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Résumé

Sous contrainte hydrique, les plantes limitent leur transpiration en diminuant leur croissance foliaire,
économisant ainsi I'eau pour la fin du cycle de culture. Une forte variabilité génétique a été observée chez le
mais pour les processus impliqués dans cette réponse. Le compromis entre transpiration et photosynthese
implique qu’une forte plasticité n’est pas toujours avantageuse car elle diminue aussi I'accumulation de
biomasse et le rendement. Un génotype qui maximise la production dans un environnement sec n’est donc pas
le meilleur dans un autre environnement sec. Le but de cette thése était de prédire quelles combinaisons de
traits reliés a la croissance foliaire aboutissent aux meilleurs rendements dans différents environnements
européens. Pour cela, (i) jai montré que les contrGles environnementaux et génétiques different entre
I’élongation et I'élargissement foliaires, et établi/testé les équations décrivant ces contrdles. (ii) J’ai développé
un modele de croissance foliaire, en restant parcimonieux en parametres et en veillant a ce que les paramétres
soient mesurables en plateformes de phénotypage. (iii) J’ai développé un cadre de simulation qui inclut 36 ans
de conditions climatiques et les pratiques agricoles dans 59 sites de culture du mais en Europe, ainsi que la
paramétré 254 hybrides de mais qui maximisent la diversité génétique. (iv) Ce cadre d’analyse a été utilisé pour
prédire la durée de cycle optimale dans chacun des environnements étudiés, sous les conditions climatiques
présentes et futures. (v) J'ai utilisé le cadre de simulation et ces durées de cycle adaptées pour déterminer les
meilleurs idéotypes de croissance foliaire adaptés aux différent scenarios environnementaux. Les résultats
montrent que les variétés sensibles sont adaptées a I'Europe du sud en condition non-irriguées alors que
I'opposé est adapté au nord ou en condition irriguée. Cependant, les meilleures combinaisons de parameétres
déterminées dans un espace phénotypique non contraint n’étaient pas disponible dans la diversité génétique
observée. Cette these fournit aux sélectionneurs des éléments sur les combinaisons de traits qui fournissent un
avantage comparatif dans chaque environnement ainsi que le contour des possibles dans la diversité génétique
observée.

Mots- clés : croissance foliaire ; mais (Zea Mays L.); modeéle de culture APSIM; idéotype; espace phénotypique

Abstract

Under soil water deficit, plants limit transpiration by decreasing leaf area to save water for the end of the crop
cycle. A large genetic diversity has been observed in maize for the processes involved in this response. Because
of the trade-off between transpiration and photosynthesis, a high plasticity is not always beneficial because it
also reduces biomass accumulation and grain yield. The genotype that maximises production in one dry
environment therefore does not always perform the best in another dry environment. The aim of this thesis
was to predict which combination of trait values related to leaf growth would be beneficial in the diversity of
European environments. For this purpose, (i) | have shown that genetic and environmental controls differ
between leaf elongation and widening, and established/tested the equations that describe these controls. (ii) |
have developed a model of leaf development and expansion, with a particular attention to the parsimony for
parameter number and to the possibility of measuring parameter values in phenotyping platforms. (iii) | have
developed a simulation framework including 36 years of environmental conditions and management practices
of 59 European fields, together with the parameterisation of 254 maize hybrids maximising the maize genetic
diversity. (iv) This framework has been used to simulate the optimum crop cycle duration for each site and
management practice in current and future conditions. (v) The simulation framework and the adapted cycle
duration were then used to determine ideotypes of leaf growth adapted to the different environmental
scenarios. Results indicate that sensitive hybrids perform better in southern Europe under rainfed conditions
while less-sensitive genotypes perform better in northern Europe or in irrigated fields. However, the best
combinations of parameters determined in an unconstrained phenotypic space were not available in the
observed genetic diversity. Overall, this study provides elements on where and when a combination of trait
values can give a comparative advantage on vyield, together with the boundary of possibilities within the
current genetic diversity.

Key-words: leaf growth; maize (Zea Mays L.); crop model APSIM; ideotype; phenotypic space
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Introduction

General context

Maize (Zea mays L.) is one of the most important crop worldwide with the 2™ harvested area (1.85
million hectares for a production of more than one billion tons) after wheat and before rice
(FAOSTAT, 2014 and 2013%). In Europe, it reaches 25% of crop area, 37% of the grain production
(FAOSTAT, 2014%) and is therefore one of the most important European agricultural products. Maize
production is mostly used as feed for livestock, starch production, ethanol production or directly for
human consumption. The origins of cultivated maize began around 9000 years ago (7000 BC) in the
highlands of Mexico (Tenaillon and Charcosset, 2011) from domestication of a wild grass (téosinte)
by native Americans. From there, it spread through the American continent and it is believed that it
has been introduced in Europe after Christopher Columbus’s first and second trip to the Americas at
the end of the 15" century The first maize hybrids were developed around the 1930s, in the context
of modern crop breeding that allowed a steady rise of yield over years after that (Tenaillon and
Charcosset, 2011). One can still foresee major problems for maize production in a near future. Food
demand will largely depend on population rise. Experts estimate an addition of another 3 billion
persons in the 2050s to reach 10 billion (UN, 2015%). Moreover, the growth in wealth from past
developing country such as China should increase meat consumption (Godfray et al., 2010) which will
in turn increase the demand for livestock feed such as maize. To meet those future needs, crop
production should at least double in the future (Fedoroff et al., 2010). This is in spite of the fact that
climate change concerns are rising, with higher temperatures and lower precipitations in summer in
southern maize growing areas (Olesen et al., 2011) implying higher risks of yield loss. Finally, policies
pressure to decrease water and soil pollution imply that future agriculture would use less agricultural
inputs (Tanentzap et al., 2015).

Yield increase will largely depend on the breeding of new cultivars adapted to the diversity of
European environments and market requirements (Jeuffroy et al., 2014). Genetic progress and plant
breeding focuses on increasing harvested plant production (either grain yield or biomass production
for silage). Methods usually involve the selection and breeding of a trait of interest, through
conventional or molecular breeding, and experiments to test and select genotypes in contrasted
environments to assess their potential effectiveness. Currently, most of the experiments for cultivar
selection use networks of field experiments to assess the suitability of a cultivar to target population
of environments. In many countries, resulting varieties are then tested for receiving approval in
networks of experiments over a few years, thereby considering a small fraction of the climatic
variability for each target environment. A new possibility for testing more environments is to use
crop modelling and in silico analyses to simulate crop behaviour in a higher number of environmental
scenarios (Hammer et al., 2002), for both current and future climatic conditions. This can provide
potential pathways of crop improvement by analysing traits giving comparative advantages in
contrasted environmental scenarios (Messina et al., 2009). My thesis aims at providing new elements
in this effort.

Maize is an annual crop and monoecious specie of the Poaceae family. It is usually sown in early
spring (April or May in the northern hemisphere), to avoid frost early in the plant season (Janda et

! http://www.fao.org/faostat/en/#thome, consulted on the 16/01/2017.
? http://www.un.org/en/development/desa/news/population/2015-report.html, consulted on the 16/10/2017
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al., 2003). When environmental conditions are dry, as in southern Europe, and when water is
available and economical strategies permit it, maize is usually grown under irrigated conditions. In
more humid environments, as in Northern Europe, it is possible to grow maize under rainfed
conditions. However, a large proportion of cultivated maize suffers temporal water deficits, and this
proportion will likely increase in the future (see above). Leaf growth is impacted by changes in soil
water status and evaporative demand (Chenu et al., 2008). When subjected to scarce water
resources, plant limit their transpiration via several mechanisms to avoid further water loss. First
plant limits transpiration by decreasing leaf area. Second, when plant water status decreases due to
evaporative demand or soil water deficit, a combination of hydraulic and chemical signals induces
stomatal closure (Tardieu et al.,, 2015). This leads to decreasing plant transpiration, thereby
maintaining leaf water potential at higher values (Tardieu et al., 2000), but in turn reduce
photosynthesis and future biomass accumulation. There is therefore a trade-off between biomass
accumulation and stress avoidance via limiting transpiration (Tardieu and Tuberosa, 2010). Studies of
the sensitivity of leaf growth to soil water status and evaporative demand showed genotype specific
responses for these parameters (Salah and Tardieu, 1996; Reymond et al., 2003). The diversity of
responses can therefore have opposite effects depending on the drought scenario. For example,
sensitive genotypes which strongly decrease leaf expansion under drought can save water for later
stages of the crop cycle such as grain filling in case of severe stress, but this strategy is not beneficial
in most of environmental scenarios involving milder water deficit because it decreases light
interception (Chenu et al., 2009). The genotype that could maximise production in one environment
is therefore not the best one in other environments, highlighting a high genotype by environment
interaction on these traits (Tardieu, 2012). An efficient way to tackle with these trade-offs to
maximise production is to perform simulations over long temporal series, aiming at predicting, in
each studied site, the optimum between water saving and carbon capture via the control of leaf
growth. The main aim of my thesis was to develop a model that tackles the genetic variability of leaf
growth and development in response to environmental conditions, thereby allowing the simulation of
leaf area, transpiration and biomass accumulation in a range of environmental scenarios.

Crop models to predict the impact of the genetic variability

According to Sinclair & Seligman (1995,) crop models are “computerized simulations of dynamic crop
systems”. They are mathematical frameworks to simulate the growth and development of the crop
and its response to management and environmental factors. Model formalisms were developed to
simulate complex and integrative traits such as leaf area, biomass accumulation or water use of the
plant. Such formalisms can capture the dynamics of plant growth and development, and its
interaction with the environment and management, to bring an integrated perspective of the
influence of environment (E), genetics (G), management (M) and their respective interactions
(GXExM) on traits of interest (Tardieu, 2003; Hammer et al., 2006).

The first crop models where developed in an academic context. The interest quickly grew and crop
management was taken into account to answer specific agronomical requirements with models like
GOSSYM (Whisler et al., 1986), CERES (Timsina and Humphreys, 2006), APSIM (Keating et al., 2003)
or CROPGRO (Jones et al., 2003). These models were designed for specific crops as opposed to more
generic models like STICS (Brisson et al., 1998), EPIC (Kiniry et al., 1995) or CROPSYST (Stockle et al.,
2003). As climate change concerns are rising, crop models have been used to simulate crop
development in projected climatic conditions, studying the potential impact of climate change on
agriculture in a specific period. While management and environmental responses have been largely
studied in the last decades, the genetic part has received less attention. Indeed, because crop models
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have been developed for the above uses and not for studying the impact of the genetic variability on
yield, most of these models consider plant parameters as being constant for the whole species.

