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Abstract

Among plant pathogens, the necrotrophic fungus Botrytis cinerea is one of the most prevalent, leading to severe crop
damage. Studies related to its colonization of different plant species have reported variable host metabolic responses
to infection. In tomato, high N availability leads to decreased susceptibility. Metabolic flux analysis can be used as
an integrated method to better understand which metabolic adaptations lead to effective host defence and resist-
ance. Here, we investigated the metabolic response of tomato infected by B. cinerea in symptomless stem tissues
proximal to the lesions for 7 d post-inoculation, using a reconstructed metabolic model constrained by a large and
consistent metabolic dataset acquired under four different N supplies. An overall comparison of 48 flux solution vec-
tors of Botrytis- and mock-inoculated plants showed that fluxes were higher in Botrytis-inoculated plants, and the
difference increased with a reduction in available N, accompanying an unexpected increase in radial growth. Despite
higher fluxes, such as those involved in cell wall synthesis and other pathways, fluxes related to glycolysis, the tri-
carboxylic acid cycle, and amino acid and protein synthesis were limited under very low N, which might explain the
enhanced susceptibility. Limiting starch synthesis and enhancing fluxes towards redox and specialized metabolism
also contributed to defence independent of N supply.

Keywords: Botrytis cinerea, central metabolism, constraint-based modelling, metabolic fluxes, necrotrophic pathogens,
nitrogen, tomato (Solanum lycopersicum).

Abbreviations: dpi, days post-inoculation; GABA, y-aminobutyric acid; MEP/DOXP, 2-C-methyl-p-erythritol 4-phosphate/1-deoxy-p-xylulose 5-phosphate; PC, prin-
cipal component; RGR, relative growth rate; TCA, tricarboxylic acid.
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Introduction

Safe control of plant pathogens is an important issue for food
security. To achieve this goal, an increased understanding of
the effect of the environment on plant immunity is needed.
The core of plant responses to invaders is based on several
mechanisms: recognition of microbial structures, identification
of host damage by pattern recognition receptors, detection of
effectors, activation of signalling by various classes of kinases,
ion influx and reactive oxygen species (ROS) production, and
defence responses orchestrated by hormonal crosstalk (for re-
cent reviews, see Aerts et al., 2021; Ngou et al., 2022; Wang
et al., 2022). Successtul pathogens are able to evade the first
lines of plant defence, which largely depend on their avail-
able effector repertoire, as well as other toxic metabolites (Lo
Presti et al., 2015). In the case of microbial interactions, the
infected host organs produce a range of compounds to combat
the spread of the disease. This metabolic activity depends on
the host species and the pathogen lifestyle, and may include
antimicrobial secondary metabolites, antioxidative and detoxi-
fying compounds, polymers for strengthening the cell wall, and
defence-oriented proteins.

Necrotrophic pathogens are a class of microbial agents that
deploy an arsenal of toxins, cell wall-degrading enzymes, pro-
teases, and cell death-inducing enzymes to kill cells and recover
their nutrients from dead host tissues (Liao et al., 2022). Among
necrotrophic fungi, Botrytis cinerea is one of the most important
due to its broad host range, which includes major agronomic
crops, and the severe damage it can inflict on plants, either
during their cycle or after harvest (Dean et al., 2012). Many
studies have highlighted the role of plant secondary metabo-
lites against B. cinerea, which may directly inhibit fungal ger-
mination or growth or mitigate the effect of fungal virulence
factors. This includes compounds of different chemical classes,
whose synthesis may be specific to a botanical family or even
a species. Among them are phenolic compounds (Adrian et al.,
1997; Goetz et al., 1999; Iriti et al., 2004; Morales et al., 2017),
terpenoids (Tsao and Zhou, 2000; Stukkens et al., 2005), gly-
coalkaloids and saponins (Quidde et al., 1998; You and Kan,
2021), and glucosinolates or the tryptophan-derived alkaloid
camalexin (Ferrari ef al.,2003; Kliebenstein ef al.,2005; Buxdorf
et al., 2013).The synthesis of these compounds requires an ad-
aptation of the transcriptional machinery and enhanced enzy-
matic activity in the pathways involved.

There is ample evidence that the defence response requires
an adaptation of primary metabolism, which provides basic
C and N backbones as well as energy and reducing power
for the synthesis of defence compounds (Bolton, 2009; Guo
et al., 2018). Accordingly, several transcriptomic, metabolo-
mic, and proteomic studies on various plant models and crops
have shown a reprogramming of a large part of the host pri-
mary and secondary metabolism following infection by B.
cinerea. (e.g. Rowe et al., 2010 and Mulema and Denby, 2012
on Arabidopsis; Hong et al., 2012 on vine; De Cremer et al.,

2013 on lettuce; Camanes et al., 2015 and Vega et al., 2015
on tomato; Kumar et al., 2020 on chrysanthemum; and Naets
et al., 2022 on apple). These studies confirm earlier reports
(Berger et al., 2004) of a down-regulation, in photosynthetic
organs, of the photosynthetic machinery, as well as repres-
sion of starch biosynthesis. A mobilization of the sugar pool
is illustrated by the increased transcription of genes encod-
ing invertases (Mulema and Denby, 2012; De Cremer et al.,
2013) and, in sink tissues, sucrose synthases (Lacrampe et al.,
2021). However, there are contradicting reports regarding the
activation, following infection, of genes encoding enzymes of
glycolytic or pentose-phosphate pathways or the tricarboxylic
acid (TCA) cycle, along with a variable evolution, depend-
ing on the studies, of metabolite contents. Monolignols form,
through oxidative coupling, lignin that accumulates in the cell
wall for its reinforcement against pathogen invasion (Dixon
et al., 2002). Flavonoids and anthocyanins are antioxidants
thought to regulate the ROS burst resulting from B. cinerea
infection that may favour fungal propagation. However, their
role in controlling invasion depends on their structure, which
confers specific ROS-scavenging activity (Zhang ef al., 2015).
For these secondary compounds, discrepancies in transcrip-
tomic or metabolomic studies have also been reported. In
several host species, the mevalonate pathway is up-regulated
following infection (De Cremer ef al.,2013; Smith et al., 2014;
Naets et al., 2022), leading to the synthesis of some classes of
terpenoids (Mulema and Denby, 2012; De Cremer et al., 2013;
Xiong et al.,2018; Kumar ef al., 2020; Badmi et al., 2022; Naets
et al.,2022). Many other metabolites and metabolic routes have
been shown to be affected by B. cinerea infection, such as fatty
acids and lipids (Agudelo-Romero et al., 2015; Naets et al.,
2022), benzoic acids (Camafies et al., 2015; Haile et al., 2017;
Kumar et al., 2020), carbohydrates and oligosides (Agudelo-
Romero et al., 2015; Camaiies et al., 2015; Lacrampe et al.,
2023), y-aminobutyric acid (GABA) and the GABA shunt
(Seift et al., 2013; Naets et al., 2022; Lacrampe et al., 2023), and
polyamines (Nambeesan et al., 2012; Agudelo-Romero et al.,
2015; Lacrampe et al., 2023).

