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Summary

� The ascorbate–glutathione (ASC–GSH) cycle is at the heart of redox metabolism, linking

the major redox buffers with central metabolism through the processing of reactive oxygen

species (ROS) and pyridine nucleotide metabolism. Tomato fruit development is underpinned

by changes in redox buffer contents and their associated enzyme capacities, but interactions

between them remain unclear.
� Based on quantitative data obtained for the core redox metabolism, we built an enzyme-

based kinetic model to calculate redox metabolite concentrations with their corresponding

fluxes and control coefficients.
� Dynamic and associated regulations of the ASC–GSH cycle throughout the whole fruit

development were analysed and pointed to a sequential metabolic control of redox fluxes by

ASC synthesis, NAD(P)H and ROS availability depending on the developmental phase.

Furthermore, we highlighted that monodehydroascorbate reductase and the availability of

reducing power were found to be the main regulators of the redox state of ASC and GSH dur-

ing fruit growth under optimal conditions.
� Our kinetic modelling approach indicated that tomato fruit development displayed growth

phase-dependent redox metabolism linked with central metabolism via pyridine nucleotides

and H2O2 availability, while providing a new tool to the scientific community to investigate

redox metabolism in fruits.

Introduction

Reactive oxygen species (ROS) and major redox buffers, namely
ascorbate (ASC), glutathione (GSH) and pyridine nucleotides
(NAD(H) and NADP(H)) are key partners in orchestrating the
redox poise in developing cells (Considine & Foyer, 2021).
The ascorbate–glutathione (ASC–GSH) cycle links those redox
buffers together in a ménage-à-trois allowing rapid ROS processing
while controlling the redox state of major antioxidants (Foyer &
Noctor, 2011; Decros et al., 2019a). However, measuring ROS is
technically challenging due to their high reactivity, which leads to a
scarcity of available quantitative data (Queval et al., 2008; Jozefczak
et al., 2015; Foyer, 2018). Moreover, redox metabolism has often
been specifically quantified during a definite event but not continu-
ously during the development, especially for fruits in which they
have been assayed mainly in post-harvest conditions (Liu
et al., 2016; Valenzuela et al., 2017). Furthermore, a study in
tomato fruit showed that the pyridine nucleotide metabolism is
very dynamic during development and pointed to the importance
of redox functions (Decros et al., 2019b). Nevertheless, no studies

including all three partners of the ASC–GSH cycle, as well as their
redox state and the associated ROS content have yet been reported
(Roch et al., 2020).

The dynamic depiction of redox fluxes by deciphering redox
signatures in plant biology is exceptionally tedious, if not impos-
sible, probably due to the extreme reactivity of ROS and the
intricacy of the redox hub (Mittler et al., 2022). Multiple studies
have evaluated the ASC–GSH cycle in photosynthetic cells
(Foyer & Noctor, 2016; Foyer, 2018; Hashida et al., 2018; Terai
et al., 2020). For decades, targeted studies based on reverse genet-
ics and enzyme purification have focused on the functional and
biochemical characterisation of the ROS processing enzymes of
the ASC–GSH cycle (Mhamdi et al., 2010; Sofo et al., 2015;
Ortiz-Espı́n et al., 2017). However, metabolic control analysis in
plant biology demonstrated that the influence of a specific
enzyme could not be solely inferred from its over- or under-
expression, and that all enzymes and metabolites in the system
needed further consideration (Thomas et al., 1997). Therefore, a
promising alternative to measurements of redox pools and
antioxidant systems is the use of mathematical modelling of
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metabolism (Rohwer, 2012; Salon et al., 2017), as it allows for
investigating fluxes and their controlling factors by describing
metabolic networks with detailed reactions (Schallau & Jun-
ker, 2010). For instance, previous kinetic models of the ASC–
GSH cycle have been developed, including studies on the
mechanism of ascorbate peroxidase (APX), which demonstrates a
great sensitivity of the cycle in response to NADPH photopro-
duction or consumption by the Calvin-Benson cycle (Valero
et al., 2009, 2015). Moreover, the authors indicate that the ASC
turnover is mainly independent of GSH metabolism and that
NAD(P)H availability indirectly influences the GSH redox state
(Tuzet et al., 2019). However, cross-validation of these models
using independent datasets remains a critical limitation.

The present study provides the first quantitative and dynamic
description of the core redox metabolism during fruit develop-
ment through an enzyme-based kinetic model of the ASC–GSH
cycle. The experimental dataset containing both metabolite con-
centrations and enzymatic capacities obtained for tomato allowed
parameterisation of the model. Computations allow us to calcu-
late steady-state fluxes with concentrations of ROS and major
redox buffers and to perform sensitivity analysis. This valuable
tool is used to explicit the key controllers of reactive redox meta-
bolism and, more specifically, ascorbate metabolism during fruit
development.

Materials and Methods

Plant material and growth conditions

Tomato fruit pericarps were obtained from Solanum lycopersicum
L. var. M82 under its determined form. Ascorbate-enriched
MicroTom plants came from an ethyl methyl sulfonate (EMS)
mutant bank that has been previously characterised (Deslous
et al., 2021). ASC-enriched EMS mutant plants harbouring the
causal mutation responsible for the phenotype were out-crossed
with Solanum lycopersicum L. var. M82 during six generations
(OC6) to obtain plants with the ASC+ phenotype in the M82
genetic background with a negligible proportion of MicroTom
genome (< 2%). Besides CRISPR-Cas9, plants mimicking the
causal mutation identified in the EMS line were also generated
and out-crossed with Solanum lycopersicum L. var. M82 during
three generations (OC3) allowing to obtain a M82-like pheno-
type enriched in ASC. After sowing, OC3F1 and OC6F1 seeds
resulted in WT-like (50%) and heterozygous (50%) plants. Both
out-crossed lines with original EMS- and CRISPR-lines were cul-
tivated together with the WT M82 plants as well as the WT-like
plants from the two out-cross progenies that were defined as con-
trol. Each plant line (Mutants, WT M82, WT-like from both
EMS and CRISPR crossed lines) and their corresponding fruits
were used individually. Remarkably, no difference was observed
between the WT M82 and these WT-like in terms of plant
growth, fruit growth as well as fruit metabolite content (Support-
ing Information Fig. S1). Thus, to simplify the results presenta-
tion, data from mutant lines have been pooled and compared to,
what we consider as the more relevant reference, which is the real
WT M82 to build figures.

Tomato plants were grown under usual production glasshouse
conditions from February to July, using a long day photoperiod
(16 h : 8 h, day : night) and a temperature of 25°C during days
and 20°C during nights. Plants were randomised on two tables
of 24 plants allowing them to distribute at least nine plants for
each genetic condition.

Flower pollination and monitoring of fruit age For control and
WT plants, self-pollination was obtained by gentle vibration of
the fully opened flower at anthesis. For the ascorbate-enriched
plants, which are impaired in pollen fertility and thus in self-
pollination, flower emasculation was performed at the anthesis
stage. Then, pollen from flowers of WT plants was used and
thoroughly applied to the stigma by scraping the inner face of a
fully opened cone or by using a brush. To ensure the cross-
pollination, this operation was repeated at least three times on
the same emasculated flower. The age of the fruit was recorded
by tagging flowers on the day of their fertilisation, and the corre-
sponding age was calculated for harvesting.