However, a crop model with genetic input could potentially indicate which combination of trait
values would be beneficial in such or such environmental scenario. This necessitates combining crop
models with genetic parameters and measurements of the genetic variability (Parent and Tardieu,
2014). This is only possible if the models have the capacity to simulate genetic by environment
interactions (i.e.: response of plant to specific environmental conditions using genotypic
parameters). If the model design is convenient, it can be used to analyse the sensitivity of a given
trait to environmental variables by analysing end of season as well as intermediate variables, guiding
breeders to investigate on specific processes. Hoogenboom et al. (2004) classified crop models in six
different levels according to genetic details in crop simulation, from generic models without any
reference to species (level 1), to models including gene regulators and metabolites actions on genes
(level 6). For example, in the APSIM model, plant species only differ by the shapes and thresholds of
their response functions to environmental conditions (Keating et al., 2003). This category of model
(including genetic differences defined by cultivar-specific parameters) is situated at the third level in
the classification and is the last step before the incorporation of complex genetic ("gene-to-
phenotype") parameters into the crop model itself. Parameters of these models can be either generic
(the same for all simulated species), species-dependent (different for each specie) or
variety/genotype specific (different for all species and genotypes). Different approaches can be used
for parameter estimation, either through calibration by using optimisation algorithm on specific
environmental scenarios, or by direct measurement. The first approach uses computer simulations to
evaluate the set of parameters that minimize the differences between model simulation and
measured data (Guérif and Duke, 2000) while the second approach aims at calculating parameters
values that (i) describe cultivar specific responses derived from experiments and (ii) are measurable
in phenotyping facilities (Parent and Tardieu, 2014).

For decades, measuring genetic parameters on a large number of genotypes was not possible and
most models used common parameters within each species and these parameters were most often
optimised. The development of phenotyping platform (Tardieu et al., 2017) now allows measuring
several traits such as leaf expansion and responses to the environment at high throughput, on
hundreds of genotypes. Raw data can then be analysed to define crop or cultivar specific parameters
that can be used in crop models. As an example, the phyllochron (reciprocal of the slope of the linear
model describing leaf appearance rate as a function of thermal time) is a variable that is easily
calculated based on experimental data and that is used in crop model as a base to define leaf area
dynamic during the vegetative phase. Because phenotyping platform can be environmentally
controlled, they allow the measurements of complex traits describing the plant responses to
environmental variables (such as light, evaporative demand or soil water deficit). Measurements and
analysis of data from phenotyping platforms can therefore provide the right framework to develop
new formalisms linked to measured genetic traits. In my thesis, we have finally used three categories
of parameters: (i) parameters that can be measured/calculated, (ii) parameters that are optimised
and (iii) parameters whose values are specific to the specie and not the genotype, and that will stay
constant within each species. As a result, an important part of the calibration work was to sort out
which parameters belong to each section (measured / optimised / fixed).

If the model has been developed to include genetic diversity and if parameters are measured
for a high number of genotypes and explore the genetic variability of traits of interest, one
could simulate plant production of several genotypes in different environmental scenarios. It can be
used to determine the best genotype or the best set of parameters that maximises yield in target



environmental conditions. This procedure of exploring the traits of interest and their potential
adaptation through crop modelling is called ‘ideotyping’ (Casadebaig et al., 2011; Asseng et al., 2014;
Rotter et al., 2015) and can indicate potential crop improvements by summarising the traits more
suitable in each specific environment (Jeuffroy et al., 2014; Perego et al., 2014).

In this context, the definition of the phenotypic space of parameters (the ensemble of possible
combinations of trait values), becomes of great importance if results aim at being used by breeders.
Studying correlations between parameter values allows the bounding of the possible parameter
combinations, and highlight potential trade-offs between traits (Townsend et al., 2017).While
exploring a range of parameter values, this a priori information on the phenotypic space can
therefore indicate if an ideotype of interest could be attainable by breeding regarding physiological
and physical constraints (Yin et al., 2003).

Elements on the vegetative development of maize

The maize cycle is characterized by three main phases, namely the vegetative phase until all leaves
have completed their growth, flowering time during which reproductive organs rapidly grow and
grain filling during which the ear grows until maturity (Fig. 0.1, A). The development of the root
system essentially occurs during the vegetative and flowering periods. In European material in which
flowering time is independent of photoperiod, the duration of each of these three phases occurs
during a period of time that essentially depends on the temperature of the plant meristems. The
latter can be approximated by air temperature, in such a way that each maize line or hybrid can be
characterized by the duration of each phase, calculated in time corrected for temperature, named
thermal time hereafter (°C d). My thesis essentially involves the vegetative phase.

The vegetative phase consists of a rapid leaf and root growths, which allow maximising intercepted
radiation, water capture and biomass production. Leaves are initiated on the meristematic zone at
regular intervals of thermal time, resulting in a series of leaves of different ages located at different
ranks, with most recent leaves at highest positions on the stem. Because the meristem is hidden by
older leaves, leaf initiation cannot be observed directly unless the plant is dissected. Leaves then
appear sequentially when their tips become visible above older leaves that are organized as a whorl
(Fig. 0.1, B). After floral initiation, leaf initiation ends and male inflorescence develops. Typically,
floral initiation on the meristem occurs at the middle of the vegetative phase, when half of the final
number of leaves is visible (e.g. 9 visible leaves for a plant that has 18 leaves in total). Internodes
then elongate, in such a way that leaves are located at different heights on the stem.

Once a leaf is initiated, tissue expansion and cell division take place in a zone located at the base of
the leaf, from its insertion point to few centimetres beyond it (Fig. 0.1 C, Nelissen et al., 2016) so that
the appeared part of the leaf is mature and does not grow but is pushed by earlier tissues that
expand inside the whorl (Ben-Haj-Salah and Tardieu, 1995). In optimal growth conditions, this
expansion can be separated into two phases : (i) a first phase of exponential leaf elongation rate,
happening before leaf emergence from the whorl, and (ii) a second, phase characterised by a linear
expansion of the leaf with thermal time (Muller et al., 2001). The end of leaf elongation occurs with
the ligule appearance, as a small collar at the junction of the leaf sheath and laminae (Stewart and
Dwyer, 1994).

The ear is initiated one phyllochron after floral transition, a few leaf ranks above the midsection of
the plant. It grows during the second half of the vegetative period, whereas the initiation of ovaries
and silks occur during the last phyllochrons before male flowering (Anthesis). The latter occurs one to
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two phyllochrons after appearance of the last leaf. Female flowering (silking) occurs a few days later,
with a anthesis silking interval (ASl) that has a major impact on abortion rate (Bolanos and
Edmeades, 1996). ASI tends to increase with water deficit, and has tended to decrease with
generations of selection (Bolanos and Edmeades, 1996). Hybrids released in the 1970s had an ASI of
typically 5-8 days, whereas modern hybrids present nearly synchronous anthesis and silking. The
number of grains on an ear is closely related to the amount of biomass accumulated by the plant
(plant growth rate) around flowering (Andrade et al., 1999), and the type and intensity of stresses

encountered by the crop around and before flowering. Abortion rate is closely related to the timing
and rate of silk growth (Oury et al., 2016).
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Figure 0.1: Phenological stages and leaf elongation in maize.

(A) Phenological stages as divided into a vegetative, reproductive and grain filling phase until maturity
(Clarrie Beckingham, 2007) Accessible at :
http://www.dpi.nsw.gov.au/agriculture/horticulture/vegetables/commodity-growing-guides/sweet-corn

(B) Phenological stages during the vegetative phase are based on the observation of appeared and ligulated

leaves. Stages are labelled as « stage (n) leaves » counting the number of leaves starting from the lowermost
visible.

(C) Schematic overview of the growth of dicot and monocot leaves. The yellow color indicates the cells that
are actively dividing. The arrows indicate the end of the exponential growth (Nelissen et al., 2016)
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Overview of the approach used in this thesis

This thesis aims at (i) analysing the genetic variability of leaf growth and of its dynamic responses to
environmental condition, (ii) assessing the consequences of the resulting differences in leaf area on
yield in environmental scenarios over Europe. The model itself and its parameterisation for a large
maize genetic diversity were not available at the beginning of my thesis, so | have used an approach
summarised in Figure 0.1.

A module of leaf growth and development for individual leaves was previously developed in APSIM
and worked as a proof of concept in Chenu et al., 2008, 2009. However, this module worked only for
virtual genotypes with a common number of leaves, with no link with the diversity of phenology and
final leaf number. In addition, leaf widening was considered constant for all genotypes and not
responding to environmental conditions. Finally, the number of involved parameters was too high to
allow their measurement for a large number of genotypes. In the first part of my thesis, | have
therefore analysed the responses of leaf elongation and widening to environmental conditions such
as light, evaporative demand and soil water deficit (Chapter 1).

This has resulted in a new model of leaf development, leaf expansion and sensitivities to
environmental conditions, which can be used for a large number of maize hybrids in many
environmental conditions, and for parameters can be measurable in an phenotyping platform such as
PhenoArch in LEPSE (Phenotyping facilities MP3, INRA-LEPSE, Montpellier, France®)(Chapter 2).

| then included this module in a framework of simulation for which | have calculated parameter
values for 254 maize hybrids previously analysed in the field and in phenotyping platforms (European
Project DROPS and national project Amaizing). | have developed tools to simulate these genotypes in
sites covering the European area in which maize is grown, for different irrigation scenarios. Other
parameters not measured in this thesis (not related to plant growth and development) were either
kept constant or optimised based on field experiments carried out in the DROPS project.
Management practices (sowing density, fertilisation, etc...), phenology and yield were collected from
available databases in order to test and validate the model. This has resulted in a simulation
framework of 59 sites covering the European maize growing area, with three watering scenarios,
together with the parameterisation of 254 maize hybrids from the DROPS panel (Chapter 3).

Testing genotypes not adapted for cycle duration to each site would result in non-realistic outputs in
which yield can be very low due to reasons that are far from those linked to leaf expansion and
sensitivities to environmental conditions. Indeed, a genotype whose cycle duration would be too
short would flower earlier in the season compared to those grown by farmer in the considered
region. Simulated yield would therefore be lower than those observed in farmer’s fields in the
considered region due to low intercepted radiation. In the same way, a genotype with too long cycle
duration would start grain filling in autumn, a situation that is avoided by farmers who choose
genotypes early enough to avoid the risks of senescence before the end of grain filling or of the
impossibility to harvest because of wet conditions. | have therefore contributed to a study aiming at
predicting the best ideotypes for crop cycle duration in present and future conditions, and its impact
on yield (Chapter 4). This study used the model and the simulation framework that | have developed.

The first four Chapters of my thesis therefore aimed at developing a framework for the analysis of
the impact of the genetic diversity of leaf expansion and development on final yield in various

? https://www6.montpellier.inra.fr/lepse/M3P/plateforme-PHENOARCH
https://www6.montpellier.inra.fr/lepse/M3P/plateforme-PHENODYN



https://www6.montpellier.inra.fr/lepse/M3P/plateforme-PHENOARCH
https://www6.montpellier.inra.fr/lepse/M3P/plateforme-PHENODYN

environmental conditions over Europe, with (i) a model of leaf development and expansion adapted
to a large genetic diversity, (ii) the parameterisation for 254 maize hybrids, (iii) a simulation
framework of 59 European sites and (iv) an adapted crop cycle duration depending on site and
irrigation strategy.

Using these tools, | have simulated in chapter 5 the consequence on yield of the set of parameter
values that | observed in the 254 hybrids. A particular effort was made to define the phenotypic
space, either taken as non constrained by relationship between parameter values, or constrained as
observed in the 254 hybrids. This chapter shows the large impact on yield of the maize genetic
diversity on parameters linked to leaf expansion. Ideotypes depended on latitude and environmental
conditions and the model was able to simulate observed Genotype by Environment Interactions.
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Figure 0.1: lllustration of the approach of the thesis. Roman numbers and colors refer to the five different
chapters.