Discrepancies between studies could be explained by several
factors linked to host genotype and organ specificity that fine-
tune the metabolic response to infection along with variations
in pathogen virulence or in timing and spatialization of defence
(Kliebenstein et al., 2005; Mulema and Denby, 2012; Windram
et al.,2012). The ability of pathogens, including necrotrophs, to
subvert host immunity further complicates the interpretation
of the response (Shao ef al., 2021). Moreover, the intensity of
the defence response, seen as the range of physiological pro-
cesses that are regulated following infection, may be a poor
indicator of resistance (i.e. the ability of the host to control
fungal development). This has been shown for tomato fruits
in which susceptibility factors expressed at ripening outweigh
the strong immune response (Silva ef al., 2021) or for tomato
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stems where low N nutrition conferred high susceptibility de-
spite large metabolic adaptations to infection (Lacrampe ef al.,
2023). Thus, a better comprehension of the integrated meta-
bolic adaptations of sink tissues that lead to effective resistance
against necrotrophs is expected.

Metabolite concentrations, whose variations can reflect both
synthesis and consumption, are complex to interpret. Metabolic
fluxes, integrating levels of regulation from gene expression to
reaction activities, allow a better analysis of the functional state
of networks, to approximate the system-level behaviour of
the organ under consideration (Yurkovich and Palsson, 2016).
Direct measurement of metabolic fluxes by labelling experi-
ments on whole organisms is complex and costly. An alterna-
tive lies in estimating fluxes by constraint-based models using
growth data and metabolite contents to constrain a mathemat-
ical system defined by stoichiometric equations and the law of
mass conservation (Williams ef al., 2010). By solving the system
with optimality criteria characterized by an objective function,
fluxes can be calculated at steady state (Sweetlove and Ratcliffe,
2011) as in flux balance analysis (FBA), a special case of the
linear optimization method (Orth et al., 2010). At the cell
level, in contrast to kinetic models requiring a large number of
parameters, constraint-based models require only the topology
of the metabolic network (Clark et al., 2020). Solving the
model corresponds to calculating metabolic fluxes expected to
best reflect the physiological state. First developed for unicel-
lular systems, constraint-based models have now been devel-
oped (Sweetlove and Ratcliffe, 2011) and validated (Williams
et al.,2010) for plant cells and tissues. The complexity of meta-
bolic networks due to metabolic diversity, redundancy of met-
abolic pathways, and subcellular compartments of specialized
cells (Dersch et al., 2016) limits the number of genome-scale
metabolic models (GEMs) reconstructed from genomics anno-
tations and requires manual curation (Collakova ef al.,2012).In
the case of tomato, an original genome-scale model of leaves
(Yuan et al., 2016) was updated recently to model stems and
roots (Gerlin et al., 2022). A knowledge-based metabolic net-
work of primary metabolism leading to a well-curated core
model was relevant to describe the physiological behaviour of
heterotrophic tissues, such as fruit, throughout development
(Colombié et al.,2017).

Regarding plant—pathogen metabolic modelling, few studies
have been reported thus far. In the case of plants interacting
with Ralstonia solanacearum, the costs of virulence factors were
reported (Peyraud ef al., 2016). Cooperation within cells of the
hyphae of Sclerotinia sclerotiorum colonizing Arabidopsis thaliana
has been demonstrated by using FBA (Peyraud et al., 2019). In
tomato plants infected by the oomycete Phytophthora infestans,
metabolic modelling helped in generating hypotheses about
pathogen nutrition in planta (Rodenburg et al., 2019). Here,
to investigate the metabolic response of tomato stems infected
by B. cinerea, a metabolic model was built to estimate meta-
bolic fluxes and presumably identify key metabolic routes re-
quired for defence under variable N environments leading to

contrasting susceptibilities. The model, constrained by a large
metabolic dataset, was solved to calculate fluxes in symptom-
less stem tissues adjacent to inoculation points in Botrytis- and
mock-inoculated plants. Metabolic fluxes and pathways sup-
porting stem resistance or susceptibility against B. cinerea were
examined.

Materials and methods

Plant material and inoculation of B. cinerea

The experimental set-up was previously reported in Lacrampe et al.
(2021, 2023). Briefly, cv Clodano tomato plants were sown in a glass-
house on rockwool cubes and fertigated twice a day with a standard
commercial nutrient solution (Liquoplant Rose, Plantin, Courthézon,
France). Plantlets were transplanted 4 weeks after germination into
2 litre pots containing an inert mixture (1:1 v/v) of vermiculite and
pozzolana. Seven weeks after germination, the fertigation solution was
replaced by five nutrient solutions, corresponding to five experimental
treatments, containing NO;~ concentrations of 0.5, 2, 5, 10, or 20 mM
and applied for an additional 4 weeks. In the solutions with reduced N
concentrations, nitrates were substituted by sulfates to maintain the same
electroconductivity in all treatments. All the other nutrients were main-
tained at the same concentration. Plants were watered according to the
climatic demand, receiving the same amount of water regardless of the N
supply level. A few hours before inoculation, the plants were transterred
from the glasshouse to growth chambers, where an environment favour-
able to incubation was established (relative humidity 95%, temperature
21 °C, photosynthetic photon flux density 200 pmol m2s™"). Inoculations
were carried out by injecting a 10 pl aliquot of either a spore suspension
(Botrytis-inoculated plants, strain BC1) or sterile water (mock-inoculated
plants) on the petiole stub remaining after the excision of the sixth leaf
of each plant. Fragments 2 cm long of the symptomless stem between
the fifth and sixth internodes were sampled for analysis just before inoc-
ulation (0 days post-inoculation, dpi) and 2, 4, and 7 dpi. Two additional
sets of stem samples were collected to measure dry matter content and
growth (see below). As previously described, disease intensity was assessed
at 4 dpi and 7 dpi by measuring lesion length along the stems. Fungal
development decreased with increasing N supply (Lacrampe et al., 2021,
2023), confirming previous results from similar experimental designs
(Lecompte et al., 2017).

Metabolite quantification and biomass composition

A total of 175 samples, corresponding to five biological replicates under
five N supply levels and four time points (0, 2, 4, and 7 dpi) of mock-
and Bofrytis-inoculated plants, were analysed for soluble carbohydrates
and polyols, organic acids, free amino acids, polyamines, phenolic com-
pounds, glycoalkaloids, antioxidants, starch, proteins, cell wall, lipids, and
nucleic acids. The analytic methods are summarized in Supplementary
Table S1 and described in Lacrampe et al. (2023). Absolute quantification
was obtained from the semi-quantitative data described in Lacrampe ef al.
(2023), using for each metabolite external calibration curves centred on
the samples. The methods used for additional compounds not described
in the previous study (lipids, glutathione, nucleic acids, and cell wall con-
stituents) are presented hereafter.

Lipids were extracted from 20 mg of fresh powder for 90 min at 90
°C under constant stirring, with 475 ul of MeOH containing 68.4 uM
heptadecanoic acid as an internal standard and 25 pl of H,SO,. Then,
500 pl of 2.5% NaCl and 650 pl of hexane were successively added, and
the samples were incubated under stirring for 20 min at 90 °C. Samples
were fast-centrifuged to speed the phase separation, and the upper phase
containing hexane was collected and stored at —20 °C until analysis.
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Quantification was performed using a 7890B GC System (Agilent
Technologies, Santa Clara, CA, USA) equipped with a MultiPurpose
Sampler (Gerstel GmbH & Co, Miilheim, Germany), split/splitless in-
jector, Zebron ZB-SemiVolatiles 34.590 mx0.25 mmx0.25 um column
(Phenomenex, Torrance, CA, USA), and a Pegasus BT TOF mass spec-
trometer (LECO, St. Joseph, MI, USA). The MultiPurpose Sampler was
controlled by Maestro Version 1.4.40.1 Gerstel, and the gas chromatog-
raphy system with the mass spectrometer was controlled by ChromaTOF
Version 5.20.38.0.54864 (LECO). A 1 pl aliquot of the sample was
injected in splitless mode at 270 °C. Helium was used as the carrier gas at
1.0 ml min~". The initial oven temperature was kept at 70 °C for 1 min
and then increased to 220 °C at a rate of 9 °C min™', increased again
to 330 °C at a rate of 15 °C min™', and maintained for 5 min. The m/z
scan range was 50-630 with a cycle time of 10 scans s™' and an acquisi-
tion delay of 310 s. The source temperature and transfer line were set at
250 °C.Absolute quantification was performed using external calibration
curves centred on the samples for each fatty acid methyl ester.