Fruit sampling Fruits were harvested according to their fertilisa-
tion tag. Tomato fruit pericarp was used for the quantitative ana-
lysis of metabolite contents and enzyme activities. For anthesis
and 4 DPA stages, fruits were entirely frozen as it was too difficult
to obtain a separate pericarp quickly enough to avoid stress due
to wounding, while for other stages, a 1 cm thick central strip in
the fruit pericarp was taken, cut into c. 2 mm sections and imme-
diately frozen in liquid nitrogen in scintillation vials to preserve
redox metabolites. For each line and each stage, three vials con-
taining at least three fruits from different plants were prepared.
All further analyses were conducted using the three biological
replicates (n= 3).

Targeted metabolic assays

Extraction for redox metabolite assays Extraction of major
redox metabolites in both their oxidised and reduced form
requires performing two types of extraction adapted from (Que-
val & Noctor, 2007; Pétriacq et al., 2012; Decros et al., 2019b),
which are described in the following sections.

Acidic extraction Extraction of total ASC, total GSH, NAD+

and NADP+ was performed using 0.1M HCl and with a ratio of
10 mg of ground fresh weight (FW) for 100 μl. The tubes were
then shaken vigorously (vortexed for 1 min) and centrifuged for
10 min at 12 000 g at 4°C. The supernatant was then split into
three: (1) directly used for ASC assay; (2) heated at 95°C for
5 min and used for NAD(P)+ assays; and (3) neutralised
for GSH quantification. For the latter, 50 μl of sodium phos-
phate buffer pH 5.6 and 15 μl of 1 M NaOH were added to
200 μl of supernatant to obtain a final pH 4.5–5. Extracts were
kept on ice and in the dark to avoid degradation and utilised
within hours to perform the redox analyses.

Basic extraction Extraction of NADH and NADPH was per-
formed using 0.1M NaOH and with a ratio of 10 mg of ground
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FW for 100 μl. The tubes were then shaken vigorously (vortexed
for 1 min) and centrifuged for 10 min at 12 000 g at 4°C. The
supernatant was then incubated at 95°C for 5 min to allow
the degradation of the remaining oxidised forms. Extracts were
kept on ice and in the dark to avoid degradation and utilised
within hours to perform the redox analyses.

Ascorbate quantification assay The ascorbate assay is based
on the capacity of ASC to chemically reduce
methylthiazolyldiphenyl-tetrazolium bromide (MTT) to its for-
mazan that absorbs at 570 nm (White & Kennedy, 1985).
Besides, the same assay with a supplemental step, 20 μl of 5 mM
dithiothreitol (DTT) treatment followed by 10min incubation at
room temperature and then 10 μl of 0.5% NEM was performed
to reduce all the ASC present in the extract and thus allow the
determination of total ASC content. The difference between total
and reduced ascorbate assays allows determining of the ASC oxi-
dised and thus redox state, that is, the ascorbate oxidation ratio.

Glutathione quantification assay The glutathione assay relies
on the GR-dependent reduction of 5,5-dithiobis(2-nitro-benzoic
acid; DTNB, Ellman’s reagent), monitored at 412 nm (Queval
& Noctor, 2007). Without pre-treatment of extracts, the method
measures total glutathione. The specific measurement of GSSG
was achieved by pre-treatment of 200 μl of neutralised extract
with 4 μl of 2-vinylpyridine (VPD), resulting in free GSH
sequestration. Then, the treated extract was incubated for 30 min
at room temperature and sequentially centrifuged two times at
12 000 g for 15 min at 4°C to precipitate VPD. Finally, the trea-
ted supernatant was assayed for total glutathione but using a stan-
dard curve based on GSSG, ranging from 0 to 50 μM.

Pyridine nucleotides quantification assay Total cellular soluble
pools of NAD+, NADH, NADP+ and NADPH were measured
from fruit pericarps of nine developmental stages of tomato fruit
according to a coupled enzyme assay adapted from Pétriacq
et al. (2012) using either alcohol dehydrogenase (ADH) or
glucose-6-phosphate dehydrogenase (G6PDH). Briefly, 5–10 μl
of the extract was added to the same volume of neutralisation solu-
tion (0.1M NaOH or 0.1M HCl for acid or basic extract, respec-
tively), then 20 μl of 0.2M Tricine/KOH buffer pH 9, 10mM
MgCl2, 4 μl of 200 mM EDTA, 10 μl of 10 mM MTT, 5 μl of
4 mM PES and (2 μl 50% EtOH+ 1 μl ADH at 2000Uml�1)
or (2 μl 250 mM G6P+ 1 μl 500 Uml�1 G6PDH) for NAD(H)
or NADP(H), respectively. Optical density was recorded at
570 nm before and after the addition of enzymes for a few min-
utes. Meanwhile, standard solutions ranging from 0 to 5 μM were
added to the microplate for calibration.

H2O2 quantification assay The H2O2 assay was adapted from a
previously described assay in tomato fruits and has been selected
for this study due to its non-interference by ASC in tomato (Jun-
glee et al., 2014). Shortly, 10–100 mg, depending on the growth
stage, of ground fresh material was directly homogenised with
700 μl of a solution containing 175 μl of TCA (0.1%; w/v),
350 μl of 1 M KI and 175 μl of 10 mM phosphate buffer pH 8 at

4°C for 10 min and protected from light. Meanwhile, a second
sample aliquot was treated in the same way by replacing KI with
H2O as a control sample. Next, the homogenate was centrifuged
at 12 000 g for 15 min at 4°C and 150 μl of supernatant was
transferred in microplate wells and optical density was recorded
until stabilisation and compared with a calibration curve of fresh
H2O2.

Trolox antioxidant capacity assay The Trolox equivalent anti-
oxidant capacity (TEAC) was adapted from Marc et al. (2004)
and Scalzo et al. (2005) and was applied to ethanolic extract, thus
allowing the detection of the total soluble antioxidant capacity
only. Briefly, 10 μl of the ethanolic extract was added to 150 μl of
ABTS�+ solution and the optical density at 740 nm was recorded
until it became stable. The ABTS�+ solution was previously pre-
pared by mixing 1 g of ABTS, 6 g of manganese oxide and
250 ml of H2O, which was protected from light and agitated
overnight. Then, the solution was filtered through a 22 μM filter
and kept at 4°C up to 6 months. Finally, a standard curve of
TROLOX® was prepared in absolute ethanol ranging from 0 to
1 mM.

Targeted enzymatic capacity assays Enzyme activities were
assayed using a robotised platform at the HiTMe Facility (Bor-
deaux Metabolome; http://metabolome.cgfb.u-bordeaux.fr/en).
Resulting enzyme capacities were expressed in μ- or n-mol g�1

of FW per minute for independent bioreplicates (n= 3) and
checked for statistical significance by ANOVA for global varia-
tion and by binary comparison of Student’s t-test or Tuckey test
(P< 0.05).

Extraction for enzymatic assays Extraction of soluble enzymes
was performed using 20–50 mg of ground fresh material,
depending on the growth stage, to which c. 20 mg of insoluble
PVPP was added to neutralise polyphenols, according to Gibon
et al. (2004). The supernatants were then collected, a portion of
undiluted extract was retained, and a portion of the supernatants
was diluted 2, 4, or 8 times with extraction buffer to assay
enzyme activities. For the assay of APX, 10 mM sodium L-
ascorbate was added to the extraction buffer.

Capacity of monodehydroascorbate reductase Monodehy-
droascorbate reductase (MDHAR) activity was measured by
direct monitoring of the oxidation of NADH to NAD+. The
assay was coupled to ascorbate using ascorbate oxidase to provide
the substrate monodehydroascorbate (Dalton et al., 1986; Pritch-
ard et al., 2000). A control reaction was performed concomi-
tantly in the same conditions but in the absence of ASC. NADH
consumption was calculated by monitoring the change in absor-
bance at 340 nm.

