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Abstract:

Context and purpose of the study — Grape quality is a complex trait that mainly refers to berry chemical
composition, including sugars, organic acids, phenolics, aroma and aroma precursor compounds. It is
known that the composition and concentration of chemical compounds dynamically change along berry
development and can be affected by genotypes (rootstock and scion), environment (light, temperature
and water) and nutrient status (carbon and nitrogen). Moreover, the ongoing climate change is affecting
the physiology of grapevine and ultimately wine quality and typicity. Therefore, a better understanding
of the mechanisms controlling the accumulation of quality-related metabolites (both primary and
secondary) in grape berry is essential to choose grapevine cultivars and viticultural practices best
adapted to a given growth region. Process-based models can mechanistically integrate various processes
involved in fruit growth and composition, and simulate the plant responses to weather and
management practices, making them a promising tool to study the response of berry quality to those
factors.

Material and methods — Three types of modeling approaches have been applied, including constraint-
based flux balance analysis, process-based models, and 3D structure-functional models. These models
were established, calibrated and validated based extensive experimental measurements in grapevines
growing under contrast conditions, e.g. nitrogen limitation, modulation of leaf-to-fruit ratios, and light
conditions. Fruit growth was measured in parallel with metabolite composition, enzyme activities, and
whole plant growth processes, such as canopy photosynthesis, and transpiration. Moreover, in silico
analysis was conducted to create virtual genotypes or to assess regulatory roles of model parameters.

Results— At cellular scale, we used constraint-based flux balance analysis model to investigate the flux
modifications responsible for biosynthesis of anthocyanins in response to nitrogen limitation. At organ
scale, we developed process-based models for sugar accumulation and anthocyanin composition in
grape berries, which allowed us to determine the key processes responsible for these two important
quality components. At the whole-plant scale, a 3D structure-functional model was developed to
simulate water transport, leaf gas exchanges, carbon allocation, and berry growth in various genotype x
environment scenarios. In the future, the interactions among the different scales of regulation will be
further modelled to offer a model toolkit that allows more accurate predictions of grapevine growth and
berry quality elaboration under changing environments and paving a way towards model-assisted
breeding.
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1. Introduction

Grapevine is one of the most economically important fruit crops in the world, with its berries for various
end-uses, i.e. fresh fruits, raisins, wine, etc. In France, viticulture accounts for 15% of the total value of
agricultural production, with the vast majority (95%) of it devoted to wine production (36.7 million hL,
source: FranceAgrimer, 2016). The growth of grapevine and elaboration of grape quality change
dynamicly over berry development and are influenced by complex genotype x environment x
management interactions (Coombe and McCarthy, 2000; Kuhn et al., 2014; Poni et al., 2018). Wine
quality is tightly linked to berry composition at harvest, including sugar, organic acids, amino acids and a
large array of secondary metabolites (polyphenols, aroma precursors, etc.) (Conde et al., 2007). Organic
acids (malic and tartaric), tannins, hydroxycinamates and the methoxypyrazine aromas are mainly
accumulated during the first, vegetative growth phase of the berry development (Conde et al., 2007;
Coombe and McCarthy, 2000). In contrast, sugars (glucose and fructose, which determine wine alcohol
content), anthocyanins and flavor compounds (thiols precursors, terpenes, etc..) are mainly
accumulated during the second phase (ripening phase, the so-called véraison stage) (Conde et al., 2007;
Coombe and McCarthy, 2000). Both primary and secondary metabolism will be affected by climate
change related factors (Lecourieux et al., 2017; Martinez-Lischer et al., 2015; Rienth et al., 2014; Rienth
etal., 2016; Sadras and Moran, 2012; Sadras and Petrie, 2011; Soar et al., 2008; Sweetman et al., 2014).
Therefore, a better understanding of the mechanisms controlling the accumulation of quality-related
metabolites (both primary and secondary) in grape berry is essential to choose grapevine cultivars and
viticultural practices best adapted to a given growth region (Keller, 2010; van Leeuwen et al., 2013).