Total glutathione was quantified as the glutathione disulfide equivalent
(Massot et al., 2013), thus the maximum amount of the reduced form
(GSH) was defined as twice the maximum amount of the oxidized form
(GSSG), as GSSG is a dimer of GSH molecules joined by a disulfide
bridge (Meister and Anderson, 1983).

The basic cell wall constituents (uronic acids, carbohydrates, and lig-
nins) were determined with a pool of samples as described in Renard
et al. (1990).

RNA was isolated from 200 mg of frozen stem powder using the com-
mercial RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) following
the manufacturer’s instructions. Total RNA was quantified by measuring
absorbance at 260 nm using a Nanodrop spectrophotometer.

Nitrates were estimated from five experiments carried out between
2009 and 2011 on equivalent experimental set-ups and several tomato
genotypes (Abro ef al., 2014).

The quantitative values obtained (in pmol) were first expressed in mass
concentration (umol g DW™) and then, in order to be used in the model,
they were multiplied by the dry mass of 1 cm of stem (umol cm™ of stem,
see below).

The full dataset of metabolite contents and biomass composition is
provided in Supplementary Table S2.

Stem dry mass and growth measurement

Two additional sets of five stem fragments of 1 cm length (per treatment
and sampling time) were sampled on each side of those taken for bio-
chemical analyses and used to determine the dry matter content of stems
as well as stem dimensions. Dry weight was measured 5 d after oven
drying at 70 °C. On the other pool, fresh masses, lengths, and diameters
of segments were assessed on photographs of samples frozen at the time
of sampling. Pictures taken from a fixed-distance camera above the stem
were analysed with Image] software (Version 1.52). Sample volumes and
masses per unit length were deduced from the metrics (Supplementary
Table S3).

The relative growth rate (RGR in d™') was calculated as the differ-
ence in mass per unit length between 0 dpi and 7 dpi divided by time
and then by mass at 0 dpi. Samples dedicated to growth measurements
under 10 mM NOj;~, mentioned in a previous report (Lacrampe et al.,
2023), were degraded during processing for growth measurements and
not further considered, leaving four N treatments for modelling (i.e. 140
samples).

Flux balance model

The flux balance model was built, assuming non-compartmented stem
cell tissue, according to the known stoichiometry of physiological
reactions. Measured external compounds served as forcing constraints.

Fifty-eight reactions, out of a total of 302 reactions in the model, were
set as external, covering overall biomass components (cell wall, proteins,
nucleic acids, lipids, and starch) and accumulated metabolites (free amino
acids, carbohydrates, organic acids, redox compounds, and secondary
metabolites). A previous model of heterotrophic plant central metabolism
designed for tomato fruit (Colombié et al., 2015) was improved and ex-
tended using the Kyoto Encyclopedia of Genes and Genomes (KEGG;
https://www.genome.jp/kegg/pathway.html) and PlantCyc (https://
plantcyc.org/) databases to include additional reactions related to ener-
getic cofactors, protein synthesis, nucleic acid synthesis, lignin synthesis,
and pathways for the main secondary metabolites found after challenge
by B. cinerea: the polyamines putrescine and spermidine; the phenolic
compounds chlorogenic acid and rutin; and the glycoalkaloid a-tomatine
(Supplementary Protocol S1). The synthesis and degradation of the main
cofactors [folate, NAD(P), FAD, and CoA] were implemented. All these
cofactors, in addition to ATP and ADP, were set as internal metabolites,
which means that they were balanced in the model. NADPH is used for
biosynthesis, while NADH and FADH, are involved in respiration.

The overall network is detailed in Supplementary Fig. S1, and a
complete list of metabolites and stoichiometric reactions is given in
Supplementary Tables S4 and S5. In this model, carbon (C) input occurs
via the uptake of sucrose (suc_up) and glutamine (gln_up), while N enters
the metabolism via nitrate (n03_up) and glutamine (¢ln_up).

Resolution of the model

Steady state

The model describes a set of n reactions involving m metabolites, of
which my,, are internal metabolites. At steady state, the mass balance equa-
tion is expressed as follows:

dXint
—— =NV =0+#1
dt #

where X, is the vector of my,, internal metabolites (m;,=177), V' is the
flux vector composed of the rates of n reactions of the network (n=302),

and N is the stoichiometry matrix.

Constraints limiting the flux space

To solve the system and reduce the solution space, a lower and an upper
bound constrained each flux (Supplementary Table S6). For internal
reactions, thermodynamic properties were provided to set reversibility or
irreversibility. Among 252 internal reactions, 179 were considered irre-
versible, which means that their lower bounds were set to zero.

Constraints relative to daily external fluxes were fitted from measured
metabolite and biomass compound concentrations (in pmol cm™) at each
time step.A monotone Hermite spline interpolation (Fritsch and Carlson,
1980) was used to fit data (illustrated for fructose in Supplementary Fig.
S2C) from only three time points, in order to mitigate noise in spline
interpolations: O dpi; 3 dpi as the average of observations at 2 dpi and 4
dpi; and 7 dpi. The spline parameters were then applied for each day ac-
cordingly. A linear regression throughout the time series was applied to
the most abundant biomass components: cell wall, starch, and proteins
(illustrated for proteins in Supplementary Fig. S2B). Standard deviations
on regression residues are provided in Supplementary Table S7.The cor-
responding fluxes were determined by the first derivatives of the fitted
functions and entered as lower and upper bounds to constrain the solu-
tion space of the model (Supplementary Table S6).

The flux of nucleic acids (Vnucleo) was determined from total RNA
assays. The flux of diacyl-glycerol (V/dag_ac) was determined from the
sum of quantified fatty acids. In addition, to match reported knowledge
on tissue transcriptional activity, flux through phosphoenolpyruvate car-
boxykinase (I’pepck) was constrained by a maximum of 0.001 pumol g
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DW ' d™!, as PEPCK transcripts were shown to be low in tomato stems
(Bahrami et al., 2001). The flux through the PPi-dependent phospho-
fructokinase (Vpfp) was also constrained by a maximum of 0.001 umol g
DW™" d™! to promote the flux through the ATP-dependent phosphofruc-
tokinase (I/pfk; PPi being set as an external compound, the model was
forced to mobilize ATP through PFK).

Objective function

Minimization of the sum of squares of fluxes, which leads to a unique
optimization solution for each condition (Holzhiitter, 2006), was used as
the objective function to solve the system and calculate fluxes each day
from 1 dpi to 6 dpi (Supplementary Table S8). Finally, 48 flux solution
vectors were obtained, calculated in pmol cm™' d7', and converted on a
dry weight basis (umol g DW ™' d™') to compare conditions.

