production and growth conditions

For both experiments, wheat plants were sown in buckets, vernalized
at 4°C and, transplanted in 4 L pots and grown in the same controlled
growth chamber with an automatic watering system, as previously
described in Rocher et al. (2022). After three weeks of tillering at
12/12 h light cycle and 17/15°C (day/night), the plants were grown
under the following conditions: 16/8 h light cycle and 21/17°C (day/-
night) temperatures. The relative humidity in the growth chamber
remained constant and set at 80%. At spike height, the measured
PPFD is 520 umol m~2 572,

2.1.2 | Inoculation and symptom monitoring

In both ambient and saturation light gas exchange experiments, wheat

spikes were inoculated with two contrasting strains in terms of

aggressiveness (MDC_Fgl and MDC_FgU1; in decreasing order
of aggressiveness; Fabre, Bormann, et al., 2019) or with water as
control (Figure 1A). Fungal inoculations were performed in both
experiments at mid-anthesis, with spore suspension obtained as
previously described in Rocher et al. (2022). Spores were deposited
with 10 pL of a spore solution at a concentration of 10° spores/mL
in the floral cavity of all the spikelets of one spike. For the control
samples, water was inoculated using the same procedure. For each
experiment, a complete factorial design was produced with six bio-
logical replicates for each of the three treatment modalities, repre-
senting a total of 18 plants per experiment. Symptoms were scored
using the 5-level rating scale given to each inoculated spikelet and
described in Fabre, Vignassa, et al. (2019). The symptoms produced
by MDC_Fgl and MDC_FgU1l on the cultivar ‘Recital’ were
assessed at 24, 48 and 72 hours post inoculation (hpi) in all biologi-

cal replicates of each experiment.

2.1.3 | Gas exchange measurements

For both ambient and saturation light experiments, the measurements
were performed on the same spikes of the same plants for each treat-
ment. Pre-inoculation measurements were performed one day before
mid-anthesis and then monitored at 24, 48 and 72 hpi to cover the FHB
pre-symptomatic phase (Figure 1A). For both experiments and at each
time point, measurements were performed during the day and night
periods. Daytime measurements were performed 6 h after lamps were
turned on in the growth chamber, while night-time measurements were
realized 3 h after the lamps were switched off to assess the respiration
level of the spikes.

Gas exchanges were measured using a portable gas-exchange
system (Figure 1B-(3)) (LI-6400XT; LI-COR) associated with a light
chamber specifically designed for spikes and three-dimensional organs
(Figure 1B-(2)) (Fortineau & Bancal, 2018). In both light experiments,
the reference CO, was set at 400 ppm and the flow at 600 pmol s~ .
For the ambient light experiment, block temperatures were set at
21 and 17°C during the day and the night periods, respectively. For
the saturation light experiment, block temperatures were set at 17°C
for both day and night periods. For each spike, after a stabilization
period of 200 s between the chamber closure and the first measure-
ment, a series of seven measures every 10 s was performed. After the
seventh measure, a match of the reference and sample infrared gas
analyzers (IRGAs) was performed and subsequently used to correct
any mismatch between the sample and reference cell when receiving
the same air CO,. Spike's temperature was monitored throughout the
measurements using a thermocouple inserted in the center of
the spike between a spikelet and the rachis. Spike's temperature
values are provided in the supplementary file 1. Ambient CO, concen-
tration was measured every 5 s throughout the gas exchange mea-
sures using a CO,/H,0 gas analyzer (LI-840, LI-COR) and was used to
take into account the variations of CO, concentration in the growth
chamber along experiments (Supplementary file 1). To compute gas

exchange values per unit area of each spike, experimented wheat
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spikes were scanned, and their projected surface area was estimated

using ImagelJ software v.1.53e (Schneider et al., 2012).