Mathematical models can mechanically integrate various processes to reproduce the plant and fruit
responses to climatic conditions and management practices, making them a promising tool to study the
response of fruit quality to those factors (Beauvoit et al., 2018; Génard et al., 2010; Moriondo et al.,
2015). Many robust models have been developed to simulate biological processes and phenotypic
responses of crops to environmental parameters, at various scales, from whole plant to metabolic
pathways (Marshall-colon et al. 2017). At the plant or organ levels, models offer the possibility, by
mechanically integrating various physiological processes (photosynthesis, respiration, carbon
translocation and storage, growth, etc...), to describe how they causally interact and allow predicting
how they respond to environmental factors. For example, models have been developed to simulate C3
and C4 photosynthetic processes (Wang et al., 2017), transpiration and stomata conductance response
(Buckley, 2017; Buckley and Mott, 2013; Deans et al., 2017; Tardieu and Parent, 2017), phloem and
xylem sap flows (Hall and Minchin, 2013; Hall et al., 2017; Minchin and Lacointe, 2017), fruit growth
(Fishman and Génard, 1998; Hall et al., 2013; Liu et al., 2007) and composition (Martre et al., 2011). At
the tissue, cellular and subcellular levels, metabolic models allow to compute and to predict metabolic
fluxes in a given metabolic network, and are thus useful to investigate which steps or portions of a
metabolic pathway is affected by an environmental factor For example, such models have been used to
describe sucrose metabolism in sugarcane steams (Uys et al., 2007) or in tomato (Beauvoit et al., 2014;
Colombié et al., 2015).

Various mathematical models at different biological scales have been developed to model the
interactions between rootstock and scion and to model the response of grape berry quality to
environment (light, temperature and water) and trophic factors (carbon and nitrogen) (Fig. 1).
Moreover, models are also used to dissect complex traits into simple biological relevant processes in
order to assess genetic diversity and genetic determinisms for a better adaptation in the face of climate
change. The objective of this work is to summarize different types of models that have been developed
for grape at the laboratory of Ecophysilogy and Functional Genomics of Grapevine (EGFV) (Fig. 1) and
beyond, in order to highlight their potential utilities for better understanding the control of berry
growth and quality elaboration.

2. Modeling sugar accumulation in grape berry

Some attempts have been conducted to model sugar accumulation with a mathematical function,
enabling the calculation of the onset, rate, and duration of sugar accumulation during the post-veraison
stage. The model-assisted analysis found that the early maturity caused by climate change was mainly
due to an early onset of ripening but without significant effect on ripening rate (Sadras et al., 2008;
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Sadras and Petrie, 2011). A process-based model has also been developed to dissect the relative
contributions of carbon supply, sugar metabolism within the berry, and water dilution to sugar
accumulation over berry development (Fig. 2) (Dai_et al., 2009). It well reproduced the effects of
different leaf-to-fruit ratio on sugar concentration and showed that low leaf-to-fruit ratio not only
affected carbon supply, but also modified the sugar metabolism and water dilution. This model had then
been used to compare the regulation modes of sugar accumulation in three fleshy fruits with distinct
sugar concentrations (Dai et al., 2016). These fruits include grape, peach, and tomato, and different
modes of regulation were identified, e.g. the higher soluble sugar concentration in grape than in
tomato is a result of higher sugar importation, while the higher soluble sugar concentration in grape
than in peach is due to a lower water dilution. These results provide novel insights into the drivers of
differences in soluble sugar concentration among fleshy fruits.

3. Modeling anthocyanin metabolism and composition in grape berry

Anthocyanins determine the color of wine and are one of the important quality factors. The metabolism
and composition of anthocyanins are influenced by various environmental factors and change
dynamically over berry development (Poni et al., 2018). It has been observed that low nitrogen can
increase anthocyanin biosynthesis in grape berry (Hilbert et al., 2003; Soubeyrand et al., 2014). A
constraint-based flux balance analysis model has been developed to investigate the flux distribution in
grape cell in order to better understand the mechanisms underlying the nitrogen limitation induced
anthocyanin biosynthesis (Fig. 3) (Soubeyrand et al., 2018). To this end, the biomass composition of
berry cells grown under different nitrogen levels were established with targeted metabolomics. The flux
analysis showed that in low nitrogen-fed cells all the metabolic fluxes of central metabolism were
decreased, whereas fluxes that consume energy and reducing power, were either, suggesting that
anthocyanin biosynthesis acts as an energy escape valve in grape cells (Soubeyrand et al., 2018).