Software

The stoichiometric model (in sbml format, Supplementary Protocol
S2) and mathematical problems were implemented with MATLAB
(Mathworks R2023a, Version 9.14.0.2239454, Natick, MA, USA)
and the optimization toolbox solver quadprog with an interior-point-
convex algorithm for minimization. Prior to resolution, an analysis of
the model architecture was performed using Metatool software Version
4.3 (Pfeiffer ef al., 1999). All data treatments and statistics were computed
with R software (Version 4.2.1). Principal component analysis (PCA)
was performed on cube-root-transformed and Pareto-scaled unbounded
fluxes to approximate normal distribution using the NIPALS algorithm
of the ropls package (Thévenot et al., 2015). Hierarchical classification
analysis (HCA) was performed on fluxes >0.001 pmol g DW ™' d™" in
absolute value in Botrytis- and mock-inoculated plants separately using
Euclidean distance and the Ward algorithm. Spearman’s correlation ma-
trices were computed on fluxes >0.001 pmol g DW ™' d™! in absolute
value in Botrytis-inoculated plants and mock-inoculated plants separately,
using combined data from all N supplies and all dpi. Flux maps were
drawn with Cytoscape (Version 3.10.1).

Results

Infection by B. cinerea triggered local radial stem
growth

Disease development, showing a curvilinear decrease in stem
lesion size with increasing N supply, was described earlier
(Lacrampe et al.,2021,2023) and is presented in Supplementary
Fig. S3. The system considered for flux modelling was a unit
length (in cm) of stem, located at least three nodes below
the apex. Stem growth, away from the apex, was considered
one-dimensional and radial. The RGR was thus measured
from diameter and tissue density variations on stem fragments
adjacent to the inoculation sites. A radial growth of mock-
inoculated plants was observed, with RGR increasing with
N supply from 0.011 d' to 0.027 d”' (Fig. 1A). Surprisingly,
the RGR of the Botrytis-inoculated plants was higher, ~0.03
d™! for all treatments, and the difference from the mock-
inoculated plants fading progressively with increased N supply.
This was mostly the consequence of larger stem diameters
achieved in the Botrytis-inoculated plants (Table 1), but also of
an increase in dry matter content of Botrytis-inoculated plants
under 0.5 mM NOj;". As a result, 7 dpi, the average dry weight

per unit length of Botrytis-inoculated stems was 17.2,8.7,7.7,
and 0.7% higher than that of mock-inoculated stems at 0.5, 2,
5,and 20 mM NOj7, respectively, leading to the RGR differ-
ences shown.

To achieve credible flux simulations, we first checked the
mass conservation assumption by calculating the cumulative
dry mass contents of biomass components and accumulated
metabolites. High coverage was obtained, with ~90% of stem
biomass quantified (Fig. 1B). The coverage decreased slightly
under a high N supply, probably due to unmeasured compounds
such as ions, notably potassium, which might account for 5-7%
of the total biomass and accumulate more under a high N
supply (Kirkby and Knight, 1977). The cell wall accounted for
~60% of the total biomass, and starch, sugars, free amino acids,
and proteins together accounted for 30%. The proportion of
amino acids and proteins increased with N supply, along with
a decrease in starch and sugar contents.

The flux hierarchy was consistent with the activity of
heterotrophic stem tissue

Model resolution led to 48 flux vectors, calculated for 6 dpi,
under four different N supply and two inoculation conditions
(Supplementary Table S8). A monotone Hermite spline inter-
polation (Fritsch and Carlson, 1980) was used to calculate the
dry mass of samples at intermediate time points 1, 3, 5, and 6
dpi according to assessments at 0, 2, 4, and 7 dpi (Supplementary
Fig. S2A). For each condition, the 302 fluxes varied by several
orders of magnitude: 9-32 simulated fluxes, depending on the
treatment, were >50 pumol g DW™ d', while nearly half were
estimated to be <0.01 pmol g DW ™' d™'. With the aim of first
illustrating the general behaviour of the model regardless of ni-
trogen or infection, and this hierarchy between fluxes, the flux
distribution for mock-inoculated plants grown under 5 mM
NOj™ is shown in Fig. 2—this treatment being chosen as an ex-
ample. The most important fluxes were, as expected, associated
with respiration (Veo2_dis=195 pumol g DW ' d™' in mock-
inoculated plants under 5 mM NOj'), ATP generation from
NADH (Venergy 1=147 pmol g DW ' d ') or FADH, (Venergy2=35
umol g DW ' d™), and central C metabolism. The sucrose up-
take reaction—unconstrained—allowed C input associated with
growth (Vsuc_up=102 pmol g DW ' d "), while the flux for the
other external source of C—glutamine—was lower and much
more dependent on the treatment applied (Supplementary Fig.
S4). The model predicted a cleavage of sucrose where the flux
through sucrose synthase (Vsusy=83 umol g DW ' d') domi-
nated that through invertase (Vinv=19 umol g DW ™" d™"). This is
probably the consequence of a high flux for the generation of cell
wall components, notably from the SUSY-forming UDP-glucose
(Vars=110 pmol g DW ' d™"). Accordingly, flux through fructo-
kinase (k=101 umol g DW ' d™') was higher than that through
hexokinase (Ihk=16 pmol g DW ' d™'). More surprising was
the dominance of the oxidative pentose-phosphate pathway over
glycolysis, with very high fluxes through glucose-6-phosphate
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Fig. 1. Evolution and distribution of tomato stem biomass. (A) Relative growth rate (RGR; expressed in d™') of 1 cm long symptomless stem fragments
of tomato plants grown under four levels of N supply (0.5, 2, 5, and 20 mM NO;") and mock inoculated (black) or inoculated with Botrytis cinerea (striped
white). (B) Mass balance of symptomless stems of tomato plants grown under four levels of N supply (0.5, 2, 5, and 20 mM NOjy") inoculated with mock
or B. cinerea. Accumulated metabolites and biomass components are expressed in g g DW". Each value corresponds to the mean of five biological

replicates.

Table 1. Tomato stem diameters (cm)

0.5mM NO;” 2mMNO;- 5mM NO;~ 20 mM NO;~

Mock-inoculated 0.72 + 0.06 0.92+£0.07 1.16+0.06 1.20+0.07
plants?

Botrytis- 0.76 = 0.06 0.98+0.06 1.19+0.07 1.19+0.07
inoculated plants?

P-value® 0.0698 0.0074 0.2912 0.6529

2 Values correspond to the mean of stem diameters (in cm) measured on
all sampling days +SD.

b p-value from a Wilcoxon-Mann-Whitney test comparing stem diameters
of mock- and Botrytis-inoculated plants.

isomerase (I/pgi=127 pmol g DW ' d ') and glucose-6-phosphate
dehydrogenase (Vg6pdh=107 pmol g DW ' d™). This was asso-
ciated with a flux through Rubisco (Vibecar=50 pmol g DW ™'

d™), which generates 3-phosphoglycerate. Although the objective
function minimized flux cycling, a surprising cycle was calculated
between dihydroxyacetone-phosphate and glycerol-3-phosphate
(Vg3pdh1 and Vg3pdh2=25 pmol g DW ' d"), probably to bal-
ance the reducing power. Finally, the TCA was predicted to func-
tion in a non-cyclic mode. In summary, the hierarchy between the
fluxes calculated by the model reflected the functioning of a het-
erotrophic cell, in which disturbances by a necrotrophic infection
do not modify the order of magnitude presented. Nevertheless,
many fluxes were modified by infection, as shown below.