Chapter 1 (Fig. 0.1; 1): Distinct controls of leaf widening and elongation by light and
evaporative demand in maize

In this chapter, | have studied the dynamic responses of leaf widening and elongation to
environmental conditions such as light, evaporative demand and soil water deficit. This work was
based on several datasets of dynamics experiments in the field and in phenotyping platform to
estimate potential effects of environmental variables on each of the two dimension of leaf
expansion. | did not perform all experiments presented in this chapter, but | re-analysed all these
datasets. Leaf elongation and widening were studied with contrasted conditions of evaporative
demand and light. Results showed that leaf elongation was mostly sensitive to the evaporative
demand while leaf widening was mostly sensitive to intercepted radiation. This has led to the
development of formalisms that allowed simulation of individual leaf expansion and widening,
through phases of leaf development. These formalisms were then used to calculate final leaf
dimensions in a network of sites around Europe and compared to available measurements for a
reference genotype. Because the model predicted well the final dimensions, | studied datasets of leaf
width and length that | measured in the field and in the phenotyping platform PhenoArch for a set of
254 genotypes (DROPS panel) to perform genetic analyses on both variables. Overall, this work
showed that leaf widening and elongation had distinct physiological and genetic controls. This
chapter resulted in a paper published during my PhD thesis (Lacube et al., 2017).

Chapter 2 (Fig. 0.1; Il) : A model of leaf development, leaf expansion and grain number to
study the impact of the genetic variability of leaf growth on maize yield in contrasting
environmental scenarios.

The second chapter presents the development of a leaf growth module that included formalisms
developed in Chapter 1, adapted to a large genetic diversity of final leaf number and crop cycle
duration and with parameter easily measurable in phenotyping platforms. The initial APSIM model is
based on a canopy growth (big leaf) and only includes a rate of leaf initiation and appearance used
for the determination of maximum number of leaf in relation with photoperiod. A first effort has
consisted in including individual leaf expansion and responses to environmental conditions, by using
experimental data that allowed me to parameterise a model of leaf growth and development,
simulating the elongation of the leaf through thermal time and its responses to soil water deficit and
evaporative demand. Several problems remained after this step. Phenology and crop cycle duration
were common to all genotypes and therefore not adapted to simulate genotypes on a gradient of
latitude over Europe. Secondly, leaf widening was constant and results from Chapter 1 had to be
included. Finally, the resulting number of parameters was too high and difficult to measure in
phenotyping platforms. Therefore, | redesigned most of the formalisms with simplifications based on
experimental datasets. Formalisms regarding leaf elongation and widening, developed in Chapter 1,
where implemented in the model, and parameters were estimated from several existing experiments
for a panel of genotype in the phenotypic platforms PhenoArch and PhenoDyn in LEPSE. The model
was tested on measured data over a network of field experiments.



Chapter 3 (Fig. 0.1; 1ll): Simulation framework to study the impact of genetic variability of
leaf expansion processes on maize yield over European environmental scenarios.

| needed to develop a framework of simulation, including the development of programming tools to
perform large number of simulations in an automatized way with the APSIM model, the
parameterisation of sites in Europe, and further minor developments on the model to be able to
simulate genotypic variability on plant crop cycle. The development and test of the modelling
framework were adapted from previous works of the APSIM Team of Toowoomba (CSIRO, Australia),
with whom | have worked in close collaborations during the first years of my PhD period.

Chapter 4 (Fig. 0.1; IV): Future European maize production may be maintained if farmers
adapt crop cycle duration.

In order to test he genetic diversity of leaf growth in the 59 sites, | needed an adapted phenology and
crop cycle duration for each site and management practice. | have therefore contributed to this work
aiming at testing the impact on yield of current and future adaptation of crop cycle duration. In this
work, we have estimated the best adapted phenology in the European grid of environments.
Simulations were performed on a set of 59 sites across Europe in fully irrigated, rainfed and irrigated
conditions, in 36 years of current and future climatic conditions.

Chapter 5 (Fig. 0.1; V): Simulation of leaf growth ideotypes over Europe in water stress
conditions.

In chapter 5, the same network of sites was used for the simulation of 254 hybrids of the DROPS
panel (parameterised in chapter 2), in the same three water conditions of Chapter 4. The genotypic
parameters representing genotypes were the parameters describing leaf potential growth, leaf
elongation sensitivity to soil water deficit (linked to sensitivity of leaf growth to vapour pressure
deficit), and the sensitivity of leaf widening to plant intercepted radiation. The other genotypic
parameters in the model remained constant between genotypes, and the values used where those of
the best adapted phenology in each site in fully irrigated conditions defined from Chapter 4. Two
approaches were considered. A first approach considered an unconstrained phenotypic space
defined by a grid of values considering all combinations of the three considered parameters. A
second approach considered sets of observed values in a panel of 254 maize parameterised in
Chapter 1,2 and 3. Both approaches resulted in contrasting ideotypes in different drought scenarios,
with conservative genotypes resulting in higher yields in southern region under rainfed conditions
and genotypes maximising the use of resources showing comparative advantages in northern Europe
and in irrigated fields. However, the best combinations of parameters determined in the
unconstrained phenotypic space were not available in the observed genetic diversity.



References

Andrade FH, Vega C, Uhart S, Cirilo A, Cantarero M, Valentinuz O (1999) Kernel Number
Determination in Maize. Crop Science 39: 453-459

Asseng S, Ewert F, Martre P, Rotter RP, Lobell DB, Cammarano D, Kimball BA, Ottman MJ, Wall GW,
White JW, Reynolds MP, Alderman PD, Prasad PVV, Aggarwal PK, Anothai J, Basso B,
Biernath C, Challinor AJ, De Sanctis G, Doltra J, Fereres E, Garcia-Vila M, Gayler S,
Hoogenboom G, Hunt LA, lzaurralde RC, Jabloun M, Jones CD, Kersebaum KC, Koehler AK,
Miiller C, Naresh Kumar S, Nendel C, O’Leary G, Olesen JE, Palosuo T, Priesack E, Eyshi
Rezaei E, Ruane AC, Semenov MA, Shcherbak I, Stockle C, Stratonovitch P, Streck T, Supit |,
Tao F, Thorburn PJ, Waha K, Wang E, Wallach D, Wolf J, Zhao Z, Zhu Y (2014) Rising
temperatures reduce global wheat production. Nature Climate Change 5: 143-147

Ben-Haj-Salah H, Tardieu F (1995) Temperature affects expansion rate of maize leaves without
change in spatial distribution of cell length (analysis of the coordination between cell division
and cell expansion). Plant Physiology 109: 861-870

Bolanos J, Edmeades G (1996) The importance of the anthesis-silking interval in breeding for drought
tolerance in tropical maize. Field Crops Research 48: 65-80

Brisson N, Mary B, Ripoche D, Jeuffroy MH, Ruget F, Nicoullaud B, Gate P, Devienne-Barret F,
Antonioletti R, Durr C, Richard G, Beaudoin N, Recous S, Tayot X, Plenet D, Cellier P,
Machet J-M, Meynard JM, Delécolle R (1998) STICS: a generic model for the simulation of
crops and their water and nitrogen balances. I. Theory and parameterization applied to
wheat and corn. Agronomie 18: 311-346

Casadebaig P, Guilioni L, Lecoeur J, Christophe A, Champolivier L, Debaeke P (2011) SUNFLO, a
model to simulate genotype-specific performance of the sunflower crop in contrasting
environments. Agricultural and Forest Meteorology 151: 163-178

Chenu K, Chapman SC, Hammer GL, McLean G, Salah HB, Tardieu F (2008) Short-term responses of
leaf growth rate to water deficit scale up to whole-plant and crop levels: an integrated
modelling approach in maize. Plant Cell Environ 31: 378-391

Fedoroff NV, Battisti DS, Beachy RN, Cooper PJM, Fischhoff DA, Hodges CN, Knauf VC, Lobell D,
Mazur BJ, Molden D, Reynolds MP, Ronald PC, Rosegrant MW, Sanchez PA, Vonshak A, Zhu
JK (2010) Radically Rethinking Agriculture for the 21st Century. Science (New York, N.Y.) 327:
833-834

Godfray HCJ, Beddington JR, Crute IR, Haddad L, Lawrence D, Muir JF, Pretty J, Robinson S, Thomas
SM, Toulmin C (2010) Food Security: The Challenge of Feeding 9 Billion People. Science 327:
812-818

Guérif M, Duke CL (2000) Adjustment procedures of a crop model to the site specific characteristics
of soil and crop using remote sensing data assimilation. Agriculture, Ecosystems &
Environment 81: 57-69

Hammer G, Cooper M, Tardieu F, Welch S, Walsh B, van Eeuwijk F, Chapman S, Podlich D (2006)
Models for navigating biological complexity in breeding improved crop plants. Trends in Plant
Science 11: 587-593

Hammer GL, Kropff MJ, Sinclair TR, Porter JR (2002) Future contributions of crop modelling—from
heuristics and supporting decision making to understanding genetic regulation and aiding
crop improvement. European Journal of Agronomy 18: 15-31

Janda T, Szalai G, Rios-Gonzalez K, Veisz O, Paldi E (2003) Comparative study of frost tolerance and
antioxidant activity in cereals. Plant Science 164: 301-306

Jeuffroy M-H, Casadebaig P, Debaeke P, Loyce C, Meynard J-M (2014) Agronomic model uses to
predict cultivar performance in various environments and cropping systems. A review.
Agronomy for Sustainable Development 34: 121-137

10



Jones JW, Hoogenboom G, Porter CH, Boote KJ, Batchelor WD, Hunt LA, Wilkens PW, Singh U,
Gijsman AJ, Ritchie JT (2003) The DSSAT cropping system model. European Journal of
Agronomy 18: 235-265

Keating BA, Carberry PS, Hammer GL, Probert ME, Robertson MJ, Holzworth D, Huth NI,
Hargreaves JNG, Meinke H, Hochman Z, McLean G, Verburg K, Snow V, Dimes JP, Silburn M,
Wang E, Brown S, Bristow KL, Asseng S, Chapman S, McCown RL, Freebairn DM, Smith CJ
(2003) An overview of APSIM, a model designed for farming systems simulation. European
Journal of Agronomy 18: 267-288

Kiniry JR, Williams JR, Major DJ, Izaurralde RC, Gassman PW, Morrison M, Bergentine R, Zentner RP
(1995) EPIC model parameters for cereal, oilseed, and forage crops in the northern Great
Plains region. Canadian Journal of Plant Science 75: 679-688

Lacube S, Fournier C, Palaffre C, Millet EJ, Tardieu F, Parent B (2017) Distinct controls of leaf
widening and elongation by light and evaporative demand in maize. Plant, Cell &
Environment: n/a-n/a

Messina C, Hammer G, Dong Z, Podlich D, Cooper M (2009) Modelling crop improvement in a
GXEXM framework via gene-trail-phenotype relationships.