Moreover, a process-based dynamic model was also developed to simulate the developmental
anthocyanin composition in response to sugar supply and light conditions (Dai et al., 2017). This model
describes the flux partitioning by basic chemical reaction rules with total anthocyanin as input and
reaction rate as parameters. It can successfully simulate the observed effects of sugar supply and light
on anthocyanin composition. The model provides an alternative way of phenotyping by dissecting a
complicated trait (anthocyanins) into developmentally stable traits (model parameters), and will be
applied to cross progeny to identify potential genetic linkages with the model parameters.

4. Modeling vine functioning and berry growth

To better understand the mechanisms underlying fruit growth and its biochemical compositions, one
needs to analyze the fruit and plant as an integrated system of interacting processes. Therefore it is
necessary to integrate the fruit models (growth, sugar accumulation, anthocyanin composition etc) with
a whole-plant model in order to capture the interactions between the fruit and parent plant as well as
environmental factors. A 3D functional-structural grapevine model has been developed to couple the
thermodynamics of water transport with leaf gas exchanges and integrate the biophysical berry growth
model (Fig. 4). The newly developed whole-plant model can well reproduced the effects of canopy
structure, radiation, temperature, CO,, VPD, soil water content on leaf photosynthesis, transpiration,
temperature and stomata conductance and leaf water potential (Zhu et al., 2018a), as well as the berry
growth and sugar concentration (Zhu et al., 2018b). The robust performance of this model allows for
modelling climate effects from individual plants to fields, and for modelling plants with complex, non-
homogenous canopies. In addition, the model provides a basis for future modelling efforts aimed at
describing the physiology and growth of individual organs in relation to water status. The water
transport module of the 3D grapevine model has also been used to identify the effects of rootstocks on
scion water use under water stress (Peccoux et al., 2018). Model analysis revealed that the water-stress
resistance rootstock differed mainly at root architecture and the biosynthesis of abscisic acid (Peccoux
et al., 2018).
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5. Conclusion

Fruit growth and quality are a result of an integrative system that functions at different levels of the
plant and combines metabolic networks and biophysical processes. The interest of developing
integrative models is twofold: From the point of view of molecular biology, the existence of an
integrated, multi-scale model could offer a useful framework to interpret omics data, in relation to
environmental factors, developmental stages and agricultural practices; From an ecophysiological
perspective, the integration of cellular and molecular levels can help refine plant models, shedding
light onto the complex interplay between different spatial and temporal scales in the emerging
system response (Beauvoit et al,, 2018). In the future, the interactions among the different scales of
regulation will be further modelled to offer a model toolkit that allows more accurate predictions of
grapevine growth and berry quality elaboration under changing environments and paving a way
towards model-assisted breeding.

6. Acknowledgments

This study was supported by the European Community’s Seventh Framework Program (FP7/2007-2013)
under the grant agreement no. FP7-311775, Project INNOVINE, and the ANR project Frimouss (grant no.
ANR-15-CE20-0009)

7. Litterature cited

Beauvoit B, Belouah I, Bertin N, Cakpo CB, Colombié S, Dai Z, Gautier H, Génard M, Moing A, Roch L,
Vercambre G, Gibon Y. 2018. Putting primary metabolism into perspective to obtain better fruits.
Annals of Botany122, 1-21.

Beauvoit BP, Colombié S, Monier A, Andrieu M-H, Biais B, Bénard C, Chéniclet C, Dieuaide-Noubhani
M, Nazaret C, Mazat J-P, Gibon Y. 2014. Model-assisted analysis of sugar metabolism throughout
tomato fruit development reveals enzyme and carrier properties in relation to vacuole expansion.
Plant Cell26, 3224-3242.