Capacity of dehydroascorbate reductase Dehydroascorbate
reductase (DHAR) activity was measured by direct monitoring of
the rate of NADPH oxidation by Glutathione reductase (GR) at
340 nm. DHAR catalyses the oxidation of GSH into GSSG,
allowing NADPH oxidation by GR.
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Concisely, 20 μl of the extract was added to 90 μl of 50 mM
Hepes/KOH pH 7.5, 5 mM EDTA, 0.5 mM NAPDH and
1 Uml�1 of GR. The reaction was initiated by adding 10 μl of
either 1 mM DHA or H2O in the sample and blank well, respec-
tively. Then, the optical density was recorded at 340 nm for
10 min to calculate NADPH consumption.

Capacity of GR Glutathione reductase activity was measured by
direct monitoring of the rate of reduction of oxidised glutathione
by NADPH oxidation (Pritchard et al., 2000). A control reaction
was concomitantly performed in the same conditions but in the
absence of GSSG. Then, optical density at 340 nm was recorded
for 5 min to calculate NADPH consumption.

Capacity of APX Ascorbate peroxidase activity was measured by
direct measurement of the rate of oxidation of ASC to DHA
by H2O2. The change in absorbance was monitored at 290 nm
using UV-spectrometer, according to Asada (1984). The reaction
was started by the addition of 5 μl of 100 mM H2O2, and absor-
bance was recorded at 290 nm for 5 min. ASC content was
calculated using an extinction coefficient of ASC at 290 nm
(ε= 2.8 l mol�1 cm�1).

Capacity of superoxide dismutase Superoxide dismutase
(SOD) activity was measured by monitoring the inhibition of
MTT oxidation compared to a purified commercial enzyme and
was adapted from Peskin and Winterbourn (2017). In addition,
catalase was added to the reaction mix to process produced H2O2

and thus allow a specific reaction between O2
�� and MTT. A

control reaction was concomitantly performed in the same condi-
tions but in the absence of xanthine. Finally, absorbance was
recorded at 570 nm and calibrated using a standard curve of puri-
fied SOD ranging from 0 to 8 units per well.

Capacity of catalase Catalase activity (CAT) was measured by
determining the amount of H2O2 remaining after a known incu-
bation period (Summermatter et al., 1995). The remaining
H2O2 was measured by the oxidation of potassium iodide that
results in a yellowish colorimetric signal (340 nm) as described
earlier in H2O2 assay.

Statistical analyses

Univariate analysis Three independent bioreplicates (n= 3)
were checked for statistical significance by ANOVA for global
variation and by binary comparison of Student’s t-test or Tuckey
test (P< 0.05).

Metabolic and enzymatic data were checked for normality and
heteroscedasticity by Shapiro and Bartlett tests (α = 0.05) using
R software (https://www.r-project.org). Then, ANOVA and
post hoc (Tuckey’s tests; P< 0.05) were realised using the AGRICO-

LAE package (de Mendiburu, 2021) on R software or directly on
METABOANALYST v.5.0 (https://www.metaboanalyst.ca/).

Multivariate analysis Before multivariate statistical analyses,
metabolic data were pre-processed to normally distributed data

by performing median normalisation, cube-root transformation
and Pareto scaling of the data intensities as described previously
(Belouah et al., 2019). Normalised datasets were then used
to construct score plots of Principal Component Analysis
(PCA) overview using METABOANALYST v.5.0 (http://www.
metaboanalyst.ca/) or via the FACTOEXTRA and FACTOMINER
packages (Lê et al., 2008; Kassambara & Mundt, 2020).

Then, hierarchical clustering analysis (HCA) and visualisation
through heatmaps were performed by Pearson’s correlation with
complete or ward clustering linkage using METABOANALYST or via
the PHEATMAP and CLUSTER packages in R (Kolde, 2019) using sig-
nificant features previously determined by ANOVA (P< 0.05)
presented in Table S1.

Enzyme-based kinetic modelling

Computer modelling The model was built from the mass bal-
ance equations of the ASC–GSH cycle. The general form of the
differential equations used is:

dC i

dt
¼ ∑

n

j¼1

ni,j :vj :
Volj

ρ

where Ci is the concentration of the ith species (in μmol g�1

FW), ni ,j is the stoichiometry of the ith species in the reaction j,
Volj is the volume fraction of the compartment (in mlcompartment

mltissue
�1) where the jth reaction occurs, ρ is the tissue density (in

g FWmltissue
�1) and vj is the rate of the j

th reaction (mMmin�1)
involved in the consumption and production of the ith species.
The rate equations associated with the biochemical reactions
(Table S2), and the parameters, both time-dependent (measured
capacity (Vmax) of enzymes, volume fraction of compartments. . .)
and constant parameters, are listed in Tables S3, S4, respectively.
The set of eight differential equations listed in Table S5 was
solved by the COPASY 4.34 software (Hoops et al., 2006) to satisfy
the steady-state condition of metabolic intermediates, that is,
dC=dt close to zero.

Cytosolic and vacuolar volume fractions were obtained from a
previous kinetic-based model focused on vacuolar sugar transport
in growing tomato fruit (Beauvoit et al., 2014). The tissue con-
tents of ASC, GSH and H2O2 at steady-state were calculated by
taking into account the local concentrations of the metabolites
given by the model, the compartment volume and the tissue den-
sity, according to the following equation:

X total ¼
X½ �vac:V vac þ X½ �cyt:V cyt þ X½ �apo:V apo

ρ

where X total is the tissue content of the metabolite X (in μmol g�1

FW) and the subscripts vac, cyt, and apo represent the volume
fraction (in ml mltissue

�1) and the steady-state concentrations (in
mM) for the cytosol, vacuole and apoplast, respectively, and ρ is
the tissue density (in g FWml�1).

Moreover, enzyme capacities and metabolite concentrations
were determined by fitting experimental data using linear or non-
linear regressions (Dataset S1; Table S3). Since Michaelis–
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Menten constants (Km) can display considerable discrepancies in
the literature or database, we used Km preferably from studies in
tomato or other plants and assumed they remain constant during
all the tomato fruit development (Table S4).

Model parameter optimisation and resolution Parameter opti-
misation was performed using the particle Swarm algorithm
(Baker et al., 2010) and by minimising an objective score, that is,
the sum of the relative squared residuals weighted, according to
the following equation:

Obj ¼ ∑
n

i¼1

X i_cal�X i_exp

X i_exp

� �2

where Obj is the objective score, n is the total number of
variables, X i_cal is the calculated value and X i_exp is the
experimental value of a particular variable X i (i.e. metabolite
content, redox ratio). At each developmental stage, the whole
iterative process was repeated using the Curta cluster housed
by Mésocentre de Calcul Intensif Aquitain (MCIA) and ran-
domised initial conditions to avoid finding only local minima.
The 100 best-scoring parameter sets were kept for statistical
analysis, at the end of which the median values (Baker
et al., 2010) were used to parameter the model to calculate
steady-state fluxes, concentrations and to perform sensitivity
analysis.

Metabolic control analysis According to the formalism of
MCA (Kacser & Burns, 1973; Heinrich & Rapoport, 1974), flux
(C J i

V j
) and concentration (CX i

V j
) control coefficients by a given

enzyme are defined as the scaled partial derivative of the simu-
lated values with respect to the enzyme activity:

C J i
V j

¼ ∂ loge J i
∂ logeV j

and

CX i
V j

¼ ∂ logeX i

∂ logeV j

where V j is the activity of the targeted enzyme j; J i is a given flux
and X i is a given metabolite concentration.