Muller B, Reymond M, Tardieu F (2001) The elongation rate at the base of a maize leaf shows an
invariant pattern during both the steady-state elongation and the establishment of the
elongation zone. Journal of Experimental Botany 52: 1259-1268

Nelissen H, Gonzalez N, Inzé D (2016) Leaf growth in dicots and monocots: so different yet so alike.
Current Opinion in Plant Biology 33: 72-76

Olesen JE, Trnka M, Kersebaum KC, Skjelvag AO, Seguin B, Peltonen-Sainio P, Rossi F, Kozyra J,
Micale F (2011) Impacts and adaptation of European crop production systems to climate
change. European Journal of Agronomy 34: 96-112

Oury V, Caldeira CF, Prodhomme D, Pichon J-P, Gibon Y, Tardieu F, Turc O (2016) Is change in ovary
carbon status a cause or a consequence of maize ovary abortion in water deficit during
flowering? Plant Physiology

Parent B, Tardieu F (2014) Can current crop models be used in the phenotyping era for predicting the
genetic variability of yield of plants subjected to drought or high temperature? J Exp Bot 65:
6179-6189

Perego A, Sanna M, Giussani A, Chiodini ME, Fumagalli M, Pilu SR, Bindi M, Moriondo M, Acutis M
(2014) Designing a high-yielding maize ideotype for a changing climate in Lombardy plain
(northern Italy). Sci Total Environ 499: 497-509

Reymond M, Muller B, Leonardi A, Charcosset A, Tardieu F (2003) Combining quantitative trait Loci
analysis and an ecophysiological model to analyze the genetic variability of the responses of
maize leaf growth to temperature and water deficit. Plant Physiol 131: 664-675

Rotter RP, Tao F, H6hn JG, Palosuo T (2015) Use of crop simulation modelling to aid ideotype design
of future cereal cultivars. Journal of Experimental Botany 66: 3463-3476

Salah HBH, Tardieu F (1996) Quantitative analysis of the combined effects of temperature,
evaporative demand and light on leaf elongation rate in well-watered field and laboratory-
grown maize plants. Journal of Experimental Botany 47: 1689-1698

Stewart D, Dwyer L (1994) Appearance time, expansion rate and expansion duration for leaves of
field-grown maize (Zea mays L.). Canadian Journal of Plant Science 74: 31-36

Stockle CO, Donatelli M, Nelson R (2003) CropSyst, a cropping systems simulation model. European
Journal of Agronomy 18: 289-307

Tanentzap AJ, Lamb A, Walker S, Farmer A (2015) Resolving Conflicts between Agriculture and the
Natural Environment. PLoS Biology 13: 1002242

Tardieu F (2003) Virtual plants: modelling as a tool for the genomics of tolerance to water deficit.
Trends in Plant Science 8: 9-14

Tardieu F (2012) Any trait or trait-related allele can confer drought tolerance: just design the right
drought scenario. Journal of Experimental Botany 63: 25-31

11



Tardieu F, Cabrera-Bosquet L, Pridmore T, Bennett M (2017) Plant Phenomics, From Sensors to
Knowledge. Current Biology 27: R770-R783

Tardieu F, Reymond M, Hamard P, Granier C, Muller B (2000) Spatial distributions of expansion rate,
cell division rate and cell size in maize leaves: a synthesis of the effects of soil water status,
evaporative demand and temperature. Journal of Experimental Botany 51: 1505-1514

Tardieu F, Simonneau T, Parent B (2015) Modelling the coordination of the controls of stomatal
aperture, transpiration, leaf growth, and abscisic acid: update and extension of the Tardieu—
Davies model. Journal of Experimental Botany 66: 2227-2237

Tardieu F, Tuberosa R (2010) Dissection and modelling of abiotic stress tolerance in plants. Curr Opin
Plant Biol 13: 206-212

Tenaillon MI, Charcosset A (2011) A European perspective on maize history. Comptes Rendus
Biologies 334: 221-228

Timsina J, Humphreys E (2006) Performance of CERES-Rice and CERES-Wheat models in rice—wheat
systems: A review. Agricultural Systems 90: 5-31

Townsend TJ, Roy J, Wilson P, Tucker GA, Sparkes DL (2017) Food and bioenergy: Exploring ideotype
traits of a dual-purpose wheat cultivar. Field Crops Research 201: 210-221

Whisler FD, Acock B, Baker DN, Fye RE, Hodges HF, Lambert JR, Lemmon HE, McKinion JM, Reddy
VR (1986) Crop Simulation Models in Agronomic Systems. In NC Brady, ed, Advances in
Agronomy, Vol 40. Academic Press, pp 141-208

Yin X, Stam P, Kropff MJ, Schapendonk AHCM (2003) Crop Modeling, QTL Mapping, and Their
Complementary Role in Plant Breeding Joint contrib. from Plant Res. Int. and the C.T. de Wit
Graduate School for Prod. Ecol. and Resour. Conserv. Agronomy Journal 95: 90-98

12



Chapter 1: Distinct controls of leaf widening and
elongation by light and evaporative demand in maize

The first chapter of this thesis has been published in Plant, Cell & Environment. It aims at studying the
environmental effects affecting leaf elongation and widening in maize. For this purpose, | have
exploited existing datasets from field and phenotyping platform experiments and dissected the
dynamic response of leaf elongation to evaporative demand and leaf widening to light in contrasted
environments.

As a result, | have developed formalisms aiming at the simulation of leaf elongation and widening,
and have tested it on measurements of leaf width and length performed over a network of fields
around Europe. Those formalisms are further described in chapter 2, and used in subsequent chapters
for leaf growth simulation.
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Abstract

Leaf expansion depends on both carbon and water availabilities. In cereals, most of experimental
effort has focused on leaf elongation, with essentially hydraulic effects. We have tested if
evaporative demand and light could have distinct effects on leaf elongation and widening, and if
short term effects could translate into final leaf dimensions. For that, we have monitored leaf
widening and elongation in a field experiment with temporary shading, and in a platform experiment
with 15-min temporal resolution and contrasting evaporative demands. Leaf widening showed a
strong (positive) sensitivity to whole-plant intercepted light and no response to evaporative demand.
Leaf elongation was (negatively) sensitive to evaporative demand, without effect of intercepted light
per se. We have successfully tested resulting equations to predict leaf length and width in an external
dataset of 15 field and 6 platform experiments. These effects also applied to a panel of 251 maize
hybrids. Leaf length and width presented quantitative trait loci (QTLs) whose allelic effects largely
differed between both dimensions but were consistent in the field and the platform, with high
QTLxEnvironment interaction. It is therefore worthwhile to identify the genetic and environmental
controls of leaf width and leaf length for prediction of plant leaf area.
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Introduction

Leaf area affects the amount of light intercepted by plants, but also their transpiration. In case of
drought or heat constraints, reducing leaf area reduces photosynthesis but allows plants to save
water for later stages of the crop cycle without risking the over-heating that often accompanies
stomatal closure (Guilioni et al., 2008). The understanding of genetic and environmental controls of
leaf expansion is therefore central for assessing the trade-off between transpiration and carbon
assimilation. For example, a comparison of crop models has shown that the quality of yield
prediction by crop models is to a large extent linked to the quality of the modelling of plant leaf area
(Martre et al., 2015).

Light and water affect leaf expansion in both monocotyledonous and dicotyledonous species. In the
latter, in which leaves expand in two dimensions, light and water affect leaf expansion with markedly
different periods of sensitivity within a leaf (Granier & Tardieu, 1999a, b). Young expanding leaves
are affected by light through carbon starvation, whilst older expanding leaves are more affected by
water via hydraulic limitations (Pantin, Simonneau & Muller, 2012, Pantin et al, 2011). In
monocotyledonous leaves, which essentially grow in one dimension, leaf elongation responds to soil
water deficit, evaporative demand and temperature in maize, wheat and rice (Ben Haj Salah &
Tardieu, 1997, Mahdid et al., 2011, Parent et al., 2010). Light has no direct effect on leaf length (Ben
Haj Salah & Tardieu, 1996, Bos, Tijani-Eniola & Struik, 2000), whereas it affects leaf width (Bos, Tijani-
Eniola & Struik, 2000, Sonohat & Bonhomme, 1998). However, the effect of light on leaf growth of
monocotyledons via changes in leaf width has been the object of few studies. For example, entering
“leaf elongation" and "leaf widening” in The Web of Science” (https://webofknowledge.com/) results
in 3203 and 63 hits, respectively.

The hypothesis of separate controls for leaf elongation and widening of monocotyledons leaves is
supported by several observations. First, final leaf width and length are largely uncorrelated in bi-
parental populations (Wei et al., 2016, Yang C. et al., 2016) resulting in few overlapping QTLs in
maize (Tian et al., 2011) and wheat (Yang DL. et al., 2016). Second, leaf elongation and widening
occur at different places in the leaf meristematic zone (Maurice, Gastal & Durand, 1997, Muller et al.,
2007). Third, environmental variables that control length and width may differ. Differential effects on
leaf length and leaf width have been observed in response to plant density in maize (Sonohat &
Bonhomme, 1998). Furthermore, leaf width variations have been shown to closely match the
decrease in light interception per plant with plant density (Fournier, Andrieu & Sohbi, 2001), whereas
leaf length may respond positively or negatively to increased density depending on leaf rank (Song et
al., 2016, Sonohat & Bonhomme, 1998). This suggests independent effects of light and water
limitations.

The above paragraphs suggest a need for the reassessment of the respective roles of carbon and
water supplies on leaf expansion in monocotyledons, by distinguishing their respective effects on leaf
elongation and widening. This may have a large impact on (i) the modelling of environmental effects,
because the response of leaf expansion would not be the consequence of a unique sensitivity to
environmental conditions but the combination of the sensitivities of leaf widening and elongation; (ii)
in the simulation of the genetic variability of plant leaf area, because leaf length and width may have
distinct genetic controls and their sensitivities to light or water may largely differ independently in
panels of genotypes.
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In this study, we have first identified, via a specific experiment, the phenological phases during which
leaf widening and elongation occur. We have then analysed the dynamic responses of leaf widening
and elongation to light and evaporative demand in two experiments. We have finally tested to what
extent the equations derived from dynamic analyses allow simulation of leaf length and width in 15
field experiments in Europe and 6 experiments in controlled environment. A genetic analysis
performed in 251 maize hybrids in the field and in controlled environment is also presented to
support the hypothesis of separate genetic controls for leaf length and width in response to light and
evaporative demand.

Material and methods

Calculation of Intercepted radiation in the platform and in the field

In all field experiments, the amount of light intercepted by canopies was simulated by using the crop
model APSIM-maize (Hammer et al., 2010) previously parameterised for the genotype B73 (Harrison
et al., 2014). Briefly, this model uses the Beer-Lambert approach, calculating intercepted light from
the leaf area index and an extinction coefficient. We used for that daily meteorological data, sowing
date and sowing density, maintaining optimal water and nitrogen conditions during simulations. The
amount of light intercepted by individual plants was then calculated by using plant density.