2.1.4 | Statistical analyses of symptoms and gas
exchange variables

All statistical analyses were conducted on R v4.1.1 (R Core
Team, 2021). For all ecophysiological variables, the mean of the mea-
surement series (seven successive measures) was used. All, except the
absolute gross CO, assimilation rate (Pgross) at 72 hpi, were normal-
ized according to the pre-inoculation point (X0). The LI6400 software
uses numerous equations that directly provide results of physiological
interest and are commonly calculated using many implicit equations.
Our experiments are based on a customized chamber (Fortineau &
Bancal, 2018), and these equations have been adapted following
LICOR's indications. All adaptations and the gas exchange variables
used in this study were computed according to the formulas detailed
in the supplementary method. All data obtained during the experi-
ments, including the normalized respiration rate (R/R0), normalized
net CO, assimilation rate (Pnet/Pnet0), normalized gross CO, assimi-
lation rate (Pgross/Pgross0), normalized total conductance to CO,
(gtc/gtc0) and normalized intercellular CO, concentration (Ci/CiO) are
given in the supplementary file 1. A two-way repeated measures
ANOVAs, with the kinetic factor nested within the biological replicate,
were computed using the anova_test function of the rstatix package
(Kassambara, 2022) to identify significant changes in all gas exchange
variables as for the symptom scores. Pairwise comparisons were then
performed using pairwise t-tests with the pairwise-t-test function of
the rstatix package (Kassambara, 2022). Corrections for multiple test-
ing were applied for all variables, except Pgross/PgrossO, using the
Bonferroni adjustment method. The intensity of the Pnet/PnetO and
Pgross/PgrossO delta between 48 and 72 hpi was compared for
MDC_Fgl1 and MDC_FgU1 using pairwise t-tests with the pairwise-
t-test function of the rstatix package (Kassambara, 2022). Light inten-
sity and treatment effects were analyzed on the absolute Pgross at
72 hpi using a two-way ANOVA with the anova_test function of the
rstatix package (Kassambara, 2022). Pairwise comparisons were per-
formed using pairwise t-tests with the pairwise-t-test function of the
rstatix package, and p-values were corrected for multiple testing using

the Bonferroni adjustment method (Kassambara, 2022).

2.2 | Gene expression analysis

Gene expression data used in this study were retrieved from a previ-
ous RNAseq study (Rocher et al., 2024) available at NCBI under the
accession PRJEB59062. The experiment was carried out with
the wheat cultivar ‘Recital’ and three F. graminearum strains of con-
trasting aggressiveness MDC_Fg1, MDC_Fgl13 and MDC_FgU1; in
decreasing order of aggressiveness (Fabre, Bormann, et al., 2019). The
samples were collected at 48, 72 and 96 hpi. Each treatment x time

point condition was repeated four times (except for MDC_Fg13 x 72

hpi condition with three replicates). Plants were grown using the same
procedure as described for the ecophysiological experiments. For each
biological replicate, spore inoculation was performed on the six cen-
tral spikelets of three synchronous flowering spikes (totalling 18 spike-
lets). For the mock samples, water was inoculated using the same
procedure. Only inoculated spikelets were sampled for sequencing.
The bioinformatics pipeline to obtain gene expression data is thor-
oughly detailed in Rocher et al. (2024). The filtered raw counts are
provided (Supplementary File 2 - Table S2A).

221 | Retrieval of genes encoding functions
involved in respiration, photosynthesis or stomatal
movement

KEGG Orthology (KO) (Kanehisa & Goto, 2000) annotation of the
High (HC) and Low Confidence (LC) of Triticum aestivum proteomes
v1.1 (https://urgi.versailles.inra.fr/download/iwgsc/IWGSC_RefSeq_
Annotations/v1.1/), was performed using GhostKOALA software with
the “genus_prokaryotes -+ family_eukaryotes option” (Kanehisa
et al., 2016). GhostKOALA results were then trimmed to keep only
genes with an annotation generated from the plant kingdom. Respira-
tion and Photosynthesis-associated KO lists were generated from the
KEGG Modules part of the KEGG BRITE database (Kanehisa
et al, 2006; https://www.genome.jp/kegg-bin/show_brite?ko00002.
keg) to retrieve the corresponding genes. For stomatal movement-
associated gene, Gene Ontology (GO) terms of the Triticum aestivum
v1.1 genome were retrieved from ensembl (https://plants.ensembl.
org/Triticum_aestivum/Info/Index) using the BiomaRt R interface
(Durinck et al., 2009). GO terms were then used to build a wheat
annotation orgdb R package using the makeOrgPackage function of
the AnnotationForge R package (Carlson & Pagés, 2022). Following
GO terms were used to retrieve wheat genes associated with stomatal
movement: GO:1902456, GO:0090333. Gene functions were then
retrieved from the UniProtKB database (Boutet et al., 2007). The
wheat genes database established for this study is provided in Supple-
mentary File 2 - Table S2B.