Coefficients were calculated using the implemented function
in COPASY 4.34 and a delta factor of 0.001 for fixed parameters.
Then, the control exerted by any enzyme j on the total ascorbate
content was calculated as follows:

C ASC_total
V j

¼
C ASC

V j
: ASC½ � þ CDHA

V j
: DHA½ � þ CMDHA

V j
: MDHA½ �

ASC½ � þ DHA½ � þ MDHA½ �

In addition, enzyme elasticity coefficients by a given metabo-
lite (e.g. substrate) are defined as the scaled partial derivative of
the enzyme activity with respect to the metabolite concentration
(Table 2, see later):

εV i
X j

¼ ∂ logeV i

∂ logeX j

Statistics and mathematical regressions Data were cube-root
transformed and scaled using Pareto scaling before HCA and
heat map visualisation using METABOANALYST (https://www.
metaboanalyst.ca/) using Pearson correlation-based distance
measure and the ward linkage clustering method (Xia
et al., 2009).

Linear and nonlinear regressions of the experimental data were
performed using the R shiny interface EASYREG (http://
sylvainprigent.fr:3838/easyReg/) using basic and NLSTOOLS R
packages.

Right-tailed chi-square test for goodness of fit A chi-square
goodness of fit test was performed to evaluate the best model that
accommodates the experimental measurements (Rios-Estepa
et al., 2010). The chi-square is of the form:

χ2 ¼ ∑
n

i¼1

∑
m

t¼1

X i ,t cal�X i,t expð Þ2
X i ,t exp

where X i ,t cal refers to the tissue content of the metabolite i calcu-
lated by the model at the developmental stage t and X i,t exp is the
corresponding measurements. The chi-square value is then used
to calculate a right tail P-value and know the degree of freedom
df of the dataset. In this case, df is related to the number of mea-
sured variables n and to the number of developmental stages m,
such as df = (n� 1)�(m� 1).

In the context of the modelling approach, a non-significant
P> 0.05 means that there are no statistically significant differ-
ences between measured and simulated values throughout devel-
opment.

Results

Quantitative description of ASC–GSH cycle in growing
tomato fruit

First, we quantitatively measured H2O2 as the main ROS, major
redox buffers and ASC–GSH cycle enzymatic capacities during
ten developmental stages of tomato fruit from anthesis until red
ripening (Figs S2–S4). PCA revealed a distinct separation
between the three tomato fruit developmental phases, with the
first two components explaining 71.1% of the variation in meta-
bolite contents and enzyme capacities. PC1 (51.1%) separated
cell division (i.e. anthesis stage, 4 and 8 DPA) from the other
developmental stages, and PC2 (20%) segregated cell division
and maturation onset (i.e. 35 DPA and Turning) from cell
expansion/ripening (Fig. 1a). Concomitantly, the contribution of
variables demonstrated a predominant effect of H2O2, CAT,
SOD, total antioxidant capacity and GSSG along PC2. PC1
further represented MDHAR, total GSH and GR and reduced
ASC (Figs 1b, S5).

Besides, HCA revealed a dynamic redox metabolism during
development (Fig. 1c). Clustering the variables revealed four
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Fig. 1 Core redox metabolism during tomato fruit growth. Normalised metabolites and enzymes capacities of 20 metabolic features of core redox
metabolism (see the Materials and Methods section) were visualised (a) for global impact of the growth stage of tomato fruit and (b) features contribution by
Principal Component Analysis (PCA with maximal variation given into brackets). The same features were then filtered (ANOVA, P< 0.05) and subjected to
unidimensional hierarchical clustering analysis (c). Shown are Pearson’s correlations after Ward clustering of significant metabolic features. APX, ascorbate
peroxidase; ASC, ascorbate; CAT, catalase; DHAR, dehydroascorbate reductase; DPA, days post-anthesis; GR, glutathione reductase; GSH, reduced glu-
tathione; GSSG, oxidised glutathione; H2O2, hydrogen peroxide; MDHA, monodehydroascorbate; MDHAR, monodehydroascorbate reductase; NADP+, oxi-
dised nicotinamide adenine dinucleotide phosphate; NADPH, reduced nicotinamide adenine dinucleotide phosphate; SOD, superoxide dismutase.
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groups, the first (in green) comprising H2O2 and APX capacity,
which showed their highest values during early fruit develop-
ment before rapidly dropping and increasing, to a lower extent,
during ripening onset. The second and third clusters (in black
and yellow, respectively) included variables peaking during
phase transitions (beginning of cell expansion and ripening,
respectively). Finally, the fourth cluster (in red) included vari-
ables that showed their lowest value during cell division and
increased continuously throughout fruit development from the
cell expansion phase. This cluster contained, in particular, ASC
recycling enzyme capacities (DHAR and MDHAR), reduced
ASC, total GSH and both oxidation state of NAD and NADP
(Figs 1c, S2–S4).

To gain insight into global redox metabolism, we performed
untargeted metabolomics to cover a range of secondary antioxi-
dants, including terpenes and phenolics (Methods S1). PCA of
the relative intensities of 733 antioxidant features indicated a
clear separation between developmental phases (Fig. S6). Overall,
our results demonstrate that tomato fruit development is orche-
strated by sequential events requiring a dynamic and flexible
redox metabolism to handle the strong oxidative metabolism dur-
ing early stages and to maintain a highly reduced state during the
remaining development.

Ascorbate–glutathione model building and initial
parametrisation

To calculate redox fluxes, we next constructed a kinetic model of
the ASC–GSH cycle that is shared between the cytosol, vacuole
and apoplast, where specific reactions occur (Fig. 2a), but we
assumed that the enzymatic reactions involved in the model take
place in the cytosol. Presumably, it is postulated that the vacuole
contains only a few antioxidant metabolites, and its major role is
to sequester GSSG, as already reported in a previous modelling
study (Tuzet et al., 2019). Thus we assumed that the redox meta-
bolite contents determined using targeted assays are representa-
tive of the cytosolic contents. The core network of the model was
based on the Arabidopsis ASC–GSH cycle described in chloro-
plasts (Polle, 2001; Valero et al., 2015). However, these previous
models focused on plastids and leave tissues and did not take into
account either CAT (e.g. mostly peroxisomal; Bernroitner
et al., 2009) or MDHAR enzymes. Biochemical reactions, rate
equations, parameter setting and corresponding references are
listed in Tables S2–S4. The model consisted of eight differential
equations based on 18 reactions, 7 of which were enzymatic, and
was implemented considering its specific catalytic mechanism
(Table S5). A model for each developmental stage from 8 DPA

Fig. 2 Schematic network of ASC–GSH cycle
in tomato fruit pericarp cell (a). Dashed
arrow stands for non-enzymatic reactions
(i.e. chemical reactions and transports),
whereas full black arrows stand for
enzymatic reactions calculated from
metabolic content (v1–v5) and blue arrows
for optimised fluxes (v6–v12). Comparison
between model predictions and experimental
measurements during all fruit development
using a model without (b) or with (c)
apoplastic H2O2 production. Diagonals
represent a 100%match between
experiments and predictions. Right-tailed
chi-square score and corresponding P-values
indicate the goodness of model predictions
fitting (α> 0.05). ABCC, adenosine
triphosphate binding cassette subfamily C;
apo, apoplast; APX, ascorbate peroxidase;
ASC, ascorbate; cyt, cytosol; CAT, catalase;
DHA, dehydroascorbate; DHAR,
dehydroascorbate reductase; GR, glutathione
reductase; GSH, reduced glutathione; GSSG,
oxidised glutathione; H2O2, hydrogen
peroxide; MDHA, monodehydroascorbate;
MDHAR, monodehydroascorbate reductase;
NAD(P)+, oxidised nicotinamide adenine
dinucleotide (phosphate); NAD(P)H, reduced
nicotinamide adenine dinucleotide
(phosphate); POX, parietal oxidase; ROS,
reactive oxygen species; vac, vacuole.