In platform experiments, the amount of light intercepted by each plant was estimated as in Cabrera-
Bosquet et al. (2016). Briefly, 3D plant architectures (point cloud with resolution = 0.512 cm?®) were
obtained from binarized RBG images with a space carving algorithm (Kutulakos & Seitz, 2000). These
3D plants were used to reconstruct the 3D maize canopy in the platform during the whole
experiment. Intercepted light was calculated by using the RATP model (Sinoquet et al., 2001).

Timing of leaf elongation and widening

An experiment was performed in Mauguio (France, near Montpellier, SI Table S1) with the hybrid
Déa at a density of 10 plants m™ irrigated twice a week. Incident radiation was measured every 15
minutes (LI-190SB, Li-Cor, Lincoln, USA), together with air humidity and temperature (HMP35A
Vaisala Oy, Helsinki, Finlande; Sl Table S1 and Sl Table S3). Leaf appearance rate was measured in a
set of 10 plants by scoring phenological stages every second day over the whole experiment.
Destructive plant measurements were carried out on 10 plants every second day. Sampled plants
were chosen to represent the median of phenological stage over the whole field. For each plant,
width and length of each leaf were measured after plant dissection, thereby allowing measurement
of leaves enclosed in the whorl. This was performed with a ruler when leaves were more than 4-mm
long, and with image analysis connected to a binocular lens (Bioscan-Optimas V 4.10, Edmonds, WA)
otherwise.

Daily mean values of leaf length and maximum width were used to estimate the increase in width
and length over time. To compare chronological patterns of leaf width and length on the same scale,
data were first normalized by the maximum width or length. A curve was then fitted on time courses
with a local regression model (‘loess’ function in R, — span = 0.6). Thermal time was calculated as in
the APSIM model (Hammer et al., 2010).

Dynamic response of leaf elongation rate to environmental conditions

Three plants of the hybrid Déa were grown under well-watered conditions in a soil 40/60% (v/v) of
clay and organic compost (SI. Table $1.3), in the greenhouse of the phenotyping platform PhenoDyn
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(Montpellier, France - https://wwwé6.montpellier.inra.fr/lepse/M3P - Sl.Table S1.2). The photoperiod
was 14 hours day and 10 hours night with additional light used between 7h to 20h when light was
below 450 W.m™. Air temperature oscillated naturally during the day but was kept above 15°C at
night and below 28°C during the day (mean value of 20.4 °C), and VPD reached 3.5 kPa in some
afternoons (mean value of 0.54 kPa). Air humidity, air temperature (HMP35A Vaisala Oy, Helsinki,
Finland) and leaf temperature (thermocouples) were measured every 15 minutes. Leaf elongation
rate (LER) was measured every 15 min with rotating displacement transducers (RDTs 60-1045 Full
Smart Position Sensor; Spectrol Electronics, Ltd, Wiltshire, England) as in Sadok et al. (2007). Plants
were maintained at a soil water potential higher than -0.05 MPa via automatic irrigation. LER of leaf 6
was measured from leaf 6 appearance for 4 days (during stable maximum leaf elongation rate) with
contrasted leaf-to-air vapour pressure deficit (VPD,,) defined as the difference between saturation at
leaf temperature (estimated as in Millet et al.,, 2016) and actual vapour pressure in the air. LER was
expressed per unit of thermal time at each 15 minute time step, with thermal time calculated as in
the APSIM model (Hammer et al. 2010). The response of LER of leaf 6 to VPD,, was estimated by
using LER and VPD,, data at the time step of 15 min for the 3 plants from 14h to 17h, i.e. during daily
peaks of vapour pressure deficit. Because the relationship was tight (see results), this resulted in an
equation relating LER to VPD,..

LER = a;— VPD,, xb (Eq. 1.1)

With a; (mm °Cd ) the potential leaf elongation rate for the considered leaf rank i in well-watered
conditions and low evaporative demand, and b (mm °Cd " kPa™) the sensitivity of LER to evaporative
demand (leaf-to-air vapour pressure deficit VPD),), considered common for all leaf ranks. This
equation was fitted on leaf 6 results, thereby allowing estimation of agand b. The potential LER for
each leaf (a;) was inferred from ag for each leaf rank i by using relationship of Chenu et al. (2008). At
each time t between beginning and end of leaf elongation, the lamina length of leaf rank i (L;) was
simulated as the cumulated leaf elongation rate at each time step:

L; = Y5 LER; (Eq. 1.2)

The final leaf length was calculated at the end of leaf elongation (t = tial).

Dynamic responses of leaf length and width to light

An experiment was performed in Grignon (France, near Paris, Sl Table $1.1) with the hybrid Déa at a
density of 10 plants m™. The field (deep clay loam) was fully irrigated for the whole experiment.
Minimum, maximum temperatures, incident light and VPD were recorded every day. Temperature
varied naturally from 0.0°C to 25.2°C with mean value of 8.8°C and VPD reached 2.6 kPa (mean value,
0.5 kPa).Three plots of 10 plants were marked at emergence for identification of phenological stages
(leaf tip and ligule appearances) every second day on ten plants per plot before the onset of
experimental treatments.

One plot stayed under normal light conditions during the whole experiment (“Light”, daily mean
value of 16.6 MJ m™). The second plot was shaded from leaf-6 emergence to the end of the
experiment with a horticultural net transmitting 20% of light for all wavelengths in the visible
spectrum, placed at 30 cm above plant tops (“Shaded”). The same shading nets were used for the
last treatment, alternating light and shade conditions (“Alternated”) by placing and removing the
nets : shade from leaf 6 to leaf 10 emergence, normal light conditions from leaf 10 to leaf 14
emergence, and shade conditions afterwards. Final individual leaf area and shape were measured for
all leaves of all plants at the end of stem growth by image analysis (Sinoquet, Moulia & Bonhomme,
1991).
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A position-time model was established to relate each longitudinal position on the leaf to the time
when the considered leaf element left the leaf growing zone because it was pushed by younger
elements (Ben Haj Salah & Tardieu, 1995, Silk, 1992). Thegrowing zone is located in the first 8 cm
beyond the leaf insertion point in maize (Tardieu et al., 2000). Leaf elongation rate was simulated by
using Eq. 1.1, for which leaf length was predicted every hour from the beginning to the end of linear
leaf elongation (Eq. 1.2). The beginning of leaf linear elongation was calculated as the time when the
leaf reached 8 cm, estimated for each leaf as in Chenu et al. (2008). A relationship could therefore be
established, for each time step, between leaf length and time after beginning of leaf linear
elongation. Each longitudinal position along the leaf could therefore be attributed a time after the
corresponding leaf element left the leaf growing zone (see Ben Haj Salah & Tardieu, 1995). We could
therefore predict at which time the width at any leaf position was produced and identify the
environmental conditions at that time, and finally relate these conditions to the width at the
corresponding position. This has been performed for leaves 6 to 9 in the three treatments.

At each time after beginning of linear leaf elongation, a ratio was defined for comparing leaf widths
produced in the alternated treatment to those in the shade and light treatments.

Width Ratio = (Waiternated=Wshade)
(Wiight=Wshade)

(Eq.1.3)

This ratio is equal to 0 when leaf width of plants in the alternated treatment matches that of shaded
plants and 1 when it matches that of plants under full-light.

Because we observed a dynamic relationship between leaf widening and whole-plant intercepted
light during the period of widening, this resulted in the equation:

W = Whin;i + K Rine (Eq. 1.4)

With Wmin; the x-intercept (minimum leaf width under low light) or the considered leaf i, and k the
sensitivity to intercepted radiation, considered common for all leaves.

External dataset in the platform and the field

Fifteen field experiments were carried out in a West-East transect across Europe and one site in Chile
in 2011 to 2013 (DROPS network — Millet et al., 2016, SI. Table S1.1, SI. Table S1.3) with the maize
hybrid B73 x UHO07 (named 'B73' afterwards). Soil water status was measured every second day and
maintained higher than -0.1 MPa by irrigation (Sl. Table S1.3). Nitrogen and pesticides application
were performed following local practices. Air temperature and humidity, wind speed and incident
light were recorded every hour in each experiment. Raw measurements were first converted to
common units and compared to local meteorological data to assess the dataset (Millet et al. 2016).
Vapour pressure deficit was calculated hourly using temperature and humidity, corrected by
radiation in low light conditions as in Chenu et al. (2008). Environmental conditions are summarised
for each experiment in SI. Table S1.3. The network of field experiments showed a large variety of
scenarios of temperature, vapour pressure deficit and incident light through the growing season as
presented in Millet et al. (2016) (detail in SI. Table S1.3). In each of the 15 experiments, the final
length (from ligule to leaf tip) and final width (maximum over the leaf) of leaves 8 to 11 were
measured in 10 plants per experiment.

Six experiments were carried out in the phenotyping platform PhenoArch (Montpellier, France,
Cabrera-Bosquet et al., 2016; https.//wwwé.montpellier.inra.fr/lepse/M3P) from 2011 to 2016,
during different seasons of the year (Sl. Table S1.2). Three seeds per pot of the hybrid B73 were sown
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at 0.025m depth, and thinned to one plant per pot at three-leaf stage. Plants were grown in 9L PVC
pots in a substrate composed of a mixture of clay and organic compost (30/70 volume). Soil water
content was maintained at retention capacity in each pot by daily watering (soil water potential of -
0.05MPa). Briefly, the PhenoArch platform is equipped with automated weighting and watering
stations, imaging stations and environmental sensors. For each plant, 13 RGB images (2056x2454
pixels) were taken every night (one from top and 12 side images with a 30° horizontal rotation).
Temperature and VPD,, were recorded every 15 min in 8 sites of the greenhouse (SI. Table S3).
Incident light was estimated at each individual plant position as in Cabrera-Bosquet et al. (2016) from
incident light outside the greenhouse and local extinction coefficients. Daily mean temperature in
the greenhouse was 18 + 2 °C (night) and 25 + 3°C (day), with small differences between
experiments. Incident light varied between experiments, with maximum values (7.7 MJ.m2.day™)
was measured in spring 2016 and lowest in Autumn 2011 (2.8 MJ.m2 day™).

The B73 hybrid was grown in all experiments (from 2 to 3 replicates, Sl. Table $1.2), together with
other 251 hybrids (Millet et al. 2016) (Sl.Table S1.2). In each experiment, leaf width was measured on
hybrid B73 by image analysis on ligulated leaves from rank 7 to 12 for 2 to 5 plants per experiment
(SI. Method S1.1). It was compared to planimeter measurements (LI-3100C Area Meter) in plants of
the experiment Spr16 (R? = 0.93, not shown).

The dynamic relationships determined previously (Eg.1.1 and Eq.1.4) were tested in this external
dataset. We have first tested over the whole dataset the relationships between final dimensions and
environmental variables, considering a unique sensitivity to environmental conditions for all leaves.
Environmental variables were calculated as the conditions sensed by plants during the growth of
each individual leaf. The effect of leaf rank was calculated as the intercept of the relationship for
each leaf. The test of the model itself consisted in simulating final leaf dimensions with the equations
determined in dynamic experiments (Eq. 1 and Eq. 4) and comparing with observed values.