222 | Statistical analyses

Differential Expression analyses were conducted using the DiffAnaly-
sis_EdgeR function of the DicoExpress script-based tool (Lambert
et al.,, 2020), based on the EdgeR package (Robinson et al., 2010) and
generating all the contrasts automatically for complex experimental
designs. Only genes that were differentially expressed (DE) in
response to the three strains in comparison to the control and pre-
dicted to be involved in respiration, photosynthesis, or stomatal
movement were used in this study. Prior to expression pattern charac-
terization, the raw count values were normalized using the regularized
logarithm transformation (rlog) implemented in the DESeq2 package
(Love et al., 2014). Then, a z-score transformation was applied to the

normalized count values, and gene expression patterns were
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described using heat maps using the Pheatmap package (Kolde, 2019).
The genes and samples were clustered using the ward.D2 agglomer-
ation method was applied to the Euclidean distance matrices
(Murtagh & Legendre, 2014). In order to highlight the robustness
and repetitiveness of our RNA-seq data, the DEGs identified in this
study were compared to the results of another RNA-seq data set
obtained in the same growth chamber and using the same wheat
genotype, ‘Recital’, that was infected by the strain MDC_Fg1, strain
also used in this study. All the details concerning this RNA-seq data-
set are described under the name HostV in our previously published
paper Rocher et al. (2024). Only DEGs from Recital infected by
MDC_Fg1 in comparison to the control condition were considered.
The consistency was checked by comparing gene log2FC in both

RNA-seq experiments.

3 | RESULTS

3.1 | |Insituimpacts of FHB on
ecophysiological parameters of photosynthesis and
respiration

Consequences of F. graminearum development in the spike's physio-
logical functioning were assessed using two F. graminearum strains
of contrasting aggressiveness, MDC_Fg1 (the most aggressive strain)
and MDC_FgU1 (the less aggressive one), as previously reported in
Fabre, Bormann et al. 2019. In our study, the symptom survey con-
firmed this previous work with clear differences as early as 48 hpi
between MDC_Fgl and MDC_FgU1 (Figure 2). While a significant
increase was observed in the induced symptoms for both strains

0.64 d
-0~ MDC_Fg1 T
-O- MDC_FgU1 l
7]
€044
9
Q
€
>
w
o
o 0.2
O
N
a
0.0 P
24hpi 48hpi 72hpi
Hours post-infection
FIGURE 2 Symptom development induced by the two

F. graminearum strains of contrasting aggressiveness. Line plots
represent the score symptoms observed at 24, 48 and 72 hpi for
MDC_Fg1 (pink) and MDC_Fg13 (green). The score symptoms
measured during both gas exchange experiments were used

(12 replicates). Error bars represent the 95% confidence intervals.
Significance threshold: p-value<0.05.

between 48 and 72 hpi, MDC_Fgl induced symptoms earlier and
with more intensity than MDC_FgU1, with an average score symp-
tom at 72 hpi that was twice as severe with MDC_Fg1 compared to
MDC_FgU1.

3.1.1 | FHB induced a strong increase in the spike's
respiration rate

In response to MDC_Fgl and MDC_FgU1 infection, a significant
increase in the normalized respiration rate (R/R0) was monitored
at the whole spike level along with the infection progress for both
ambient and saturation light experiments (Figure 3A and Supple-
mentary File 3 - Table S3-1). In both experiments, R/RO hardly var-
ied in the control plants. A slight increase of the R/RO was
detected between 24 and 72 hpi only in the ambient light experi-
ment (Supplementary File 3 - Table S3-1). The inoculation of
MDC_Fgl1 and MDC_FgU1 induced a significantly higher R/RO in
the infected spikes than in the control ones at 48 hpi and 72 hpi, in
both experiments (Figure 3A). Significant strain-dependent
responses were also detected in the ambient experiment, where
MDC_Fg1 induced a higher R/RO than MDC_FgU1 at both 48 hpi
and 72 hpi.