� 2023 The Authors

New Phytologist� 2023 New Phytologist Foundation

New Phytologist (2023)
www.newphytologist.com

New
Phytologist Research 7

 14698137, 0, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.19160 by C

ochrane France, W
iley O

nline L
ibrary on [28/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



to Red was generated to be solved at a quasi-stationary state,
representing the fruit development as a series of quasi-stationary
state models. However, this model suffered from simplifications,
including the assumption that NAD(P) concentrations remained
constant at each stage, whereas they varied from stage to stage. In
addition, the model did not account for the different cellular
ROS production sources (photosynthesis, photorespiration and
respiration) because the lack of information about their dynamics
during fruit growth prevents the parameterisation of such a fine
model. Moreover, superoxide synthesis was not implemented in
the model, assuming this species to be entirely chemically and
enzymatically dismutated to hydrogen peroxide owing to the
high catalytic capacity of SOD (Bowler et al., 1994; Valero
et al., 2015; Fig. S4f). Additionally, since we did not quantify
sub-cellular concentrations of DHA, we made the hypothesis of a
global DHA import flux originating from the apoplast, which
has been shown to accumulate DHA due to the activity of ascor-
bate oxidases (AOX) in leaf tissues (Pignocchi & Foyer, 2003;
Karpinska et al., 2018). Finally, the model did not include sec-
ondary antioxidant metabolites, and we attributed ROS proces-
sing to CAT because of its considerable catalytic capacity
(Fig. S4b; Tuzet et al., 2019).

Model fitting: The necessity of a spatially controlled
ROS production

The initial parameterisation of the model left seven fluxes
unknown, namely, H2O2 production (v7), parietal oxidase activ-
ity (v8), ASC synthesis (v9), DHA import (v10), DHA degrada-
tion (v11), GSH synthesis (v12) and GSSG transport in the
vacuole (v13; Fig. 2a). We optimised the values of these fluxes or
of their parameters (i.e. constant parameters kx ) for each stage by
fitting the experimentally measured contents (see the Materials
and Methods section). Optimised median parameters were then
used to calculate steady-state content in redox buffers, their redox
state and total ROS concentration (Baker et al., 2010; Fig. S7).

At first, the optimised median model at 8 DPA showed very
low content of reduced ASC and H2O2 content while displaying
a high ROS production flux (Figs S7, S8). Under these condi-
tions, model predictions concerning H2O2 content at 8 and 14
DPA were much lower than the measured content. Without spa-
tial separation between ROS production and enzymatic proces-
sing, ROS would be treated immediately either by APX, until it
reached its maximum capacity and/or ASC had been totally con-
sumed, or by CAT that could handle supra-physiological ROS
production flux. In addition, this parameterisation did not allow
the model to reach a steady-state at 35 DPA and thus failed to
describe redox metabolism during the whole fruit development.
Moreover, the log–log plot showed that this model parameterisa-
tion predicted values distant from several experimentally
obtained variables (i.e. H2O2, GSH, and ASC oxidation ratios
and total GSH; Fig. 2b).

To address these limitations, the apoplast was implemented to:
account for parietal oxidases as an active ROS-producing system;
and allow an extracellular ROS diffusion potentially involved in
signalling (Foyer & Noctor, 2016; Decros et al., 2019a). Overall,

values leading to a satisfactory match between predicted and
experimental data could be obtained for all unknown parameters
and throughout fruit development (Figs 2c, S7). Moreover, the
sum of weighted square errors showed a substantial decrease, con-
comitant with an increase in the right-tailed chi-square P-value,
thus making the model predictions stronger (Figs 2c, S8–S10).
Altogether, our results indicate that the optimised model, includ-
ing parietal oxidases, allows accurate model predictions during all
tomato fruit development.

Model validation using ASC-enriched mutant fruits

To ensure the robustness of model predictions, we performed
cross-validation of independent experimental data exploiting a
previously characterised mutant line enriched in ASC due to
higher ASC synthesis (Deslous et al., 2021). ASC-enriched
mutant fruits displayed differences in ASC content without sig-
nificant discrepancies in either enzymatic capacities of enzymes
involved in the ASC–GSH cycle or phenotypical variables allow-
ing us to keep the same parameterisation from the original WT
(Figs S11–S14). In the model, an increase in total ASC content
was reproduced in silico for each developmental stage by enhan-
cing only one parameter: either the input of ASC (v9) to mimic
the rise in synthesis, or the import of DHA (v10) traducing the
import from leaf tissues (Fig. 3a). Strikingly, an increase in ASC
synthesis led to a sharp accumulation of reduced ASC and thus a
swift rise in total ASC content, whereas an increase in DHA
input, up to eight times the level of the original model, was not
able to induce a significant accumulation of ASC regardless of
the developmental stage (Fig. S15). Overall, the in silico simula-
tions emphasise that the ASC accumulation observed in mutant
fruits can be reproduced by solely enhancing the ASC synthesis
of fruit cells.

To analyse the goodness of fit of the mutant data, the WT
model was run at each developmental stage by setting the respec-
tive ASC synthesis at a value that enabled ASC content to be
close to that of the mutant (Table S6). Corresponding predic-
tions regarding redox buffers and ROS were compared, indicat-
ing no significant differences with the experimental data at the
scale of whole fruit development (Figs 3b, S16). Hence, the two-
step modelling approach, that is, parameters optimisation using
the WT data only and subsequent cross-validation of the model
using independent mutant data, enabled us to investigate the
control of major redox buffer content and ROS processing dur-
ing the whole fruit development.

Dynamics of the ASC–GSH cycle during tomato
fruit development

The comparative clustering analysis combining relative growth
rate, flux and enzymatic capacity (Vmax) evolution patterns
revealed three distinct clusters (Fig. 4). The first cluster included
variables involved in green fruit development before decreasing
from 35 DPA until the end of development (e.g. DHAR, GR
and GSH synthesis fluxes, MDHAR capacity and fruit relative
growth rate). The second cluster encompassed maximal fluxes
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and capacities during cell division before rapidly decreasing dur-
ing cell expansion, most of which rebounded specifically at the
turning stage (e.g. APX, MDHAR, ASC synthesis and chemical
recycling of MDHA fluxes). The last cluster separated clearly and
contained only Vmax that were high during fruit division or
maturation (Fig. 4). Overall, this HCA indicates that redox meta-
bolism, especially ROS processing and ASC recycling, is mostly
represented during fruit cell division and ripening phase.

Next, to understand the regulation of redox fluxes, we per-
formed metabolic control analysis focusing on the fluxes involved
in cluster 2 (CAT, APX and MDHAR), which helped determine
how much (in %) a given flux would increase or decrease (posi-
tively or negatively) if the activity of a given enzyme or metabolic
pathway increased by 1%. This allows us to identify three distinct
patterns during development. Firstly, for the 8 DPA stage, APX
flux was positively controlled mainly by the ASC synthesis and,
to a lesser extent, by MDHAR (Fig. S17; Table 1). Concomi-
tantly, CAT flux was only influenced by ROS production, and
MDHAR flux was positively controlled by itself (Table 1), thus
reflecting a limitation of the MDHAR activity by NAD(P)H
supply (Fig. S18; Table 2). Therefore, during fruit cell division,
ROS production exceeds the capacity of APX flux, which is lim-
ited by the supply of reduced ASC (Fig. S18; Table 2), leading to
H2O2 accumulation. Hence, during cell division, the activity of
the ASC–GSH cycle mainly relies on ROS production, NAD(P)
H supply and ASC synthesis (Fig. 5).