Genetic analyses

Experiments were performed in the field and in the platform with a panel of 251 maize hybrids
(DROPS panel — Millet et al. 2016) obtained by crossing 251 dent lines with a common flint parent
(UHO007). The panel structure is further described in Millet et al. (2016). In the field (Saint-Martin de
Hinx (France, Sl.Table S1), plants were sown on 12" May at a density of 8.5 plants m™ with 10 plants
of each genotype sown in a row and soil water status maintained at high values by irrigation.
Environmental conditions and crop management were collected as above and are summarised in
Sl.Table S1.3. The leaf length and width of leaves 7 to 10 were measured within 3 days before
flowering for three plants per hybrid. Leaf width and length were also measured in the platform
experiment on the 251 genotypes (Exp. Sprl6) for leaves 7 and 8.

Genotypic means were calculated for each hybrid using a mixed model based on spatial design:
y=2Z41g+ Zouc+Zu +e (Eqg. 1.5)

where y is the vector of phenotypic observations in a given experiment, 7, is the vector of fixed
genotypic effect, and u, and u,. are vectors of random column and row effects, which are used to
capture linear trends that might exist across rows and columns. The residual error e was assumed to
follow a zero mean multivariate normal distribution, with covariance determined by autoregressive
processes of order one in the row and column direction. Calculations were performed with ASRemI-R
(Butler et al., 2009). Narrow-sense heritability was estimated with a model assuming additive SNP
effects using the R-package Heritability (Kruijer et al., 2015).
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Lines were genotyped using a 50K Infinium HD Illumina array (Ganal et al., 2011), and a 600K Axiom
Affymetrix array (Unterseer et al., 2014). The genetic analysis was performed with the single-
environment method (GWAS, Genome Wide Association Study) presented in Millet et al. (2016) with
FaST-LMM v2.07 (Lippert et al., 2011) on individual traits for each experiment using the single locus
mixed model:

Y=p+ XL+G+E (Eq. 1.6)

where Y is the vector of phenotypic values, p the overall mean, X is the vector of SNP scores, f§ is the
additive effect, and G and E represent random polygenic and residual effects. The variance-
covariance matrix of G was determined by a genetic relatedness (or kinship) matrix, derived from all
SNPs except those on the chromosome containing the SNP being tested as described in Millet et al.
(2016) following the method of Rincent et al. (2014). The SNP effects § were estimated by
generalized least squares, and their significance (Ho: § = 0) tested with an F-statistic. Candidate SNPs
distant less than 0.1 cM were considered as belonging to a common QTL, described via the most
significant SNP in the QTL and the interval between all SNPs belonging to the QTL. Co-localisations
between QTLs were checked by comparing QTLs intervals and checking for overlap (defined by all
SNPs contained in the QTL). Physical positions of significant SNPs were projected on the consensus
genetic map for Dent genetic material (Giraud et al., 2014).
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Results

Different time courses for leaf elongation and widening.

The time courses of elongation and widening were analysed in a field experiment in which leaves 8 to
11 of ten plants were sampled every second day from leaf initiation to end of elongation, after
dissection of the plant whorl. The increase in leaf length, defined as the distance from the leaf
insertion point to the tip, was delayed compared to the increase in leaf width (Fig. 1.1). The
beginning of rapid elongation (5% of final leaf length) occurred 35°Cd later than the beginning of
rapid leaf widening (5% of final leaf width). Cessation of elongation (95% of final length) occurred
39°Cd after cessation of widening. This temporal pattern, presented in Fig. 1.1 for leaf 8, was also
observed in leaves 6, 7, 9, 10 and 11 (SI. Fig.S1.1). In analyses presented below, the effects of
environmental conditions were therefore tested during the respective periods corresponding to 5-
95% of either elongation or widening.

£ 1.00;

5 Figure 1.1 : Time courses of widening and
; elongation of leaf 8. Round and square
c 0.75; dots: respectively mean of maximum leaf
-rcts width and lamina length for 10 plants per
5 0.50. date (data are normalized by maximum
§ ' value). Dashed and solid lines are local
- regressions  (“loess”  function)  for
ﬁ 0.25] respectively width and length. Grey
'T_c vertical dotted lines show 5% and 95%
e thermal time thresholds for each variable.
S 0.004

=

300 400 500
Time after emergence (degree.days)

Leaf width increased with intercepted light with no effect of evaporative demand

Shading largely affected leaf width in a field experiment where plants were grown either under
natural light conditions (“Light”), shaded (80% light attenuation from the appearance of leaf-6 tip
onwards, “Shaded”) or undergoing alternating periods of normal light and shade (“Alternated”), with
shading from leaf-6 appearance to leaf-10 appearance and from leaf-14 appearance onwards
(Fig.1.2, 1.3). Plants with maximum incident light had wider leaves than those permanently shaded
(Fig.1.2c; SI. Fig.1.2). Shading during part of the period of leaf widening (Fig.1.3a) resulted in
intermediate values (Fig.1.2c) and suggested a dynamic effect because differences between
treatments changed with time (Fig.1.2a). This effect was analysed via a position-time model that
allowed associating each longitudinal position on the leaf to a time after beginning of linear
elongation. New cells are continuously produced in the 3-cm-long meristem close to the leaf
insertion point and flow through the 8-cm-long growing zone to mature zones (Tardieu et al., 2000).
One can therefore assign, to each longitudinal position on the leaf (Fig.1.2a), a time after the
considered cells have left the elongation zone (Eqg. 1.1 and 1.2, SI. Fig.1.3). A width ratio (Eq.1.3) was
defined for comparing leaf widths in the three treatments at any longitudinal position of the leaf. It
equalled 100% if width were equal in 'Alternated' and 'Light' treatments and 0% if width were equal
in 'Alternated' and 'Shaded' treatments (Fig. 1.3a). This was performed for leaves 7 to 9 whose
development phases were shifted by 35 °Cd per leaf rank.
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The width ratio of leaf 7 rapidly decreased when plants were shaded and increased after full light
was restored (Fig.1. 3a). Because the beginning of leaf expansion differed for each leaf rank, leaves of
different ranks underwent different timing of full-light and shading in the 'Alternated' treatment. The
width of leaf 8 decreased when plants were shaded and increased under full light after a lag time.
Leaf 9 started growth just before full-light, with rapid increase of the width ratio, followed by a
stabilization of this ratio at the beginning of the second period of shading. Overall, the final leaf
width corrected for the effect of leaf rank was closely related to the cumulated light intercepted per
plant for the period with maximum widening rate (Fig.1.3b; calculated with the crop model APSIM-
maize). It is noteworthy that a common calculation was adopted for intercepted light per plant in the
three treatments without considering the effect of light on leaf width, to avoid circular reasoning (i.e.
effect on light interception on leaf width and effect of leaf width on light interception).

The validity of the relationship between intercepted light per plant and leaf width (Fig. 1.3b; Eq.1.4)
was tested in an external dataset of 15 experiments in the field and six experiments in the
phenotyping platform. A large range of environmental conditions was observed (SI. Table 1.3), with
lower values of intercepted light per plant and evaporative demand in the greenhouse than in the
field. Leaf width was significantly higher in the field than in the greenhouse for leaves 8 to 11 (50% of
mean values for each leaf rank, SI. Fig.1.4). For a given leaf rank, it was closely related to the amount
of light intercepted by plants for the period elapsing from 5% to 95% final width. A common
relationship between leaf width and intercepted light per plant accounted for variations in width
between field experiments and for the difference between field and greenhouse (Fig. 1.4a). Leaf
width was also negatively related to minimum and mean temperatures (Table 1.1), probably via the
effect of temperature on the amount of light intercepted over the considered period of
development. Indeed, because the latter has a constant duration in thermal time, its duration in
calendar time decreased with temperature. Leaf width showed no relationship with vapour pressure
deficit (Table 1.1).

10 | Figure 1.4 : Response of (a)
(a) W maximum leaf width to plant
. intercepted light (R;,) and leaf
length to maximum VPD,,
(VPD,ax) (b) in platform and field
experiments. Blue dots : Field
data. Red dots: Platform data.
Shapes display leaf numbers from
8 to 11, respectively : circles,
squares, diamonds and triangles.
4 Maximum leaf width and length
0:0 0:5 1'_0 1:5 values of the four leaf ranks are
Rint (Mj,plant'l) corrected by the estimated
difference between each rank and
110 . (b) O the estimated width and length of
0 leaf 8 (Lg and W, ,, 5 ; see M&M
for further details). Black lines
show the linear regressions
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Tmax Tmin Tmean

r Pvalue r Pvalue r Pvalue

VPDmin VPDmean Rn

r Pvalue r Pvalue r Pvalue

Width 0.29 0.01 ©0.71 <0.001 -0.66 <0.001

Length -0.04 0.19 0.15 009 019 0.72

-0.09 0.4 -0.02 0.83 0.82 <

-0.04 0.23 -0.29 <0.01 -0.08

0.001

0.67

Table 1.1 : Correlation matrix of environmental variables with leaf width and length. The
coefficient of correlation (r) was calculated with the R function “corr”, and corresponding p-values
were calculated with the “cortest” function. Data is summarized from leaf beginning to leaf end of
expansion : daily minimum, maximum and mean temperature (T Tmax @Nd Tean)s daily minimum,
maximum and mean leaf-to-air vapour pressure deficit (VPD .. VPDpin @and VPD,,,..n); mean of daily
incident light (Rn). Significant threshold was fixed at a p-value of 0.01 (p-value > 0.01 : non
significant ; p-value < 0.01 : significant; p-value < 0.001 : highly significant ).

Leaf length decreased with evaporative demand and light

Leaf elongation was analysed in the shading experiment presented above and in one experiment in
controlled environment. In the latter, the elongation rate of leaf 6 was maximum during the night,
with no light and low VPD,,, and minimum during periods with high light and VPD,,. Plants reacted
within minutes after changes in environmental conditions with a strong negative effect of VPD,, on
leaf elongation rate (Fig. 1.5a,b). Leaf elongation rate measured every 15 min was closely related
with VPD,, over the same periods (Fig. 1.5c), probably via a negative hydraulic effect decreasing leaf
water potential in the leaf growing zone (Tardieu, Simonneau & Parent, 2015).
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Figure 1.5. Time courses of vapour
pressure deficit (VPD) (a, solid
black line), light intensity (Rn) (a -
dashed grey line) and leaf
elongation rate of leaf 6 for three
plants of the genotype B73 (b)
during a 4 days experiment in the
platform PhenoDyn in well-watered
conditions. Data are smoothed
with local regression (function
loess, span = 0.02). Grey rectangles
highlight the daily values of each
variable between 14h and 17h,
during daily peaks of VPD,. (c)
Response of leaf elongation rate
(raw data, non-smoothed) to VPD|,
during highlighted periods.
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Shading had opposite effects on leaf length and width in the shading experiment (Fig.1.2b,c, SI.
Fig.1.2). Final leaf length of plants growing under shading was longer by 6 to 14 cm compared to
those grown under full light, with intermediate values for alternated shading (Fig. 1.2b). In the
platform experiment, light had a negative effect on leaf elongation rate, probably via its contribution
to VPD,, due to leaf heating and, eventually, its effect on leaf water potential (Ben Haj Salah &
Tardieu, 1996).