3.1.2 | FHB resulted in a decrease in the spike's
CO,, assimilation rate

Control samples did not display any significant changes in the nor-
malized net CO, assimilation rate (Pn/Pn0) in both experiments,
while the inoculation of MDC_Fg1 and MDC_FgU1 induced a signif-
icant drop of the Pn/Pn0O between 48 and 72 hpi, regardless of the
light intensity (Supplementary File 3 - Table $S3-2). No significant dif-
ferences were observed between conditions at both 24 and 48 hpi,
but both strains induced a significantly lower Pn/Pn0O than control
plants at 72 hpi in both light experiments (Figure 3B). No significant
strain-dependent changes were detected between MDC_Fgl- and
MDC_FgU1-inoculated spikes. Similar trends were observed in the
normalized gross CO, assimilation rate (Pgross/Pgross0O), with no
clear strain-dependent trends (Figure 3C). A significant drop of
Pgross/PgrossO was observed between 48 and 72 hpi for both
strains, while it remained stable in the control spikes (Supplementary
File 3 - Table S3-3). The t-test comparison of the 72-48 hpi delta
between Pnet/Pnet0 and Pgross/PgrossO showed that the drop was
significantly higher for Pn/PnO regardless of the inoculated strain.
While infection with MDC_Fgl induced a significantly higher
Pgross/PgrossO in spike than the infection with MDC_FgU1 at
24 hpi in the ambient light experiment only, no differences of
Pgross/PgrossO were detected between the three conditions at
48 hpi in both experiments. At 72 hpi, the MDC_Fg1-inoculated
spikes displayed a significantly lower Pgros/PgrossO than the
control spikes in both experiments, while the response to

MDC_Fgul was significantly different to the controls in the
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FIGURE 3 Normalized respiration rate (R/R0) (A), normalized net CO, assimilation rate (Pn/Pn0) (B) and normalized gross CO, assimilation
rate (Pgross/Pgross0) (C) of ‘Recital’ spikes measured in response to treatment along the infection progress in both ambient light and saturation
light conditions. Boxplots are shown at 24, 48 and 72 hpi after the inoculation of MDC_Fg1 (pink), MDC_FgU1 (green) and for controls (blue)
relatively to the pre-inoculation point. Asterisks indicate a significant difference between two treatment modalities at one given time point while
ns indicate a non-significant difference. Significance threshold: Bonferroni adjusted p-value<0.05.
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FIGURE 4 Absolute gross CO, assimilation rate (Pgross) of ‘Recital’ spikes measured at 72 hpi in response to treatment and light conditions.
Boxplots represent the gross CO, assimilation rate of the spikes (Pgross) measured at 72 hpi after the inoculation of MDC_Fg1 (upper left panel),
MDC_FgU1 (upper right panel) and water (bottom panel) for controls in ambient light (orange) and saturation light (reddish orange) conditions.
Asterisks indicate a significant difference between the two light modalities. Significance threshold: Bonferroni adjusted p-value<0.05.

saturation light experiment only (Figure 3C). Finally, the absolute
level of Pgross, was significantly higher (+1.2 umol s™* m~2) in the
saturation light condition than in the ambient light (Figure 4). No
interaction effect was detected between the light intensity and the
treatment factors, indicating a generic response to light intensity
independent of treatments.

3.1.3 | FHB infection did not change the
conductance to CO,

The effects of FHB on the stomatal aperture were investigated using
the normalized total conductance to CO, (gtc/gtc0). The only signifi-
cant change observed was a significant reduction between 48 and
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measured in response to treatment along the infection progress in both ambient light and saturation light conditions. Boxplots are shown at

24 hpi, 48 hpi and 72 hpi after the inoculation of MDC_Fg1 (pink), MDC_FgU1 (green) and for controls (blue) relatively to the pre-inoculation
point. Letters indicate a significant difference between time points. Asterisks indicate a significant difference between two treatment modalities
at one given time point while ns indicate a non-significant difference. Significance threshold: Bonferroni adjusted p-value<0.05.