Then, at 14 and 21 DPA (i.e. beginning of cell expansion),
the APX flux became strongly dependent on MDHAR activity,
suggesting that APX still relies on reduced ASC supply and is
saturated by ROS (Fig. S17; Table 1). Besides, elasticity coeffi-
cients were calculated for APX and MDHAR as described in
the Materials and Methods section. These coefficients indicate
how much (in %) the enzyme activity would increase if the
substrate concentration was increased by 1% (Table 2). Here
we showed that MDHAR was still controlled by NAD(P)H
supply (Table 2), further indicating that the ASC–GSH cycle
was mainly regulated by NAD(P)H content when H2O2 provi-
sion was high enough to saturate APX. Interestingly, this beha-
viour was also found during maturation onset with the
addition of a strong influence of total H2O2 production flux
on ASC content and oxidation ratio (Figs 5, S19). At this
time, both NAD(P)H content and ROS production flux
strongly modulated the ASC oxidation ratio, thus indicating a
fine control by central metabolism during the transition from
cell expansion to ripening.

Finally, the decrease in ROS production flux at 28 DPA,
orange and red stages induced a positive control of APX flux only
by the total ROS production (Table 1). Moreover, CAT and
APX negatively influence each other, indicating a competition of
these enzymes for H2O2, which is the limiting substrate. There-
fore, the strong decrease in H2O2 production resulted in a shift
in the behaviour of the ASC–GSH cycle in which the APX

Fig. 3 Model cross-validation using
ascorbate (ASC)-enriched mutant. Effect of
an increase in ASC synthesis (blue) or DHA
import (orange) on the pericarp ASC content
for three stages (a). Solid lines comprise
thousands of model predictions after
variations in ASC synthesis or DHA import
fluxes compared to the initial wild-type (WT)
value. Blue circles represent measured WT
values, and red triangles represent the
ascorbate-enriched mutant values.
Comparison between model predictions and
experimental measurements during all fruit
development (b) using ASC-enriched mutant
data set. The model was run at each
developmental stage by setting the
respective ASC synthesis at a value that
enabled ASC content to be close to that of
the mutant. ASC, ascorbate; CAT, catalase;
DHA, dehydroascorbate; DPA, day post
anthesis; GSH, reduced glutathione; GSSG,
oxidised glutathione; H2O2, hydrogene
peroxide.
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became the controlling step itself, restricted by the H2O2 produc-
tion (Tables 1, 2). Simultaneously, ASC levels and oxidation
ratio lost their sensitivity to NAD(P)H content and ROS

production (Figs 5, S19), indicating that the ASC–GSH cycle
maintains the predominantly reduced ASC pool for stages with
very low metabolic activity.

Fig. 4 Unidimensional hierarchical clustering
analysis of fluxes and enzymes capacities
involved in the ASC–GSH cycle and ROS
processing. Normalised flux and enzymes
capacities involved in the model were filtered
(ANOVA, P< 0.05) and subjected to
unidimensional hierarchical clustering
analysis. Shown are Pearson’s correlations
after Ward clustering of significant metabolic
features. Vmax and v symbols refer to
capacities and fluxes included in the model
and represented in Fig. 2. APX, ascorbate
peroxidase; ASC, ascorbate; CAT, catalase;
DHA, dehydroascorbate; DHAR,
dehydroascorbate reductase; DPA, days
post-anthesis; GSH, reduced glutathione;
GR, glutathione reductase; H2O2, hydrogen
peroxide; MDHA, monodehydroascorbate;
MDHAR, monodehydroascorbate reductase.

Table 1 Metabolic control analysis of APX, MDHAR and CAT fluxes to some enzyme activities.

Growth stage

Flux control coefficient 8 DPA 14 DPA 21 DPA 28 DPA 35 DPA Turning Orange Red

APX flux
CAPX
Total H2O2 production 2.20E-08 2.40E-04 0.033 0.67 0.05 0.002 0.876 0.976

CAPX
APX 5.60E-06 0.032 0.133 0.754 0.057 0.003 0.697 0.437

CAPX
MDHAR 0.253 0.953 0.859 0.067 0.919 0.886 0.011 0.001

CAPX
ASC synthesis 0.75 0.139 0.166 0.04 0.115 0.144 0.006 0.001

CAPX
CAT �2.20E-08 �2.40E-04 �0.028 �0.491 �0.034 �0.001 �0.585 �0.413

Total MDHAR flux
CMDHAR
Total H2O2 production 3.10E-10 2.20E-04 0.032 0.669 0.047 4.60E-04 0.876 0.976

CMDHAR
APX 7.80E-08 0.029 0.131 0.753 0.053 0.001 0.697 0.437

CMDHAR
MDHAR 1 0.971 0.865 0.068 0.933 0.999 0.012 0.001

CMDHAR
ASC synthesis 0.01 0.126 0.163 0.04 0.107 0.037 0.006 0.001

CMDHAR
CAT �3.00E-10 �2.20E-04 �0.028 �0.491 �0.032 �3.60E-04 �0.584 �0.413

CAT flux
CCAT
Total H2O2 production 1.025 1.006 1.165 1.12 1.437 1.276 1.062 1.033

CCAT
APX �1.40E-07 �1.90E-04 �0.023 �0.274 �0.026 �0.001 �0.348 �0.594

CCAT
MDHAR �0.006 �0.005 �0.147 �0.024 �0.423 �0.245 �0.005 �0.001

CCAT
ASC synthesis �0.019 �0.001 �0.028 �0.015 �0.053 �0.04 �0.003 �0.002

CCAT
CAT 5.50E-10 1.40E-06 0.005 0.179 0.016 3.90E-04 0.292 0.562

APX, ascorbate peroxidase; ASC, ascorbate; CAT, catalase; DPA, day post anthesis; MDHAR, monodehydroascorbate reductase.
Flux control coefficients were calculated as described in the Materials and Methods section. Such a coefficient indicates how much (in %) a given flux
would increase (+ sign) or decrease (� sign) if the activity of a given enzyme or metabolic pathway was increased by 1%. The colours correspond to the
fluxes that are most affected, positively in green and negatively in red.
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Discussion

Here, we combined targeted analysis, computational enzyme-
based kinetic modelling and global analyses to provide the first
dynamic description of core redox metabolism during fruit devel-
opment. In fruit tissues, redox metabolism has rarely been evalu-
ated in a developmental context, although concepts focusing on
APX catalytic mechanism and ASC recycling from circadian clock
studies in leaves remain valuable resources (Valero et al., 2009,
2015; Foyer, 2018). From a general perspective, redox

metabolism dynamically changed with fruit growth, displaying a
sequential activity in a ‘wave-shaped’ pattern corresponding to the
fruit development (i.e. cell division-expansion-ripening) with spe-
cific changes at phase transitions (Figs 5, S2–S4). Similarly, cen-
tral fruit metabolism has also been defined as a ‘turbo’
metabolism during cell division that rapidly drops at the begin-
ning of cell expansion until growth arrest (Biais et al., 2014; Roch
et al., 2020). Moreover, phytohormones have also been reported
to fluctuate in a growth-dependent manner during fruit develop-
ment (Zhang et al., 2009; McAtee et al., 2013).

Table 2 Metabolic control analysis of APX and MDHAR enzymes to their substrate concentration.