We have tested if the relationship between leaf elongation rate (LER) and VPD,, in the greenhouse
(Eg. 1) may account for variations of final leaf length in 15 experiments in the field and one
experiment in the platform. Final leaf length was closely related to the mean value of afternoon
VPD,, over the period of maximum leaf elongation. The latter was calculated in each field based on
the thermal times at which leaf length reached 5 and 95% of their final values according to Fig. 1.1. A
clear relationship was observed between fields, which also accounted for the difference between
field and greenhouse (Table 1.1 and Fig. 1.4b). Final leaf length had no relationship with intercepted
light per plant or with mean temperature over the same period.

Taking into account environmental effects on leaf length and width largely improved the
prediction of individual leaf area.

The results presented above resulted in Eq. 1.1 to 1.4, with parameters established in short term
experiments. These equations adequately predicted leaf length and width observed in the
independent dataset of field and platform experiments carried out over the whole vegetative period
(Fig. 1.4) with CV of 7% and 11% for leaf length and width, respectively. The model of leaf width
based on intercepted light captured a large part of the observed variance, with predictions highly
improved (R®> =0.71, CV of error = 11%) compared to the algorithm in which leaf width would be
considered as proportional to leaf length (R* = 0.01, CV of errors = 26%). This resulted in an adequate
prediction of individual leaf area in the whole field dataset (Fig. 6¢c, R>=0.62, CV = 16%), compared to
the model in which leaf width was calculated as a proportion of leaf length (R’=0.04, CV = 34% ).

25



Measured length (cm)

Measured width (cm)

o
o
53]

Measured leaf area (m?)

120;

1001

80

60

(a)

2.5

2.0

15

-1.0

60 80 100 120
Simulated length (cm)

101

U O N 00 W

(b)

R'\nt
(MJ.plant?)
15
1.0

0.5

oo

5 6 7 8 9 10
Simulated width (cm)

o
o
@

0.044

o
o
i

1 (c)

*

A

¢ A

0.02 0.04 0.06

0.08

Figure 1.6 : Observed and simulated final
leaf length (a), maximum leaf width (b) and
leaf area (c).

Points display several leaf numbers. Circles
: leaf 8 ; Squares : leaf 9 ; Diamonds : leaf
10; Triangles : leaf 11.

a). Observed vs. simulated final leaf length.
RMSE = 6.21 cm, CV = 7%. Colours display
the maximum VPD,, during leaf elongation
(from green : low VPD,, to red : high VPD),).
b). Grey dots: observed vs. simulated leaf
width estimated by considering leaf width
as a constant proportion of leaf length
(mean width/ length ratio for the whole
dataset). RMSE = 1.95 cm, CV = 26%.
Coloured dots: observed vs. simulated leaf
width considering an effect of plant
intercepted light (R;,,) during leaf widening.
Colours show mean plant intercepted light
during this period (green : low ; red : high).
RMSE = 0.8 cm, CV = 11%.

c). Grey dots: observed vs. simulated leaf
area estimated by considering leaf width as
a constant proportion of leaf length. RMSE
=0.02 m?, CV = 34%.

Black dots: observed vs. simulated leaf
area considering an effect of plant
intercepted light during leaf widening.
RMSE= 0.007m?, CV = 16%.

Simulated leaf area (m?)

The genetic controls of leaf length and width were largely independent, with consistent
allelic effects in field and platform experiments.

Genetic analyses were performed on the mean length and width of leaves 7 and 8 in the platform
and of leaves 8 to 10 in the field, in a panel of 251 maize hybrids. Heritabilities were medium to high,
except for width measured in the field (Table 1.2b). The width of leaf 8 largely varied from 5.1 to 9.9
cm in the field and from 5.6 to 8.3 cm in the platform. Correlations between leaf width and leaf
length were low in both platform and field experiments (R* = 0.001 and 0.26, Table 1.2). Measured
leaves were longer and narrower in the platform than in the field (respectively +30% and -26% for
leaf 8; mean value for all genotypes), consistent with the difference in intercepted light per plant and
evaporative demand (Fig. 1.7). Hence, the effects studied in detail in one hybrid applied to the whole
panel.
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Length Width Length Width of correlation between
Platform Length 1 0.03 0.24 -0.14 leaf length and width
Width 1 0.06 0.42 (a), narrow sense
Length 1 0.51 heritability, number of
Field Width '1 QTLs identified by the
iat GWAS analysis and
b . T _— prediction capacity of
(b) Trait Heritability  QTLs Prediction each set of QTLs on the
Platform Length 0.80 5 0.35 measured variable (b)
Width 0.73 16 0.64
Field Length 0.48 10 0.19
Width 0.10 15 0.39

GWAS analysis led to the identification of twenty nine and fourteen significant QTLs in our
dataset for leaf width and leaf length, respectively, either in the field or in the platform
(Table 3).

We have first tested if QTLs that affected leaf length or leaf width in the field also affected the same
trait in the platform and vice versa. For that, we have considered allelic effects of all QTLs in field and
platform, regardless of their significance in the considered condition (by allelic effect, we mean the
effect of the allele of the reference hybrid B73 vs the other allele at each QTL, expressed as a
percentage of the general mean). This can be visualized in Table 1.3 (upper part) in which the allelic
effects of the 15 QTLs of leaf width identified in the field are also presented for leaf width in the
platform and the 15 QTLs identified for leaf width in the platform are also presented for the field. A
visual inspection shows that QTLs that positively affected leaf width in one environment also
positively affected it in the other one (consistent colours in Table 1.3). Allelic effects had contrasting
amplitudes in the field and in the platform, so most significant QTLs in the field did not reach the
threshold of significance (only one colocation of significant QTLs). However, allelic effects were
clearly correlated between experiments, for instance allelic effects of QTLs of width identified in the
platform were highly correlated with allelic effects of the same QTLs in the field (R*=0.88, and
R®=0.68 for the reciprocal analysis). The same conclusion applied to QTLs of leaf length, in which the
nine QTLs of leaf length identified in the field also affected leaf length in the platform, with
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consistent signs of allelic effects and a high correlation (R’=0.91, and R’=0.91 for the reciprocal
analysis). Hence, we can conclude in a largely common genetic control in the field and in the
platform for both leaf width and leaf length, in spite of a high QTL x experiment interaction.

We have then tested if QTLs of leaf width also affected leaf length and vice versa. Overall, this was
not the case because QTLs which had high allelic effects on leaf width had small effects on leaf length
and vice versa (R*=0.18). This can be visualized in Table 1.3 via the difference in colour and colour
intensity between the left and right parts of the table. Hence, we can conclude that the genetic
controls of leaf width and leaf length were largely independent.
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Table 1.3 : Comparison of allelic effects of QTLs identified for leaf width or length in the platform and in the field

Position Effect on width (%) Effect on length (%)
Variable SNP name Bin (€M) Field Platform Field Platform
(Light=1.4) (Light=0.4) | (VPD=2.4) (VPD=0.8)
5114810807 1.02 35.2 0.1 0.7 -05
AX-90656316 1.02 534 0.3 0.3
S1_204867908 1.07 155.9 -13 0.0
S$1_205242298 1.07 156.2 0.9 0.2
AX-91404589 2.06 128.3 0.6 0.1
AX-91846273 2.06 1295 15 0.8 0.3
Field AX-90618756 2.07 159.5 1.0 0.0 0.1
Width AX-90782812 2.07 160.1 1.2 0.0 -0.2
AX-90841086 3.06 111.4 1.0 1.2 0.5
AX-90841149 3.06 111.6 1.0 1.2 0.5
AX-91623171 4.05 55.7 15 0.0 -04
AX-90977036 5.08 187.1 -0.5 0.0 1.1
SYN19549 10.05 87.9 1.0 0.6 0.0
$10 141613269 10.06 109.6 -1.2 -04
AX-91194831 10.07 116.8 0.0 -05
AX-90700654 1.06 147.8 0.0 -0.9
AX-90700772 1.06 148.3 0.3 -1.2
AX-91402250 1.07 156.5 0.1 0.1
AX-90610562 1.08 189.7 -0.9 -05
AX-90733206 2.02 39.1 -1.1 0.2 0.3
5211564804 2.02 39.7 1.4 -0.3 -0.6
Platform AX-91388874 2.02 42.8 -1.4 0.0 0.3
Width AX-90598044 2.03 59.1 0.7 0.3 -0.1
AX-90775864 2.06 110.6 0.6 -0.2 -0.1
AX-91541880 2.06 111.0 -0.7 -0.3 -0.2
PZE-102124387 2.06 111.2 -0.8 -0.4 -0.1
AX-90776150 2.06 111.9 -1.1 0.1 -0.1
AX-91542155 2.06 112.8 -0.7 -0.3 -0.2
AX-91412182 6.01 12.5 0.8 0.4 0.1
S8 172254661 8.08 170.6 0.9 -0.2 0.0
AX-91418229 1.08 200.5 1.9 0.8 0.7
AX-90716443 1.09 207.6 -1.2 -0.3 -1.0
AX-90602493 4.03 41.2 -1.1 -0.6 -0.9
Field AX-90896424 4.06 63.2 -0.4 0.5 -0.8
length AX-90547782 5.07 149.7 0.9 0.9 1.0
S6_103026220 6.03 42.2 1.1 04 0.5
S6_113779929 6.04 56.1 -0.6 -1.2 -1.3
PZE-108093081 8.06 129.4 0.5 -0.5 1.0
AX-90624676 8.06 145.4 -0.7 -04
AX-91488109 1.06 141.9 -0.7
Platform AX-91525911 2.05 95.0 1.5
length AX-90575329 5.05 108.3 -0.1
59 90366933 9.03 59.2 -0.1
AX-91445646 9.05 81.6 0.3
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Discussion

This study reconciles the results on the effects of light interception on leaf growth in dicotyledonous
and monocotyledonous species. Whereas a clear effect was shown in dicotyledonous species
(Granier & Tardieu, 1999a,b, Pantin, Simonneau & Muller, 2012, Pantin et al., 2011), most
physiological studies on monocotyledons concluded in a strong effect of hydraulics and an absence
of effect of intercepted light (Ben Haj Salah & Tardieu, 1997, Mahdid et al., 2011, Parent et al., 2010).
This was because leaf width was not taken into account in these studies. Here, both short-term
dynamic experiments and statistical analyses of a large dataset in the field and in phenotyping
platform conclude in a clear effect of light interception on the growth of individual leaf area.

Leaf width and length are under different genetic and physiological controls. The lack of genetic
correlation between length and width is consistent with studies on biparental populations (Wei et al.,
2016, Yang C. et al., 2016), but this study extends them to the dent maize populations originating
from breeding programmes in the USA and Europe and, potentially, to the whole maize species. We
also confirm the large variability of leaf width from both genetic and environmental points of view.
Within the few studies considering leaf width, most of them have shown that a larger part of
variance of individual leaf area in biparental population was explained by leaf width compared to
that by leaf length (Wei et al., 2016, Yang C. et al., 2016). This contrasts to a study in wheat (Yang DL.
et al., 2016), working with biparental population found that leaf width was less variable compared to
leaf length. In our diversity panel, we found an even larger importance of leaf width on individual leaf
area compared to that of leaf length (85% vs 15 % of explained variance). Several underlying
mechanisms could explain the differences in responses of leaf elongation and widening. It has been
shown that lower water status results in shorter cells in maize (Ben Haj Salah et al., 1997) but at the
present time and in our knowledge, there is no evidence in favour of the hypothesis of larger cells of
more cell rows due to higher intercepted radiation.