72 hpi in both experiments under all conditions, including control,
but without any effect of the treatments (Figure 5A). The variations
of the normalized CO, concentration in the sub-stomatal internal
cavities (Ci/CiO) were sharper in the ambient light experiment than in
the saturation light experiment (Supplementary File 3 - Table S3-4). In
the ambient light experiment, the inoculation of MDC_Fgl and
MDC_FgU1 induced a significant increase of the Ci/CiO in spikes along
with the infection duration while it remained stable in the controls
(Supplementary File 3 - Table S3-4A). In the saturation light experiment,
only MDC_Fg1-inoculated spikes displayed a significant increase of the
Ci/Ci0 between 48 and 72 hpi, while a significant decrease was
observed in the control spikes (Supplementary File 3 - Table $3-4B). In
both experiments, no differences of Ci/CiO were detected between
conditions at 24 and 48 hpi (Figure 5B). At 72 hpi, the Ci/Ci0 was sig-
nificantly higher in response to MDC_Fg1 and MDC_FgU1 than in the
control spikes in the ambient light condition, while only MDC_Fg1 inoc-
ulation induced a higher Ci/CiO than the control spikes in the saturation
light experiment (Figure 5B).

3.2 | FHB impacts on the expression of
photosynthesis- and respiration-related genes

The consequences of F. graminearum inoculation on the wheat
genes involved in photosynthesis- and respiration-associated pro-
cesses were studied by retrieving all the FHB-responsive genes that

were systematically regulated in the ‘Recital’ cultivar when facing

independently three F. graminearum strains of contrasting aggressive-
ness (Rocher et al., 2024). This experiment included the two strains
used in the ecophysiological experiments, MDC_Fgl1 and MDC_FgU1,
and was completed by a third, MDC_Fg13, displaying intermediate
aggressiveness (Fabre, Bormann, et al., 2019; Rocher et al., 2024).

A total of 445 unique genes involved in photosynthesis, respiration
and stomatal functioning were found differentially expressed in
response to the three F. graminearum strains. Among them, 62 genes
were annotated in both photosynthesis and respiration processes. To
highlight the consistency and reproducibility of our DE results, we com-
pared the responsive patterns of this DEG list with results from another
independent RNA-seq study performed in the same growth chamber
with the same wheat genotype and the strain MDC_Fg1 study (Rocher
et al., 2024). Among the 445 DEGs, 383 (86%) were found differentially
expressed in both RNA-seq experiments, among which 87, 100 and
100% displayed the same responsive pattern at 48, 72 and 96 hpi,
respectively. This high degree of reproducibility between two indepen-
dent RNA-seq experiments clearly emphasizes the tremendous robust-

ness of the identified gene regulations (Supplementary Table S2C).

3.21 | The expression of the photosynthesis-
associated genes was widely decreased in response
to FHB

A total of 256 genes involved in photosynthesis-associated processes

were found to be significantly impacted by each of the fungal strains
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(Supplementary file 4 - Table S4A, “FHB responsive photosynthesis-
genes”, FHB-Photo-genes). The Hierarchical Ascendant Clustering
(HAC) clearly discriminated the infected modalities from the control

as well as the infection stages for the infected modalities rather than

distinguishing the fungal strains (Figure 6A). Around 81% (207 genes)
of this gene set displayed higher expression in the control modality
than in the infected ones regardless of the inoculated strain (Cluster
C1, Table 1A), with a strong expression drop between 48 and 72 hpi

(A)

1
Infection Progress ]
Treatment [——

Process

Carbon Fixation
Cytochrome b6/f complex
Electron Transport
F-type ATPase
Light Harvesting
Photosystem |
Photosystem Il

——

Infection Progress
| 48 hpi

[ 72 hpi

Treatment
MDC_Fg1
MDC_Fgu1
Mock

Scale

1.5

0.5

-0.5

-1

Photosynthesis-related genes

N

LT D T RN T AT YT TN VTN

(B)

o

i,

I} i

4—

i

17, Infection Progress [
_ . J |
g Process Treatment
()] Glycolysis
(S)] Krebs Cycle
8 Oxydative Phosphorylation !
+— Pyruvate Oxydation
o =
T =
5
C i
o
= - 5
ju -
o =
a ]
[
= = s —
B e
= ==
=
(%2}
S (C)
(]
>
= 1
o
] (I (R —
© I
>3 TraesCS6B02G320900!
> TraesCS6A02G290600:
G‘_) TraesCS6D02G271900}
e TraesCS1B02G159900;
i TraesCS7D02G106400!
O© TraesCS7A02G 111300
e - TraesC85A02G337100 NN I,
o
hd
w
FIGURE 6