Growth stage

Elasticity coefficient 8 DPA 14 DPA 21 DPA 28 DPA 35 DPA Turning Orange Red

APX activity

CAPX
ASC½ � 0.8 0.082 0.061 0.024 0.02 0.019 0.004 0.002

CAPX
H2O2½ � 0.004 0.007 0.212 0.652 0.606 0.434 0.838 0.947

NAD-dependent MDHAR activity
CMDHAR_NAD

MDHA½ � 0.013 0.158 0.237 0.485 0.078 0.017 0.414 0.799

CMDHAR_NAD
NADH½ � 0.987 0.837 0.739 0.382 0.918 0.983 0.459 0.113

NADP-dependent MDHAR activity

CMDHAR_NADP
MDHA½ � 0.025 0.306 0.429 0.785 0.271 0.085 0.785 0.902

CMDHAR_NADP
NADPH½ � 0.975 0.677 0.522 0.441 0.726 0.914 0.758 1.074

APX, ascorbate peroxidase; ASC, ascorbate; DPA, day post anthesis; MDHA, monodehydroascorbate; MDHAR, monodehydroascorbate reductase;
NAD(P), nicotinamide adenine dinucleotide (phosphate).
Elasticity coefficients were calculated as described in the Materials and Methods section. Such a coefficient indicates how much (in %) the activity of a
given enzyme would increase if the concentration of its substrate was increased by 1%. The colours correspond to the fluxes that are most affected,
positively in green.

Fig. 5 Major redox changes during fruit development. Each developmental phase of fruit exhibits a specific redox behaviour where the delivery of ASC,
NADPH and H2O2 appears as the main controlling factor. APX, ascorbate peroxidase; ASC, ascorbate; CAT, catalase; DHA, dehydroascorbate; DPA, days
post-anthesis; GR, glutathione reductase; H2O2, hydrogen peroxide; MDHAR, monodehydroascorbate reductase; NAD(P)H, reduced nicotinamide adenine
dinucleotide (phosphate); TEAC, Trolox equivalent antioxidant capacity.

� 2023 The Authors

New Phytologist� 2023 New Phytologist Foundation

New Phytologist (2023)
www.newphytologist.com

New
Phytologist Research 11

 14698137, 0, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.19160 by C

ochrane France, W
iley O

nline L
ibrary on [28/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Uncoupling of ASC and GSH metabolism during early
fruit development

The beginning of fruit development revealed an active oxidative
metabolism resulting in a remarkably high ROS content despite a
strong APX capacity. Simultaneously, ASC recycling enzymes
showed low capacities, thus resulting in the nearly complete oxida-
tion of ASC (Figs 1c, S2–S4). Strikingly, such high levels of DHA
during young fruit development have been previously reported in
diverse fruit species, suggesting a common phenomenon between
fruit species (Decros et al., 2019a; Roch et al., 2020). Addition-
ally, fruit development is accompanied by a regulation phenom-
enon that limits the emergence of hypoxic area (Mori et al., 2019)
and no hypoxia response gene expressions in young fruit was not
reported in the database (Fernandez-Pozo et al., 2017; Cuk-
rov, 2018). Besides, our models emphasised the necessity of a
ROS production source away from the antioxidant system and
control of APX by the supply in reduced ASC (Fig. 2c; Table 1).
This is in line with previous reports of active fruit photosynthesis
during early development and the role of ROS processing by ASC
during this process (Pesaresi et al., 2014; Foyer, 2018; Decros
et al., 2019b; Quinet et al., 2019). However, tomato fruit also
exhibited moderate GSH oxidation, which has been reported to
be recruited in the nucleus during early cell proliferation (Marko-
vic et al., 2007; Vivancos et al., 2010). Moreover, DHAR and GR
fluxes were separated from total H2O2 production, APX and
MDHAR fluxes (Fig. 4), indicating that ROS processing in
tomato fruit was rather dependent on ASC recycling via MDHAR
activity and NAD(P)H consumption. Overall, this strongly sug-
gests that during cell division, ROS accumulate in the same com-
partment as ASC and APX, resulting in a complete ASC
oxidation, without affecting GSH, which remains moderately oxi-
dised and has been reported to be recruited in the nucleus for thiol
signalling while lowering the oxidative defence shield during early
cell proliferation (Vivancos et al., 2010).

Shift in ASC redox state controlled by MDHAR and
reducing power availability during fruit cell expansion

Next, ASC displayed a drastic shift from totally oxidised to fully
reduced during the transition from cell division to the expansion
phase. Furthermore, it is worth noting that the change in ASC
redox state was concurrent with the increase in the fruit growth
rate, which emphasises the overall link between growth and redox
metabolism (Figs 1c, 4), as already reported in the case of pyridine
nucleotides (Decros et al., 2019b). Concomitantly, APX and
MDHAR enzyme capacities showed a similar trend from ascorbate
oxidation to full recycling (Figs 5, S4). Complementarily, the
kinetic model unveiled a simultaneous shift in the ASC–GSH flux
sensitivity, starting from a limitation by ASC supply during cell
division to a restriction by NAD(P)H availability (Tables 1, 2).
Overall, during cell expansion, APX is saturated by H2O2, while
its supply in reduced ASC was controlled by the MDHAR activity
and NAD(P)H provision. Reducing power will have the most sub-
stantial impact on the ASC oxidation ratio and, thus, on potential
redox signalling (Fig. S19). Moreover, endoreduplication is also a

hallmark of this growth phase transition in which redox metabo-
lism involvement remains an incomplete puzzle (Chevalier
et al., 2011; Fanwoua et al., 2013). In addition, ASC has been
reported to be present in the nucleus, where it acts as a signalling
molecule (Zechmann, 2011). Here, the shift in ASC redox state
observed during this phase transition, concurrent with the increase
in its recycling capacity through MDHAR, suggests that ASC
metabolism participates in the control of the trade-off between
division and endoreduplication. Besides, GR and DHAR capaci-
ties evolved independently from other redox features, and the
model highlighted the uncorrelation between the capacities and
fluxes of these enzymes (Fig. 4), which has also been reported for
central sugar metabolism (Beauvoit et al., 2014). Similarly, DHAR
triple mutants displayed no phenotype or disturbance in redox
pools when growing in physiological conditions (Rahantaniaina
et al., 2017). Remarkably, this further indicates that the ASC–
GSH cycle is mainly driven by the APX–MDHAR duo rather
than by the APX–DHAR–GR trio during fruit development.
Then, once established, the redox state was maintained mainly as
reduced and continuously decreased during the cell expansion
phase (Fig. 5). The concomitant decline in redox and central
metabolism activities suggested a decline of global metabolic activ-
ity at the expense of osmolyte influx (Beauvoit et al., 2014; Biais
et al., 2014). Altogether, cell expansion can be characterised by a
rapid transition of ASC to the reduced state and a dynamic main-
tenance of reduced redox buffers that will gradually decrease, simi-
lar to central metabolism.