Buckley TN. 2017. Modeling stomatal conductance. Plant Physiology174, 572-582.

Buckley TN, Mott KA. 2013. Modelling stomatal conductance in response to environmental factors.
Plant, Cell & Environment36, 1691-1699.

Colombié S, Nazaret C, Bénard C, Biais B, Mengin V, Solé M, Fouillen L, Dieuaide-Noubhani M, Mazat J-
P, Beauvoit B, Gibon Y. 2015. Modelling central metabolic fluxes by constraint-based optimization
reveals metabolic reprogramming of developing Solanum lycopersicum (tomato) fruit. Plant
Journal81, 24-39.

Conde BC, Silva P, Fontes N, Dias ACP, Tavares RM, Sousa MJ, Agasse A, Delrot S, Geros H. 2007.
Biochemical changes throughout grape berry development and fruit and wine quality. Food1, 1-22.

Coombe BG, McCarthy MG. 2000. Dynamics of grape berry growth and physiology of ripening.
Australian Journal of Grape and Wine Research6, 131-135.

Dai Z, Hilbert G, Gomes E, Bobeica N, Poni S, Génard M, Delrot S. 2017. Mathematic model for
simulating anthocyanin composition during grape ripening: another way of phenotyping. Acta
Horticulturae1160, 375-380.

Dai Z, Wu H, Baldazzi V, van Leeuwen C, Bertin N, Gautier H, Wu B, Duchéne E, Gomes E, Delrot S,
Lescourret F, Génard M. 2016. Inter-species comparative analysis of components of soluble sugar
concentration in fleshy fruits. Frontiers in Plant Science, 649.

Dai ZW, Vivin P, Robert T, Milin S, Li SH, Génard M. 2009. Model-based analysis of sugar accumulation in
response to source-sink ratio and water supply in grape (Vitis vinifera) berries. Functional Plant
Biology36, 527-540.

Deans RM, Brodribb TJ, McAdam SAM. 2017. An integrated hydraulic-hormonal model of conifer
stomata predicts water stress dynamics. Plant Physiology174, 478-486.

Fishman S, Génard M. 1998. A biophysical model of fruit growth: simulation of seasonal and diurnal
dynamics of mass. Plant, Cell and Environment21, 739-752.

Génard M, Bertin N, Gautier H, Lescourret F, Quilot B. 2010. Virtual profiling: a new way to analyse
phenotypes. Plant Journal62, 344-355.

June 23 -28, 2019 | Thessaloniki | Greece GJESCO Thessaloniki | 328



21st GIESCO International Meeting: ‘A Muitidisciplinary Vision towards Sustainable Viticulture’

Hall AJ, Minchin PEH. 2013. A closed-form solution for steady-state coupled phloem/xylem flow using
the Lambert-W function. Plant, Cell & Environment36, 2150-2162.

Hall AJ, Minchin PEH, Clearwater MJ, Génard M. 2013. A biophysical model of kiwifruit (Actinidia
deliciosa) berry development. Journal of Experimental Botany64, 5473-5483.

Hall AJ, Minchin PEH, Gould N, Clearwater MJ. 2017. A biophysical model of fruit development with
distinct apoplasmic and symplasmic pathways. International Society for Horticultural Science (ISHS),
Leuven, Belgium, 367-374.

Hilbert G, Soyer JP, Molot C, Giraudon J, Milin S, Gaudillere JP. 2003. Effects of nitrogen supply on must
quality and anthocyanin accumulation in berries of cv. Merlot. Vitis42, 69-76.

Keller M. 2010. Managing grapevines to optimise fruit development in a challenging environment: a
climate change primer for viticulturists. Australian Journal of Grape and Wine Research16, 56-69.