Expression patterns of the FHB-responsive genes involved (A) in the photosynthesis-related processes, (B) in the respiration-

related processes and (C) in stomatal regulation. Expression profiles are given for the wheat cultivar ‘Recital’ facing the two strains of contrasting
aggressiveness, MDC_Fg1 and MDC_FgU1. Genes and sample data sets were grouped using a Hierarchical Ascendant Clustering based on
Ward's minimum variance method and using the z-score transformed gene expression values. Heatmap color scales represent the z-score values
of the genes. The clustering on top of the heatmaps represents the experimental conditions, labeled according to the both the treatment (Mock,
MDC_Fg1 and MDC_FgU1) and the infection delay (48 hpi and 72 hpi). On the left side of the heatmaps, the genes were colored according to the

process in which they are involved or labeled with their accession number.
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in the infected spikes (Figure 6A). All the genes involved in the “Light
harvesting” (30 genes), “Photosystem I” (19 genes), “F-type ATPase”
(9 genes) and “Cytochrome bé/f complex” (1 gene) processes displayed
less expressed transcripts in response to FHB (Table 1A). Likewise,
about 90% (22 genes), 75% (110 genes) and 70% (16 genes) of the
genes involved in “Photosystem II”, “Carbon Fixation” and “Electron
Transport” proved also to be less expressed in response to FHB.
On the opposite, only 49 genes displayed lower expression levels in
the control modality than in the infected ones (Cluster C2, Table 1A),
with a strong increase of their expression between 48 hpi and 72 hpi
in the infected spikes, whatever the fungal strain. Only one gene,
TraesCS5B02G516600, involved in the “Photosystem II” process and
belonging to the first clustering group, was differentially expressed
between MDC_Fg1- and MDC_FgU1-infected spikes.

TABLE 1 Resume of the photosynthesis- (A) and respiration-
associated (B) processes affected by FHB at the molecular level.
Concerning the photosynthesis-associated processes (A), the cluster
C1 represents the genes repressed in response to FHB compared to
control plants and the cluster C2 represents the genes induced in
response to FHB compared to control plants. Concerning the
respiration-associated processes (B), the cluster C1 represents the
genes repressed in response to FHB compared to control plants and
the cluster C2 represents the genes induced in response to FHB
compared to control plants.

Gene
A. Biological process Cluster number
Carbon fixation Cc1 110
Cc2 39
Cytochrome b6/f complex Cc1
Cc2 0
Electron transport Cc1 16
Cc2 7
F-type ATPase Cc1
Cc2 0
Light harvesting, C1 30
Chlorophyll protein c2 0
Photosystem | Cc1 19
Cc2 0
Photosystem Il Cc1 22
Cc2 3
Gene
B. Biological process Cluster number
Glycolysis C1 50
Cc2 48
Krebs cycle C1 17
Cc2 26
Pyruvate oxidation Cc1 56
Cc2 33
Oxidative phosphorylation C1 2
C2 12

K“"I-;ii iologia Plantarur

3.2.2 | FHB-induced regulations in respiration-
related genes showed a multifaceted response

A total of 244 genes involved in the respiration-associated processes
were found to be regulated upon FHB development (Supplementary
file 4 - Table S4B, “FHB responsive respiration-genes”, FHB-Resp-
genes). As shown for photosynthesis-related genes, the HAC of the
mRNA accumulation of the FHB-Resp-genes clearly discriminated
the control plants from the infected ones as well as the infection stage
for the infected modalities, while the strain aggressiveness displayed
only minor effects on the variances (Figure 6B). FHB impacts on this
gene set evidenced two balanced groups. The first group, gathering
125 genes, displayed FHB-Resp-genes with decreasing mRNA expres-
sion in the infected plants (Cluster C1, Table 1B), depicting a strong
expression drop between 48 and 72 hpi (Figure 6B). This group
included most of the genes involved in the “Oxidative Phosphoryla-
tion” process (~65% of the set) (Table 1B). On the opposite, the sec-
ond group, gathering 119 genes, displayed FHB-Resp-genes with
increasing mRNA expression in the infected plants (Cluster C2,
Table 1B), depicting a strong expression burst between 48 and
72 hpi. This group included most of the genes involved in the “Krebs
cycle” and “Pyruvate oxidation” processes (~70 and ~ 85% of the
gene set, respectively) (Table 1B). Regarding the genes involved in
the “Glycolysis” process, they were equally distributed in the two
groups, with 50 and 48 genes displaying, respectively, lower and
higher expression levels in the infected plants as compared to the
control ones (Table 1B). Only two genes (TraesCS1D02G215900
and TraesCS3B02G199500) belonging to the second group and
involved in the “Glycolysis” and the “Krebs cycle” processes, respec-
tively, were differentially expressed between MDC_Fgl- and
MDC_FgU1-infected spikes.