Fluxes were increased in infected susceptible plants

To evaluate the consequence of inoculation under each N
supply, fluxes in Botrytis-inoculated plants were plotted against
those of mock-inoculated plants (Fig. 3). Interestingly, fluxes
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Fig. 2. Overall flux distribution. Flux maps of symptomless stems of mock-inoculated tomato plants grown under 5 mM NO5™ 6 d post-inoculation. The
open circles represent metabolites, and the sizes of the arrows represent the metabolic fluxes expressed in umol g DW= d™'. The dotted lines represent
metabolic fluxes with an absolute value of <0.001 umol g DW= d™'. Each colour indicates a pathway. The complete network with all the names of the

metabolites and reactions is presented in Supplementary Fig. S1.

in Botrytis-inoculated plants were higher, with the difference
being greater under the lowest N supply rate, while fluxes in
Botrytis- and mock-inoculated plants were comparable under
the highest N supply level (20 mM NOj"). These higher fluxes
were consistent with the above-mentioned increased growth
measured in Botrytis-inoculated plants. Irrespective of day-
to-day variations, the variation in C influx in the Botrytis-
inoculated plants relative to the mock-inoculated plants was
+40%, +18%, +29%, and —5% under 0.5, 2, 5, and 20 mM
NOj, respectively (Supplementary Fig. S4). Regarding high
N supply (20 mM NOj"), the same RGR between Botrytis-
and mock-inoculated plants, in addition to only weak differ-
ences in biomass composition and metabolite contents (Fig. 1),
resulted in equivalent C influx and low differences in fluxes for
most metabolic reactions.

Nitrogen influx was constrained by known nitrate stem con-
tents but unconstrained by glutamine influx (Supplementary
Fig. S4B). In mock-inoculated plants, except under 20 mM
NOj7, basal metabolism relied upon N remobilization from
proteins and most free amino acids. Remobilization might have
been a consequence of the transition to a low-light environ-
ment in the growth chambers used for incubating Botrytis- and
mock-inoculated plants, as plants grown temporarily in the
dark are known to reduce their protein content (Weaver and
Amasino, 2001). However, conversely, in Botrytis-inoculated
plants, simulated glutamine uptake accounted for a large part
of the N influx. Under a high N supply (20 mM NO;), in

both mock- and Botrytis-inoculated plants, available nitrates
accounted for a significant part of the N influx.

The effects of inoculation and N supply were studied with
a PCA performed on cube-root-transformed and Pareto-
scaled unbounded fluxes of all 48 solution vectors of fluxes
(Fig. 4). The first two principal components (PCs) explained
71% of the total variance. The first PC (57.8% of total var-
lance) separated mock- from Botrytis-inoculated plants, and
the second PC (12.7% of total variance) separated N supply
levels, while the effects related to flux kinetics throughout
the 6 dpi appeared minor (Fig. 4A). There was a smaller dis-
tance between mock- and Botrytis-inoculated plants under
20 mM NOj;™ in comparison with other N supply levels. The
corresponding loading plot (Fig. 4B) allowed us to identify
the main reactions supporting these results. Infection coin-
cided with an opposite position along PC 1 for protein syn-
thesis in Botrytis-inoculated plants (prots) compared with
protein catabolism in mock-inoculated plants (protd), amino
acid metabolism (bcaat1, beaat2, bcaat3, aspat, and pics), ni-
trogen metabolism (¢ln_up, gogat, gs, and n_dis) and part of
TCA cycle reactions (idh, aco, and ¢s), while the effect of N
supply relied on reactions associated with sugar assimilation
(hk and inv), glycolysis (pfk, ald, tpi, gapgh, and pgk), starch syn-
thesis (pgm, agpase, and ss), terpene synthesis (mepp, dmat, and
ipdpi), and citramalate (citmaldh and citmals). In summary, in
agreement with the observed radial growth under N supplies
lower than 20 mM NOj", higher fluxes were estimated for
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Fig. 3. Impact of inoculation on flux distribution. Averaged fluxes (in umol g DW™" d™") over the 6 d post-inoculation of Botrytis-inoculated plants versus
those of mock-inoculated plants under each N supply (0.5 mM NOs™ in orange, 2 mM NOs™ in yellow, 5 mM NOjs in light purple, and 20 mM NO;™ in dark
purple). The dashed line represents the linear regression line associated with the equation, and the black line represents the identity line.
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Fig. 4. Discrimination of fluxes according to both inoculation and N supply. Principal component analysis (PCA) performed on unbounded fluxes >0.001
umol g DW= d™ (in absolute value). Data were cube-root-transformed and Pareto-normalized (mean-centred and divided by the root-square of standard
deviation). (A) Score plot with one point for each simulated condition. Filled circles, mock-inoculated plants; open circles, Botrytis-inoculated plants. N
supply is represented by colour: 0.5 mM NO;™ in orange, 2 mM NOj3™ in yellow, 5 mM NOj in light purple, and 20 mM NOs™ in dark purple. The simulation
days are not differentiated. (B) Loading plot with the names of the 15 reactions contributing most to principal component (PC) 1 and PC 2.

In the metabolic model, some fluxes were correlated,
for example fluxes of successive steps in a given metabolic
pathway. Thus, the consequence of infection by B. cinerea can

Botrytis-inoculated plants than for mock-inoculated plants.
In-depth profiles of pathways associated with metabolic
changes were then examined.

202 ABIN G1 U Josn WYNI AQ 071 /£9./01919/aX[/€60 "0 | /10P/aIo1HE-80UBAPE/qX]/WO0d"dNO01WLSPED.//:Sd)IY WO PaPEOjUMO]



Nitrogen shapes metabolic fluxes for defence against B. cinerea | Page 9 of 18

be inspected by examining how the fluxes were correlated or
decorrelated, using correlation matrices (Supplementary Tables
S9,510) and HCA to visualize the results from clusters of fluxes
related to common pathways. The HCA of unbounded fluxes
of Botrytis-inoculated plants revealed four main clusters (Fig. 5).
These clusters differed from those of mock-inoculated plants
(Supplementary Fig. S5). A few reactions are different in the
two analyses because insignificant fluxes (<0.001 umol gDW ™
d™! in absolute value) were not accounted for in the HCA.
The results of flux associations are illustrated in Figs 6 and
7 showing flux maps highlighting the clustering for Botrytis-
inoculated plants and the time course of representative fluxes
in the cluster (shown for Botrytis- and mock-inoculated plants).

Fluxes associated with cell wall synthesis increased with B.
cinerea infection

Cluster 1.1.1 (Fig. 5) gathered reactions associated with cell
wall synthesis, the pentose-phosphate pathway, the shikimate
pathway, the production of monolignols and lignin, ATP syn-
thesis, CO, dissipation, and the metabolism of some amino
acids: serine, alanine, glycine, methionine, tyrosine, and phen-
ylalanine (Fig. 6). The same cluster occurred in the HCA of
mock-inoculated plants (in red in Supplementary Fig. S5).
The fluxes through all these reactions were highly corre-
lated, with Spearman’s correlation coeflicients exceeding 0.85
(Supplementary Tables S9, S10). Accordingly, the time course
of fluxes (Fig. 6) displayed similar profiles with slight varia-
tions over time but higher fluxes, from two to three times in
Botrytis-inoculated plants compared with mock-inoculated
plants under low N supply (0.5, 2, and 5 mM NOj5"). Thus, for

the reactions in this cluster, in the case of low-susceptibility
plants grown under 20 mM NOj, the increase in fluxes fol-
lowing infection by the fungus was barely perceptible, whereas
it was much more substantial in plants grown under lower N
supplies, where the fungus has developed to a greater extent.