Kuhn N, Guan L, Dai ZW, Wu B-H, Lauvergeat V, Gomes E, Li S-H, Godoy F, Arce-Johnson P, Delrot S.
2014. Berry ripening: recently heard through the grapevine. Journal of Experimental Botany65, 4543-
4559,

Lecourieux F, Kappel C, Pieri P, Charon J, Pillet J, Hilbert G, Renaud C, Gomes E, Delrot S, Lecourieux D.
2017. Dissecting the biochemical and transcriptomic effects of locally applied heat treatment on
developing Cabernet Sauvignon grape berries. Frontiers in Plant Science8.

Liu HF, Génard M, Guichard S, Bertin N. 2007. Model-assisted analysis of tomato fruit growth in relation
to carbon and water fluxes. Journal of Experimental Botany58, 3567-3580.

Martinez-Lischer J, Morales F, Sanchez-Diaz M, Delrot S, Aguirreolea J, Gomeés E, Pascual I. 2015.
Climate change conditions (elevated CO, and temperature) and UV-B radiation affect grapevine (Vitis
vinifera cv. Tempranillo) leaf carbon assimilation, altering fruit ripening rates. Plant Science236, 168-
176.

Martre P, Bertin N, Salon C, Génard M. 2011. Modelling the size and composition of fruit, grain and seed
by process-based simulation models. New Phytologist191, 601-618.

Minchin PEH, Lacointe A. 2017. Consequences of phloem pathway unloading/reloading on equilibrium
flows between source and sink: a modelling approach. Functional Plant Biology, -.

Moriondo M, Ferrise R, Trombi G, Brilli L, Dibari C, Bindi M. 2015. Modelling olive trees and grapevines
in a changing climate. Environmental Modelling & Software72, 387-401.

Peccoux A, Loveys B, Zhu J, Gambetta GA, Delrot S, Vivin P, Schultz HR, Ollat N, Dai Z. 2018. Dissecting
the rootstock control of scion transpiration using model-assisted analyses in grapevine. Tree
Physiology38, 1026-1040.

Poni S, Gatti M, Palliotti A, Dai Z, Duchéne E, Truong T-T, Ferrara G, Matarrese AMS, Gallotta A,
Bellincontro A, Mencarelli F, Tombesi S. 2018. Grapevine quality: A multiple choice issue. Scientia
Horticulturae234, 445-462.

Rienth M, Torregrosa L, Luchaire N, Chatbanyong R, Lecourieux D, Kelly M, Romieu C. 2014. Day and
night heat stress trigger different transcriptomic responses in green and ripening grapevine (vitis
vinifera) fruit. BMC Plant Biology14, 108.

Rienth M, Torregrosa L, Sarah G, Ardisson M, Brillouet J-M, Romieu C. 2016. Temperature
desynchronizes sugar and organic acid metabolism in ripening grapevine fruits and remodels their
transcriptome. BMC Plant Biology16, 1-23.

Sadras VO, Collins M, Soar CJ. 2008. Modelling variety-dependent dynamics of soluble solids and water
in berries of Vitis vinifera. Australian Journal of Grape and Wine Research14, 250-259.

Sadras VO, Moran MA. 2012. Elevated temperature decouples anthocyanins and sugars in berries of
Shiraz and Cabernet Franc. Australian Journal of Grape and Wine Research18, 115-122.

Sadras VO, Petrie PR. 2011. Climate shifts in south-eastern Australia: early maturity of Chardonnay,
Shiraz and Cabernet Sauvignon is associated with early onset rather than faster ripening. Australian
Journal of Grape and Wine Research17, 199-205.

Soar CJ, Sadras VO, Petrie PR. 2008. Climate drivers of red wine quality in four contrasting Australian
wine regions. Australian Journal of Grape and Wine Research14, 78-90.

Soubeyrand E, Basteau C, Hilbert G, van Leeuwen C, Delrot S, Gomeés E. 2014. Nitrogen supply affects
anthocyanin biosynthetic and regulatory genes in grapevine cv. Cabernet-Sauvignon berries.
Phytochemistry103, 38-49.