ROS production and reducing power availability control
ASC redox state during the onset of ripening

Finally, ripening is defined physiologically by a reprogramming
of metabolism orchestrated by phytohormones, especially ethy-
lene which requires ASC for its synthesis (Dong et al., 1992).
Moreover, during ripening, starch is remobilised together with a
respiratory burst ending in sugar accumulation and CO2 release
(Colombié et al., 2015; Roch et al., 2020). Interestingly, a stoi-
chiometric model identified that an energy peak appeared just
before ripening (Colombié et al., 2017). This is consistent with
our data and the similar control pattern of the ASC–GSH cycle
observed for 35 DPA and turning models (Table 1), concomi-
tantly with a high sensitivity of ASC redox state and content to
NAD(P)H concentration (Fig. S19). In addition, based on
enzyme abundance, a prominent part of NAD(P)-dependent fea-
tures was associated with redox and mitochondrial metabolisms
during ripening, as well as active recycling and de novo synthesis
of NAD(P) (Decros et al., 2019b). Hence, this suggests that car-
bon resource remobilisation impacts NAD(P) metabolism, which
in turn induces the reprogramming of core redox metabolism.
Furthermore, CAT capacity increased at turning, while APX
capacity remained low concomitantly with an increase in total
antioxidant capacity (Fig. 5). However, sensitivity analysis
revealed that ROS production strongly influences ASC content
and redox state (Fig. S19). Besides, given the accumulation of
carotenoids and other secondary metabolites during ripening
(e.g. lycopene; Su et al., 2015; Martı́ et al., 2018), it is likely that

New Phytologist (2023)
www.newphytologist.com

� 2023 The Authors

New Phytologist� 2023 New Phytologist Foundation

Research

New
Phytologist12

 14698137, 0, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.19160 by C

ochrane France, W
iley O

nline L
ibrary on [28/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



they are also involved in the management of redox metabolism
during this phase of development. Therefore, both ROS and
reducing power availability appear as major controlling factors of
ASC redox state and associated signalling during the onset
of ripening, which reinforces the importance of finely tuned ROS
production and processing during fruit development.

Oxidised ASC is required for early fruit development

On the other hand, the analysis of ASC-enriched fruits validated
the kinetic model and highlighted that ASC fruit content was
mainly regulated by its own synthesis (Fig. 3a) and not by import
from leaves such as for photoassimilates (Gautier et al., 2009)
despite a light-dependent regulation mechanism (Bournonville
et al., 2023). Nonetheless, the kinetic model showed an exponen-
tial accumulation of reduced ASC above a certain threshold, espe-
cially for young fruits. However, young fruit development seems
to require an almost total ASC oxidation which is incompatible
with a strong ASC synthesis. Indeed, the 8 DPA stage showed a
threshold effect for the ASC increase from which signalling
through its redox state was hindered, congruent with the develop-
mental disorders observed in homozygous fruits and previous
breeding reports (Bulley & Laing, 2016; Deslous et al., 2021).
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dismutase in plants. Critical Reviews in Plant Sciences 13: 199–218.
Bulley S, Laing W. 2016. The regulation of ascorbate biosynthesis. Current
Opinion in Plant Biology 33: 15–22.

Chevalier C, Nafati M, Mathieu-Rivet E, Bourdon M, Frangne N, Cheniclet C,

Renaudin J-P, Gévaudant F, Hernould M. 2011. Elucidating the functional

role of endoreduplication in tomato fruit development. Annals of Botany 107:
1159–1169.
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Palacios N, Cross J, Selbig J, Stitt M. 2004. A robot-based platform to

measure multiple enzyme activities in Arabidopsis using a set of cycling assays:

comparison of changes of enzyme activities and transcript levels during diurnal

cycles and in prolonged darkness. Plant Cell 16: 3304–3325.
Hashida S, Miyagi A, Nishiyama M, Yoshida K, Hisabori T, Kawai-Yamada M.

2018. Ferredoxin/thioredoxin system plays an important role in the

chloroplastic NADP status of Arabidopsis. The Plant Journal 95: 947–960.
Heinrich R, Rapoport TA. 1974. A linear steady-state treatment of enzymatic

chains. General properties, control and effector strength. European Journal of
Biochemistry 42: 89–95.

Hoops S, Sahle S, Gauges R, Lee C, Pahle J, Simus N, Singhal M, Xu L,

Mendes P, Kummer U. 2006. COPASI – a complex pathway simulator.

Bioinformatics 22: 3067–3074.
Jozefczak M, Bohler S, Schat H, Horemans N, Guisez Y, Remans T,

Vangronsveld J, Cuypers A. 2015. Both the concentration and redox state of

glutathione and ascorbate influence the sensitivity of Arabidopsis to cadmium.

Annals of Botany 116: 601–612.
Junglee S, Urban L, Sallanon H, Lopez-Lauri F. 2014.Optimized assay for

hydrogen peroxide determination in plant tissue using potassium iodide.

American Journal of Analytical Chemistry 5: 730–736.
Kacser H, Burns JA. 1973. The control of flux. Symposia of the Society for
Experimental Biology 27: 65–104.

Karpinska B, Zhang K, Rasool B, Pastok D, Morris J, Verrall SR, Hedley PE,

Hancock RD, Foyer CH. 2018. The redox state of the apoplast influences the

acclimation of photosynthesis and leaf metabolism to changing irradiance:

apoplastic redox state regulates light acclimation. Plant, Cell & Environment 41:
1083–1097.

Kassambara A, Mundt F. 2020. FACTOEXTRA: extract and visualize the results of

multivariate data analyses. R Package Version 1.
Kolde R. 2019. PHEATMAP: pretty heatmaps. R Package Version 1: 790.
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Dataset S1 Metabolic data for redox metabolism during tomato
fruit development.

Fig. S1 Bidimensional hierarchical clustering of redox and central
metabolite content in wild-type and control lines.

Fig. S2 Hydrogen peroxide content during tomato fruit develop-
ment and scaled-up. Ascorbate and glutathione content and their
associated redox state during tomato fruit development.

Fig. S3 NAD(H) and NADP(H) content and their associated
redox state during tomato fruit development.

Fig. S4 Ascorbate peroxidase, catalase, monodehydroascorbate
reductase, dehydroascorbate reductase, glutathione reductase and
superoxide dismutase capacities (Vmax) during tomato fruit develop-
ment.

Fig. S5 Contribution of variables to PC1 and PC2 for principal
component analysis shown in Fig. 1(a).

Fig. S6 Principal component analysis of 3742 metabolic features
and of 733 putative antioxidant features during tomato fruit
development.

Fig. S7 Parameter estimated in the model without (left, orange)
or with (right, blue) parietal oxidase.

Fig. S8 Experimental wild-type (green) and predicted content
values for ascorbate and H2O2.

Fig. S9 Experimental wild-type (green) and predicted content
values for glutathione.

Fig. S10 Sum of weighted square errors.

Fig. S11 NADP(H) and its redox state in wild-type and ASC+

mutant fruits during development.

Fig. S12 NAD(H) and its redox state in wild-type and ASC+

mutant fruits during development.

Fig. S13 Glutathione reductase, monodehydroascorbate reduc-
tase and dehydroascorbate reductase capacities in wild-type and
ASC+ mutant fruits during development.

Fig. S14 Ascorbate peroxidase and catalase capacities in wild-type
and ASC+ mutant fruits during development.

Fig. S15 Effect of an increase in ascorbate (ASC) synthesis (blue)
or DHA import (orange) on the pericarp ASC content.
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Fig. S16 Experimental mutant (red) and predicted values (blue)
for ascorbate, glutathione and H2O2.

Fig. S17 Sensitivity coefficient of APX, MDHAR, and CAT
fluxes.

Fig. S18 Sensitivity coefficient of APX, MDHAR NAD or
NADP-dependent activities.

Fig. S19 Sensitivity coefficient of ascorbate (ASC) total content
and ASC oxidation ratio.

Method S1 Untargeted metabolomics data collection and pro-
cessing.

Table S1 ANOVA P-value for features used in Fig. 1.

Table S2 Biochemical reactions and associated rate equations are
included in the model.

Table S3 Parameters setting during tomato fruit development.

Table S4 Michaelis–Menten and rate-constant values used in the
model as fixed parameters throughout the development.

Table S5 Ordinary differential equations involved in the model.

Table S6 Experimentally measured total ascorbate (ASC) content
in ASC-enriched mutant fruits and corresponding value used for
cross-validation.
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