Fluxes through the TCA cycle and towards protein synthesis in
Botrytis-inoculated plants were limited under very low N
Cluster 1.1.2 (Fig. 5) included protein synthesis, part of the
TCA pathway, and reactions related to the metabolism of sev-
eral amino acids: branched-chain amino acids (leucine, isoleu-
cine, and valine), lysine, cysteine, aspartate, arginine, glutamate,
ornithine, citrulline, and proline (Fig. 7). This cluster differed
from others in two ways: (1) regardless of the N supply, the
absolute value of fluxes was much higher in the Botrytis-
inoculated plants than in the mock-inoculated plants, and (ii)
for most reactions, the flux in the Botrytis-inoculated plants was
lower under 0.5 mM and 20 mM NOj5  than under 2 mM or
5mM NOj;.

Proteins accumulated in Botrytis-inoculated plants and were
degraded in mock-inoculated plants. Consequently, the flux of
protein synthesis (I/prots) was positive in the Botrytis-inoculated
plants and null in the mock-inoculated plants, whereas the
flux of protein degradation (Iprotd) was null in the Botrytis-
inoculated plants and positive in the mock-inoculated plants
(Fig. 7). The total free amino acid content represented 5-15%
(depending on N supply) of the mass of the proteins in the
total biomass, and their concentrations remained stable or
even increased in Botrytis-inoculated plants, with moderate
depletion only noted for asparagine, glutamine, and glycine
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Fig. 6. Cell wall synthesis-associated reactions in Botrytis-inoculated plants. (A) Simplified metabolic network highlighting reactions from HCA-derived
Cluster 1.1.1 of unbounded fluxes >0.001 umol g DW-" d™ (in absolute value) of Botrytis-inoculated plants (see Fig. 5). The open circles represent
metabolites, the arrows highlight the reactions contained in the cluster, and the lines represent the other reactions of the network. Each colour refers
to a pathway. The reactions shown, in hexagons for irreversible reactions and in diamonds for reversible reactions, correspond to those whose fluxes
are illustrated in (B): cws, cell wall synthesis; g6pdh, glucose-6-phosphate dehydrogenase; chs, chorismate synthase; energy 1, ATP synthase NADH
dependent; serat, serine aminotransferase. The complete network with all the names of the metabolites and reactions is presented in Supplementary
Fig. S1. (B) Time course of the five most representative fluxes of the cluster. Fluxes of symptomless stems of tomato plants grown under four levels of

N supply (0.5 mM NOjs™ in orange, 2 mM NOs™ in yellow, 5 mM NOj™ in light purple, and 20 mM NOj™ in dark purple) and mock inoculated (solid lines) or

inoculated with B. cinerea (dashed lines) were expressed in umol g DW= d™.
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Cluster 1.1.2 of unbounded fluxes >0.001 umol g DW™" d™" (in absolute value) of Botrytis-inoculated plants (see Fig. 5). The open circles represent
metabolites, the arrows highlight the reactions contained in the cluster, and the lines represent the other reactions of the network. Each colour refers to
a pathway. The reactions shown, in hexagons for irreversible reactions and in diamonds for reversible reactions, correspond to those whose fluxes are
illustrated in (B): prots, protein synthesis; kgdh, a-ketoglutarate dehydrogenase; gogat, glutamine-oxoglutarate aminotransferase; bcaat2, branched-
chain amino acid aminotransferase; his, histidine synthesis. The complete network with all the names of the metabolites and reactions is presented in
Supplementary Fig. S1. (B) Time course of the five most representative fluxes of the cluster. Fluxes of symptomless stems of tomato plants grown under
four levels of N supply (0.5 mM NOs™ in orange, 2 mM NOj™ in yellow, 5 mM NO4™ in light purple, and 20 mM NOs™ in dark purple) and mock inoculated
(solid lines) or inoculated with B. cinerea (dashed lines) were expressed in pmol g DWW d™'.
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(Supplementary Table S2). Thus, protein synthesis in Botrytis-
inoculated plants required de novo amino acid synthesis and
turnover. Accordingly, the fluxes through amino acid synthesis,
in particular those derived from ribose-5-phosphate, pyruvate,
and a-ketoglutarate, were increased in the Botrytis-inoculated
plants (Fig. 7, Vgogat, Vbcaat2, and Vhis). Interestingly, the fluxes
in the TCA cycle linking a-ketoglutarate to oxaloacetate
through succinate were also high (Vkedh, Viscol, Vsdh, Vium,
and Vmdh), but there was no synthesis of o-ketoglutarate from
citrate in Botrytis-inoculated plants (Vaco and Vidh). Thus, the
synthesis of glutamate and a-ketoglutarate relied on glutamine
import and regeneration from other amino acid metabolic
routes. Indeed, 65-77% of the flux through a-ketoglutarate
synthesis in Botrytis-inoculated plants (a total of 73—-139 pmol
g DW' d!' depending on N supply) originated from serine
(Vserat) and phenylalanine (I’pphat) transaminases.

This association of flux changes in the TCA cycle with
increased amino acid and protein syntheses in Botrytis-
inoculated plants is one interesting result of the model.

Lower fluxes towards starch synthesis were observed in
Botrytis-inoculated plants

Cluster 2 (Fig. 5) gathered reactions leading to starch syn-
thesis, with higher fluxes in mock-inoculated plants than in
Botrytis-inoculated plants, regardless of the N supply level
(Supplementary Fig. S6). These fluxes were correlated to those
through invertase (Vinv) and hexokinase (Vhk, Supplementary
Tables S9, S10). However, Viny and Vhk fluxes were quite
similar between mock- and Botrytis-inoculated plants, except
under 20 mM NOj;". Additionally, under the three lowest N
supply levels, glycolytic fluxes between fructose-6-phosphate
and 3-phosphoglycerate (illustrated by 6-phosphofructokinase,
Vpfk) were greatly increased in Botrytis-inoculated plants, es-
pecially at the end of the simulation period. This suggests that
under these conditions, part of the flux through invertase
was also directed towards glycolysis. The flux through citrate
synthase (Ves) was also represented in this cluster; it was high
and decreased with N supply in mock-inoculated plants, while
it was low or null in Botrytis-inoculated plants. There was, in
mock-inoculated plants, a continuous flux in the TCA cycle
between citrate and o-ketoglutarate, which was not observed
in Botrytis-inoculated plants, where the flux was the other way
round, regenerating citrate from o-ketoglutarate (see also Fig.
7). The flux through glutamate decarboxylase (Vgludc), directly
guided by the constraints, was positive only up to 5 mM NO;~
in mock-inoculated plants and was highly correlated with the
dynamics of GABA accumulation or depletion (Supplementary
Fig. S6; Supplementary Tables S9, S10).