3.2.3 | The expression of genes involved in
stomatal movement was mainly repressed in response
to FHB

A total of 7 genes involved in stomatal movement-associated pro-
cesses were found to be significantly impacted by each of the fungal
strains (“FHB responsive stomatal genes”, FHB-Sto genes). The HAC
of the mRNA accumulation of these genes clearly discriminated the
infected conditions from the controls as well as the infection stages
for the infected modalities rather than the fungal strains (Figure 6C).
Except for one, all the FHB-Sto-genes displayed a higher expression
in the control spikes than in the infected ones, with a strong expres-
sion drop between 48 and 72 hpi in the infected conditions
(Figure 6C). Among the down-regulated functions in response to FHB,
3 homeologs coding for “chloroplast calcium-sensing receptors”,
2 homeologs coding for “mitogen-activated protein kinases” and
1 gene coding for a “key zinc finger transcription factor gene” were
found (Supplementary File 4 -Table S4C). The only up-regulated gene
in response to FHB coded for a “phospholipase D” (Supplementary
File 4 - Table S4C).
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4 | DISCUSSION

Taking advantage of two F. graminearum strains of contrasting aggres-
siveness, the impacts of FHB on the spike's basal functioning were
assessed using complementary approaches at the ecophysiological
and molecular levels. This included the characterization of the gas
exchanges of wheat spikes during the infection progress using a spe-
cific device for three-dimensional organs, along with the profiling of
the expression changes of photosynthesis- and respiration-associated

genes.

4.1 | Impairments of photosynthetic parameters
during FHB are mediated by a specific remodelling of
gene expression and are independent of symptomatic
tissue damages

Measurements of the CO, assimilation rate, especially upon the satu-
ration light intensity, clearly revealed an impairment of photosynthesis
at both net and gross levels. Changes were especially sharp between
48 and 72 hpi and occurred independently of strain aggressiveness.
The intense drop of the net CO, assimilation rate at 72 hpi was pri-
marily linked to the strong increase in the respiration rate observed
between 48 and 72 hpi. However, the gross assimilation rate also
decreased, albeit to a smaller extent, which suggests that FHB impact
on the net photosynthesis rate can be a combination of a decrease in
the gross photosynthesis rate and an increase in the respiration rate.
The total conductance to CO, largely increased from O to 24 hpi in
both control and inoculated spikes. This ontogenic change could be
attributed to the glume aperture that occurs at anthesis. Furthermore,
FHB did not affect the total conductance to CO,, suggesting that nei-
ther the stomatal CO,, diffusion nor the cuticular permeability to CO,
were altered along the infection progress. Consequently, the drop in
the photosynthesis during FHB could not be related to a reduced CO,
influx in the tissues; thereby, the increased Ci within the spike could
be a direct consequence of the drop in the net CO, assimilation rate,
assuming a stable mesophyll conductance. At the transcriptional level,
FHB infection demonstrated both down- and up-regulations in gene
expression, suggesting that spike functioning is still adjusting upon the
time course of infection. However, FHB impact is especially character-
ized by a sharp down-regulation of the genes associated with the pho-
tochemical and biochemical phases of photosynthesis, which has been
observed independently of the strain's aggressiveness. Such regula-
tion in photosynthesis-associated processes corroborates previous
FHB experiments that demonstrated (i) a strong abundance decrease
of the proteins involved in light harvesting, photosystems and elec-
tron transport chain between 48 hpi and 72 hpi (Fabre, Vignassa,
et al., 2019) and (i) similar responses when the wheat cultivar is facing
the same two F. graminearum strains we inoculated (Fabre, Bormann,
et al., 2019). In our study, stomatal closure regulation appeared also
concurrently altered in response to FHB, suggesting that stomatal clo-
sure was partly impaired upon infection. For instance, the three genes