Soubeyrand E, Colombié S, Beauvoit B, Dai Z, Cluzet S, Hilbert G, Renaud C, Maneta-Peyret L, Dieuaide-
Noubhani M, Mérillon J-M, Gibon Y, Delrot S, Gomes E. 2018. Constraint-based modeling highlights
cell energy, redox status and a-ketoglutarate availability as metabolic drivers for anthocyanin
accumulation in grape cells under nitrogen limitation. Frontiers in Plant Science9, 421.

June 23 -28, 2019 | Thessaloniki | Greece GJESCO Thessaloniki | 329



21st GIESCO International Meeting: ‘A Muitidisciplinary Vision towards Sustainable Viticulture’

Sweetman C, Sadras VO, Hancock RD, Soole KL, Ford CM. 2014. Metabolic effects of elevated
temperature on organic acid degradation in ripening Vitis vinifera fruit. Journal of Experimental
Botany65, 5975-5988.

Tardieu F, Parent B. 2017. Predictable ‘meta-mechanisms’ emerge from feedbacks between transpiration
and plant growth and cannot be simply deduced from short-term mechanisms. Plant, Cell &
Environment40, 846-857.

Uys L, Botha FC, Hofmeyr J-HS, Rohwer JM. 2007. Kinetic model of sucrose accumulation in maturing
sugarcane culm tissue. Phytochemistry68, 2375-2392.

van Leeuwen C, Schultz HR, Garcia de Cortazar-Atauri |, Duchéne E, Ollat N, Pieri P, Bois B, Goutouly J-
P, Quénol H, Touzard J-M, Malheiro AC, Bavaresco L, Delrot S. 2013. Why climate change will not
dramatically decrease viticultural suitability in main wine-producing areas by 2050. Proceedings of
the National Academy of Sciences110, E3051-E3052.

Wang S, Tholen D, Zhu X-G. 2017. C4 photosynthesis in C3 rice: a theoretical analysis of biochemical and
anatomical factors. Plant, Cell & Environment40, 80-94.

Zhu J, Dai Z, Vivin P, Gambetta GA, Henke M, Peccoux A, Ollat N, Delrot S. 2018a. A 3-D functional-
structural grapevine model that couples the dynamics of water transport with leaf gas exchange.
Annals of Botany121, 833-848.

Zhu J, Génard M, Poni S, Gambetta GA, Vivin P, Vercambre G, Trought MCT, Ollat N, Delrot S, Dai Z.
2018b. Modelling grape growth in relation to whole-plant carbon and water fluxes. Journal of
Experimental Botany, ery367-ery367.

Zhu et al, 2018b Vlnevarg.s

107

---Pieri et al,, 2010a,b

104
________ Peccoux et al, 2018
102 Zhu et al, 2018a
100 Dai et al., 2009
y il alalely SEEL | EELLEE T Paiet al, 2016

Prudent et al,, 2014

104 I P = BN /U P SRR Soubeyrand et al, 2018

Temparal Scales (s)
[
o

e o Gatlusci et al., 2017
« Molecule
102

1010 1078 106 1074 1072 100 102
Spatial Scales (m)

Fig. 1. Schematic representation of regulation of grapevine growth and the elaboration of grape berry
quality at multi-scales. Main modeling results focused on each scale at laboratory EGFV are indicated.
(The schema was modified based on Marshall-Colon et al., 2017. Front. Plant Sci 8:786)
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the low nitrogen induced biosynthesis of

anthocyanins (Soubeyrand et al., 2018). The flux map indicated that anthocyanin biosynthesis acts as an

energy escape valve in grape cells under low nitrogen conditions.
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Fig. 4. A functional-structural plant model has been developed to simulate vine functioning and berry growth. The
model includes 4 main modules including leaf gas exchange module, water flux module, carbon distribution module
and berry growth module (Zhu et al., 2018a; Zhu et al., 2018b). The berry growth module was adapted from a

biophysical fruit growth model describing water and carbon balances over fruit development (Fishman and Génard,
1998). The model can well simulate the effect of CO,, light conditions and water stress on leaf transpiration and
photosynthesis (Zhu et al., 2018a), and the effect of leaf-to-fruit ratio on berry growth (Zhu et al., 2018b). Points are

observed values and lines for model simulations
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