Other fluxes varied according to time, inoculation, and N
supply

Finally, the last cluster, Cluster 1.2 (Fig. 5), contained reactions
from various metabolic pathways, including specialized me-
tabolism and redox: MEP/DOXP (2-C-methyl-d-erythritol

4-phosphate/1-deoxy-d-xylulose 5-phosphate),  terpe-
noids, fatty acids, nucleotides, antioxidants, and polyamines
(Supplementary Fig. S7). The fluxes in this cluster varied with
time, and differences between mock- and Botrytis-inoculated
plants also varied depending on the N supply. Most of the
reactions of this cluster were not decisive for the discrim-
ination between mock- and Botrytis-inoculated plants or N
supply achieved by PCA (Fig. 3B). However, some reactions
showed interesting flux patterns. As mentioned above, the flux
through aconitase (Vaco) and isocitrate dehydrogenase (Vidh),
two TCA cycle reactions forming o-ketoglutarate from citrate,
showed opposing directions depending on inoculation, regard-
less of the N supply (Supplementary Fig. S7).The flux through
pyruvate kinase (I’pk, Supplementary Fig. S7), yielding pyru-
vate, increased with time in the Botrytis-inoculated plants and
was higher than that in the mock-inoculated plants, except
under 0.5 mM NOj~, where the flux was lower in the Botrytis-
inoculated plants until 3 dpi. This low flux under very low
N (0.5 mM NOj) resembled those observed for the TCA
cycle and some amino acid and protein synthesis, and might
suggest several points of regulation by N of defence-related
metabolism activation, starting in glycolysis. Additionally, I"pk
was strongly correlated with the flux through malate dehydro-
genase (Vmdh) in Botrytis-inoculated plants only. The total flux
of pyruvate production was 1-3 times higher in the Botrytis-
inoculated plants than in the mock-inoculated plants. The flux
through enzymes that synthetize glutathione from glutamate,
cysteine, and glycine (Vegshs) was much higher in Botrytis-
inoculated plants under N supplies of 2, 5, and 20 mM NOj,
with the maximum reached on different days after inocula-
tion (Supplementary Fig. S7). Moreover, the model simulated
a quasinull flux through the mevalonate pathway, while the
flux through the MEP/DOXP pathway was significant. This
flux was correlated with a-tomatine accumulation in Botrytis-
inoculated plants only (Supplementary Tables S9, S10); how-
ever, there was no clear trend for the effect of inoculation on
o-tomatine accumulation or degradation.

Discussion

N-dependent host defence and susceptibility to B.
cinerea

In the present study, metabolic fluxes in primary and sec-
ondary metabolic pathways of tomato stems were calculated
based on a large dataset acquired from 140 biological sam-
ples (five biological replicates, four different N supplies, and
four time points for mock- and Botrytis-inoculated plants)
covering most of the biomass composition. The analysis fo-
cused on symptomless stem fragments adjacent to the growing
lesions. Under the highest N supply (20 mM NOj"), very low
disease propagation was accompanied by little metabolic adap-
tation, although variations in galactinol and alanine contents
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indicated that the tissue perceived the infection (Lacrampe
et al., 2023). Accordingly, under 20 mM NOj, the com-
puted metabolic fluxes appeared relatively similar between the
Botrytis- and mock-inoculated plants (Fig. 3), the difference
consisting mainly of a reduced flux towards starch synthesis in
the Botrytis-inoculated plants. It can be speculated that under a
high N supply, strong pre-formed defences limit pathogen de-
velopment since the time of infection, making it unnecessary
for adjacent tissues to trigger additional defence mechanisms
and strong metabolic adaptations. Additionally, in the chem-
ical warfare between the pathogen and its host, little fungal
development may limit host adaptation (Veloso and Van Kan,
2018). Conversely, when N was limiting, <5 mM NOj, disease
propagation increased, and profound metabolic changes were
observed. A curvilinear response of tomato susceptibility to N
supply has been repeatedly reported (Lecompte et al., 2017),
with susceptibility increasing steadily when diminishing the
N supply below 10 mM NOj;". Similar evidence of high N
resistance has also been observed on tomato leaves for different
cultivars, but in several other species a high N supply stimulates
B. cinerea development (Yermiyahu et al., 2006; Lecompte et al.,
2013; Soulie et al., 2020). Nitrogen, as a basal element of bio-
logical cells, interferes in many aspects of plant—pathogen inter-
actions. Along with intervening in host defense, N shapes plant
architecture and modifies the structure of susceptible tissues
as well as the microclimate governing pathogen development.
N-based compounds in the host also constitute resources for
pathogens, and may modulate pathogen transcriptome and ef-
fector machinery in both biotrophic and necrotrophic interac-
tions (Lanver et al., 2018; Westrick et al., 2019). It is therefore
difficult to establish general rules for the effect of host nitrogen
nutrition on pathogen susceptibility (Fagard et al., 2014), the
dependence on the N resources of living host tissues seeming,
however, marked for biotrophic pathogens.

The high number of genes and quantitative trait loci (QTLs)
associated with defence against and resistance to B. cinerea il-
lustrate the complexity and polymorphism of plant defence.
Despite this, strong markers of susceptibility or resistance have
been shown at several omics levels. In tomato fruits, suscepti-
bility factors have been associated with pectin degradation in
the cell wall and with the expression of pathogen polygalac-
turonases (Silva et al., 2023). Fructose content is a marker of
resistance to B. cinerea in tomato stems and fruits (Lecompte
et al.,2017; Luna et al., 2020). In these recent works and others,
cell-level adaptations have suggested key metabolic functions
involved in defence response: primary metabolism, cell wall
strengthening, defence-oriented protein synthesis, and pro-
duction of antifungal metabolites. In addition, various antimi-
crobial peptides and defence-related proteins are synthesized
following B. cinerea infection, as illustrated by the high expres-
sion of genes encoding B-1,3-glucanases (Benito ef al., 1998;
Rasul et al., 2012), chitinases (Salzman et al., 1998; Hatmi et al.,
2014; Silva et al., 2021), protease inhibitors (Chassot ef al., 2007,

Fan et al., 2019), or defensins (Thomma et al., 1998; Zheng
et al.,2006).This is consistent with the higher protein synthesis
observed in Botrytis-inoculated plants in this study.

B. cinerea infection triggers stem growth and requires
additional resources

As a consequence of unexpected radial growth, the RGRs
of stem fragments adjacent to the lesions were increased in
Botrytis-inoculated plants by 197% to 5% from 0.5 mM to
20 mM NOj;  compared with mock-inoculated plants (Fig.
1A). This additional growth, observed on each series of in-
dependent samples corresponding to the different levels of
nutrition (except 20 mM NO;~ where it was barely percep-
tible), was strongly correlated with disease intensity. Although
the physiological regulation behind this additional growth
is not known, this finding suggests that tissues adjacent to
fungal lesions received additional resources from distal tissues.
Another indication of resource allocation towards growth was
the reduced starch accumulation, regardless of the N supply,
in Botrytis-inoculated plants (Supplementary Fig. S6). These
results on starch metabolism confirm those of previous works
(Rowe ef al., 2010; De Cremer et al., 2013; Vega et al., 2015;
Badmi ef al., 2022). A local influx of resources associated with
growth, which allows a shift of metabolism towards defence,
is not incompatible with the general concept of the growth—
defence trade-off. Chemical defence production to the det-
riment of growth or fitness has been widely observed at the
whole-plant scale (Sestari and Campos, 2022). In our model,
the additional resources directed to stem tissues close to the site
infection might have been detrimental to the growth of other
organs, source tissues, or fruits, and this requires further investi-
gation. It has been suggested that ‘endurance’ mechanisms aim-
ing at maintaining cell viability, via the production of energy to
sustain the synthesis of antifungal compounds and antioxidants
to limit ROS-induced cell death, are effective against necro-
trophs (Seifi et al., 2013; Tarkowski et al., 2020). This could be
achieved by recycling cell metabolites such as glutamate or
GABA and/or by the supply of substrates from distal tissues.
The latter hypothesis has received little experimental support
thus far, and we provided evidence that C and N resources
were imported in challenged tissues.