encoding chloroplast calcium-sensing receptors (CAS) were sharply

down-regulated upon FHB, while they are known to induce stomatal
closure in response to extracellular calcium stimuli (Li et al., 2022).
Besides their well characterized role in drought stress tolerance, CAS
are also key components of the PAMP-triggered immunity, the sal-
icylic acid synthesis, involved in immunity against biotrophic patho-
gens, but also in chloroplast-nucleus communication under biotic
stress (Medina-Puche et al., 2020).

Taken together, our results suggest that the observed decrease in
photosynthesis was neither a consequence of the symptom develop-
ment nor an alteration of the stomatal regulation but the result of a
direct or indirect alteration of the photochemical and biochemical pro-
cesses. In line with our conclusions, a previous study demonstrated
that the genes involved in stomatal closure were not induced in
response to FHB in the susceptible cultivar ‘Rebelde’ and that the
photosynthetic efficiency was altered at 72 hpi (Francesconi &
Balestra, 2020). Similar results were also obtained in other wheat
pathosystems, such as in Septoria tritici blotch (Robert et al., 2006), in
leaf rust (Carretero et al, 2011) or in wheat blast (Debona
et al., 2014). Another example in rice leaves has shown that infection
with Monographella albescens resulted in a significant photosynthesis
decrease in asymptomatic tissue or prior symptom development,
which was mainly associated with a decrease in light capture
(Tatagiba et al., 2015). Finally, despite the measurable impairment of
the photosynthesis processes during FHB, wheat spike's tissues still
responded to variations of light intensity, suggesting that chloroplasts

remained partly functional even upon symptom appearance.

4.2 | Increase in respiration rate upon FHB is not
only explained by the regulation of plant gene
expression

FHB infection clearly induced a strong increase in the respiration rate
in ‘Recital’ spikes that could be associated with a strong energy
demand due to an accelerated metabolic activity or to the setup of
plant defences (Major et al., 2010; Debona et al., 2014; Gramig &
Harris, 2015). However, contrary to the photosynthetic processes, no
clear links have been observed between the expression of the genes
involved in the respiration pathways and the measured respiration
rate. This may be the direct consequence of the highly flexible
nature of plant respiration that can employ alternative pathways that
bypass the conventional ones (Plaxton & Podesta, 2006; van Dongen
et al., 2011). For instance, plants are able to use substrates other than
pyruvate, such as malate and formate but also amino and fatty acids
(Plaxton & Podesta, 2006). One limitation of this study is that FHB
effects on the photorespiration processes were not assessed, while it
is known to be involved in plant defences against pathogens through
H,0O, accumulation (Sgrhagen et al., 2013).

To conclude, combining the molecular characterization of a
pathosystem with ecophysiological methods allowed us to refine
our understanding of how the host's processes impacted along with
the infection progress. Gas exchange measurements have proven to

be a powerful tool to finely phenotype complex traits, such as
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susceptibility to plant pathogens, by going beyond the use of
traditional variables such as score symptom monitoring. The physi-
ological results obtained in this study corroborated the genericity
of wheat's responses to FHB early stages that were previously
revealed at the transcriptome level by the conservation of
effectors between different strains (Rocher et al, 2022) and
the conservation of the wheat cultivar ‘Recital’ responses to
those same strains (Rocher et al., 2024). The CO, assimilation and
diffusion responses to FHB were consistent with the transcrip-
tomic responses observed for photosynthesis-related genes, both
methods indicating an alteration of the photo- and biochemical
processes of the photosynthetic apparatus, which do not appear to
be directly associated with symptom development. Finally, the
ecophysiological approach has proven to be particularly effective
in determining the impact of F. graminearum on respiration, a pro-
cess for which the characterization at the transcriptome scale was
not sufficient and difficult due to the complexity of the network of
actors involved.
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