To match the increased growth observed in Botrytis-inoculated
plants, the model suggested a more significant import of sucrose
and glutamine, the main sources of C and N, respectively, in the
phloem (Valle et al., 1998; Ruan, 2014). The import of reduced N
from glutamine was less energy consuming than the reduction of
nitrates by nitrate and nitrite reductases and the incorporation of
NH," via glutamine synthase. Accordingly, the model did not re-
quire flux of these enzymes in Botrytis-inoculated plants importing
glutamine. This might be questionable, even in stem sink tissues that
might not be very involved in N assimilation (Forde and Lea, 2007,
The et al., 2021). Moreover, it would require knowing where this
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additional N, necessary for additional protein synthesis, came from,
especially in conditions of very limited N supply. Nevertheless, the
model coherently simulated less glutamine import under 0.5 mM
NOj, associated with the lowest fluxes towards protein synthesis,
in comparison with less severe N-limiting supplies. As fluxes
towards glutamate synthesis, mainly from glutamate dehydrogenase
and GOGAT, and other amino acids via transaminases, were co-
herent, the absence of flux through glutamine synthase did not
seem to affect the rest of the metabolic network.

Fluxes towards defence components

The quantified compounds, accumulated metabolites, and bi-
omass components have a putative role in defence against B.
cinerea. Did some of these compounds accumulate more than
others, so that the distribution of biomass components was al-
tered in Botrytis-inoculated plants in comparison with mock-
inoculated plants? This situation was striking for proteins,
for which the percentage in biomass composition increased
in Botrytis-inoculated plants by 17, 29, and 23% under 0.5, 2,
and 5 mM NOj, respectively, while no difference was noticed
under high N supply (20 mM NOj"). The accumulation of
amino acids after pathogen infection can trigger responses, de-
pendent or not on defence pathways (Zeier, 2013; Rojas et al.,
2014;Tarkowski et al., 2020). Transcriptomic studies have high-
lighted the frequent up-regulation of amino acid metabolism
after infection by B. cinerea, especially branched-chain and ar-
omatic amino acids (Windram et al., 2012; De Cremer et al.,
2013;Vega et al., 2015; Kumar et al., 2020; Xiao et al., 2022).
Accumulation or depletion of amino acids has been frequently
reported, with large variations between studies (Hong et al.,
2012; Camaiies et al.,2015; Kumar ef al., 2020; Lacrampe et al.,
2023). However, measurements of metabolic contents may be
poor indicators of compound turnover; thus, the higher fluxes
found in this study in almost every amino acid pathway (Figs
6,7) give a clear clue of their involvement in defence. Amino
acids are precursors of several families of defence-oriented
secondary metabolites. For instance, genes of the shikimate
pathway forming aromatic amino acids from carbohydrates, as
well as those encoding the enzyme phenylalanine-ammonia
lyase (PAL), which catalyses the first committed step of the
phenylpropanoid pathway, are up-regulated in several host
plants following B. cinerea infection (Ferrari et al., 2003; Rowe
et al., 2010; Agudelo-Romero et al., 2015). It is interesting to
note that exogenous applications of some amino acids or over-
expression of amino acid biosynthetic pathways may enhance
resistance to B. cinerea (Brauc et al., 2012; Rasul et al., 2012;
Sun ef al., 2019; Oliva et al., 2020). Here, considering that the
amino acid and protein contents before inoculation were all
higher as the N supply was high, it can be speculated that the
limited increase in protein content under the lowest N supply
level was insufficient for efficient defence.To examine this hy-
pothesis further, a quantitative analysis of proteome evolution
after infection would be necessary.

Additionally, significant increases in the distribution of rutin
(as the major flavonoid) and glutathione in the biomass com-
position of Botrytis-inoculated plants suggest a multifaceted ev-
olution of tissue metabolism for defence. The model predicted
a very limited increased in fluxes towards glutathione metabo-
lism under very low N supply, which might have contributed
to increased susceptibility, as redox-mediated plant defence
against B. cinerea has been frequently highlighted (KuzZniak and
Sktodowska, 2005). Increased fluxes towards nucleotides and
lipids were also limited under 0.5 mM NOj;~ compared with
higher supply rates. This suggests that the effectiveness of the
defence of tomato against B. cinerea depends on the activa-
tion of numerous metabolic pathways, and that severe nitrogen
stress may prevent the activation of some of them. A summary
diagram of the principal metabolic responses observed fol-
lowing infection is given in Fig. 8.

Unexpected crosstalk between glycolysis, the TCA
cycle, and amino acid metabolism

Apart from generally increased fluxes in Botrytis-inoculated plants,
the coordination inside the network was affected by the com-
bination of infection and N supply. These changes were identi-
fied by examining flux correlation and clustering in the different
conditions. Reactions towards starch synthesis, cell wall synthesis,
monolignol synthesis (via the pentose-phosphate and shikimate
pathways), and glycolysis between glucose-6-phosphate and
3-phophoglycerate resulted in similar correlations and clustering
between fluxes of mock- and Botrytis-inoculated plants (Fig. 5;
Supplementary Fig. S5). For this part of the network, the fluxes
were simply translated following infection, irrespective of the
N supply—except under 20 mM NOj;, where there was little
increased flux in Botrytis-inoculated plants, as discussed earlier.
Conversely, for a large part of the network, N supply modified
the difference between fluxes in Botrytis- and mock-inoculated
plants. In particular, fluxes in Botrytis-inoculated plants supplied
with 0.5 mM NOj™ showed limited increases in comparison with
plants supplied with 2 mM or 5 mM NOj . This notably occurred
in the coordination of glycolysis, the TCA cycle, and amino acid
metabolism: starting from pyruvate kinase, continuing in reactions
of the TCA cycle between a-ketoglutarate and malate, up to the
synthesis of several amino acids derived from oxaloacetate and
a-ketoglutarate (ornithine, citrulline, arginine, lysine, isoleucine,
leucine, valine, aspartic acid, asparagine, threonine, and histidine).
Among this group of amino acids, arginine and branched-chain
amino acids have already been identified as important determi-
nants of the interaction between B. cinerea and its host plant (Brauc
et al.,2012;Windram et al., 2012; Li et al., 2021; Xiao et al., 2022).

Conclusion

The examination, with constraint-based analysis, of tomato
metabolic response to B. cinerea infection in stem source tis-
sues proximal to the growing lesions indicated boosted fluxes
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Fig. 8. Summary diagram of the main morphological and metabolic changes in tomato stems infected by B. cinerea. The growth rate of stem lesions
varies according to the N nutrition of the host. At the margins of lesions, in symptomless areas, infection induces increased radial growth of the stem

at very low, low, and medium N supplies. The weak development of the fungus under high N availability is associated with few changes in metabolic
fluxes. Under lower N availability, fluxes are increased in most metabolic pathways compared with fluxes in mock-inoculated plants. However, in several
pathways, under very low N availability, infection induces little or no additional flux. The absence of flux stimulation in these pathways could explain the
increased sensitivity of the stem to very low N. The colours indicate the increase or decrease in flux in Botrytis-inoculated plants compared with mock-
inoculated plants. These changes in flux intensities are the general trend observed, and do not give any indication of the value of the fluxes, which can

vary greatly from one reaction to another, and from one pathway to another.

in primary and secondary metabolism, provided fungal devel-
opment was sufficient to trigger responses. These higher fluxes
in infected plants were dependent on resources coming from
distal tissues and, in part, on sufficient N availability. That N
favours defence in tomato but not in several other species
suggests that N may also enhance as yet unknown suscepti-
bility factors in some hosts, independently of the metabolic
adaptations presented in this work. The coherence of observed
biochemical adaptations and metabolic network modelling
provides clues to better understand host adaptation in sink
tissue after a necrotrophic infection, notably local growth that
accompanies the increased metabolic demand for defence.
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Protocol S2. SBML file of the metabolic model.
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