The impact of variation of leaf width in multi-environment field trials was also larger than expected.
It contrasted with the results of Chenu et al. (2008) that did not take into account the variations of
leaf width for predicting plant leaf area in Australian maize experiments, but still obtained an
adequate prediction of leaf area. We can hypothesise that fields in Australia received high and
relatively similar light, resulting in similar leaf widths. Conversely, the experiments presented here,
which covered a large part of the European maize growing area presented large differences in light,
resulting in large impacts on leaf width and area. Overall, this study to some extent reconciles the
results of short-term experiments, which have focused on leaf length with essentially hydraulic
effects, with those of a family of crop models that involve carbon supply in the control of leaf area.
Indeed, short-term experiments found an effect of intercepted light per plant on leaf area, provided
that leaf width is taken into account.

Extrapolating relationships observed at different levels of integration (temporal, spatial) was
successful here although they are largely debated (Passioura, 1996, 2007, Poorter et al., 2016).
Indeed, many processes show trades-off between rates and duration. For instance, temperature has
a large effect on leaf elongation rate of several species, but a very low effect on final length because
of a total compensation of rate by duration (Parent & Tardieu, 2012). The success in the upscaling
performed here probably involves that such compensations had a minor role in the effects of
environmental conditions on leaf width and length. This opens the way to a dialogue between
platform and field experiments for the prediction of the genetic variability of the control of leaf
growth, in spite of the fact that traits largely differ between field and controlled environment
(Poorter et al., 2016).
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A crucial question in crop modelling is whether adding complexity to the system could significantly
improve simulations (Parent et al., 2016). It is therefore a relevant modelling question if both leaf
widening and elongation have to be considered compared to simpler formalisms. At present, in most
crop models, two categories of algorithms have been proposed, giving contrasting roles for water vs
carbon availabilities in the control of leaf growth. The first category considers that the sensitivity of
leaf expansion to environmental conditions is indirect and acts through photosynthesis and carbon
allocation (e.g. GECROS; Yin & van Laar, 2005). The second category considers direct empirical
responses to environmental conditions, regardless of carbon availability, either at the whole-plant
level (big leaf models, e.g. APSIM-maize, Hammer et al., 2010) or at individual leaf level. (e.g. Chenu
et al., 2008, Lawless, Semenov & Jamieson, 2005, Lizaso et al., 2003, 2011). All these models consider
the expansion of individual leaf area as a whole, thereby implicitly considering that, in
monocotyledons, differential responses of leaf widening and elongation to environmental variables
do not need to be distinguished. The same implicit assumption can be found in (Chenu et al., 2008,
2009) that simulated the impact of QTLs of maize leaf elongation on yield, without considering that
leaf width may respond differentially to environment. By contrast, this study shows that it can be a
relevant choice to consider separately leaf widening and elongation in the range of studied situations
and genotypes, which caused large variations of leaf width. Because the quality of simulations of
crop models are linked to the goodness of leaf area predictions (Martre et al., 2015), we propose
that identifying leaf widening and elongation in a plant model and therefore improving leaf area
predictions could significantly improve predictions This conclusion is consistent with physiological
considerations, namely that the controls of carbon-driven and hydraulic- driven mechanisms at the
cellular scale, are under the control of very different genes, and translating into contrasted
sensitivities of final leaf length and width to environmental conditions in different genotypes.
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Supporting Information

Supplementary figure 1.1: Time courses of widening and elongation of leaves 6 to 11 (respectively in
panels a to f). Round and square dots: respectively mean of maximum leaf width and lamina length
for 10 plants per date (data are normalized by maximum value). Dashed and solid lines are local
regressions (“loess” function) for respectively width and length.

Normalized width and length

1.001

0.75 -

0.50+

0.25 -

0.00

1.001

0.75 -

0.50+

0.25 -

0.00

1.00+

0.75 -

0.50 -

0.25

0.00

(f)

200 400 600 200 400 600
Time after emergence (degree.days)

36



Supplementary Figure 1.2: Leaf shape for leaves 6 to 9 in 3 light treatments. Blue: control treatment
without shade; Red: shaded plants since leaf-6 appearance; Green: alternated treatment between
shade and light. Measured leaf width at each distance from leaf base. Points: experimental data.

Lines: local regression (function “loess”, span = 0.3).
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Supplementary Figure 1.3: Profiles of leaf width as a function of time of leaf widening for leaves 6 to
9 in 3 light treatments. Blue: control treatment without shade; Red: shaded plants from leaf-6
appearance; Green: alternated treatment between shade and light. Measured leaf width at each
distance from leaf base. Points: experimental data. Lines: local regression (function “loess”, span =
0.3). Time of leaf widening was calculated for each distance from the leaf base (Fig.2 or SI.Fig.2) from
leaf elongation rate and the beginning of leaf expansion as specified in M& M.
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Supplementary Figure 1.4: Final maximum leaf width (a) and leaf lamina length (b) for all measured
leaf ranks in several experiments in the platform and in the field. Plain lines: mean values for each
leaf rank. Dashed lines: mean * standard deviation per leaf rank. Blue lines : Field data. Red lines :

Platform data.
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Supplementary Figure 1.5: Observed (blue dots and lines) and simulated leaf width (red dots and
lines) for several leaf numbers in 21 experiments in the field and in the platform. Leaf width are

estimated from leaf rank and the effect of intercepted light during the period of leaf widening.
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Summary of all field experiments.

Supplementary table 1.1
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Summary of all platform experiments.

Supplementary table 1.2
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SI Method S1.1: Measurements of maximum leaf width from whole plant images in the platform

PhenoArch (INRA Montpellier)

Measurements of maximum leaf width from
whole plant images in the platform PhenoArch
(INRA Montpellier)

Plants were imaged every 2-3 days with one top view and 12 side views (every
30°). Plant phenology (appeared and ligulated leaves) was measured at the same

time.

A -TOP VIEW

c-s \|

(D) For one experiment, maximum
leaf width of leaves 8 to 12 for 6
plants of the genotype B73_H
were measured both by image
analysis and via planimeter
measurements of leaf shapes.

(A) Top views of plants in which mature leaf
blades were fully visible were selected.

(B) Leaf maximum widths were
estimated, for each individual leaf at
3 points along the first half of leaf
length from the top view, with the
software Imagel.

(C) For each top measurements, corresponding
side images with the best angle were selected
to estimate the z coordinate (height from pot
surface) of measurements. This method
allowed the correction of width measurements
in pixels (from top view) with the distance to
the camera. Corrected measured width in
pixels were converted to centimeters with a
camera-dependent factor.
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Chapter 2: A model of leaf development, leaf expansion
and grain number to simulate leaf area and yield of
hundreds of maize hybrids in contrasting environmental
scenarios

This chapter uses the results of chapter 1 to develop a model that predicts individual leaf area for a
range of genotypes and environmental conditions. Due to the recently demonstrated relationship
between the sensitivities of ovary abortion rate and leaf elongation rate in plants subjected to water
deficit (Oury et al., 2016), the model is extended to predict grain number. This results in a module that
I have implemented and tested within the APSIM crop model. The module presented here can also
work independently and will be implemented as a module in the modelling platform BioMA®.

This chapter uses several pre-existing datasets that | have re-analysed in this thesis for either
designing the model, or estimating its parameters for hundreds of genotypes, or testing the model
against measured leaf dimensions or yield.

This chapter will be submitted to a scientific journal and is therefore written as a manuscript

* http://bioma.jrc.ec.europa.eu/index.htm
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A model of leaf development, leaf expansion and grain number to study the impact of the genetic
variability of leaf growth traits on maize yield in contrasting environmental scenarios.

Sebastien Lacube, Claude Welcker, Emilie Millet, Boris Parent and Francois Tardieu

INRA, UMR759 LEPSE, F-34060 Montpellier, France

Abstract

Quality of crop model prediction is often linked to the quality of simulation of leaf area. Most models
generally follow the approach of simulating canopy growth as a whole, without considering individual
leaves and the effect of environmental conditions affecting them. In this study, we worked on the
development of a model of leaf growth and development that integrates observed genetic variability
in its parameters/traits, and simulates adequately responses of genotypes to environmental
conditions. Maize leaves development stages were studied with a measured dataset from two
genotypes with different maximum leaf numbers and formalisms of leaf elongation and widening
from chapter 1 were studied and implemented in the new module. Model development focused on
linking model parameters to measurable traits in phenotyping platforms, and a particular attention
was given to limit and reduce the number of genotype specific parameters and study the effect of
maximum leaf number on leaf profiles. All model parameters were measured for a set of 254
genotypes from platform and field experiments, and the model was tested on (i) measurements of
final leaf length and width of a reference genotype in a network of field experiment around Europe,
(ii) on a final length and width on a subset of 16 genotypes in one experiment, and (iii) on the whole
panel of 254 genotypes against measured data of grain number and final grain yield. The simulated
values showed a good adequation with measurements for all three tests, and explained between 10
and 60% of the variability of grain yield depending on the environment. Therefore, this model has the
potential of providing elements of study for leaf growth ideotypes for different regions and
environmental scenarios around Europe that will be presented in chapter 4 and 5.
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Introduction

Leaf expansion is central in the trade-off between light interception and plant transpiration. Indeed,
reducing leaf area in case of water deficit saves water for later stages of development, but at the
same time reduces the amount of intercepted light resulting in lowering biomass accumulation and
yield. As a consequence, a reduction in plant leaf area can have positive or negative impacts on crop
production depending on environmental scenarios (Tardieu, 2012).

The increase in leaf area over the crop cycle is the consequence of several processes that have each
their own genetic and environmental controls. First, processes linked to plant development (e.g. the
timing of leaf initiation or the duration of leaf expansion) respond mostly to temperature. Second,
leaf elongation and widening have, in monocotyledonous leaves, separate environmental and
genetic controls (Lacube et al., 2017, Chapter 1). Historical (Boyer, 1970; Saab and Sharp 1989) and
more recent (Tardieu et al., 2014) studies report and quantify the implications of hydraulics and plant
water status on leaf elongation. Conversely, leaf widening is probably mostly affected by intercepted
light (Lacube et al., 2017 Chapter 1). Recently, the development of phenotyping platforms has
allowed characterising the genetic variability for these components of leaf growth.

Combining simulation and phenotyping could be an efficient strategy to study the impacts of the
genetic variability of several traits on plant performances in contrasting environmental scenarios,
provided that corresponding processes are adequately taken into account in the model (Parent and
Tardieu, 2014). A model can be used to compare the advantages of real or virtual genotypes in a
range of environmental conditions, and define the best ideotype for a specific set of environmental
conditions (Rotter et al., 2015; Gouache et al., 2017). Martre et al. (2015) define an ideotype as ‘a
combination of morphological and/or physiological traits, or their genetic bases, optimizing crop
performance to a particular biophysical environment, crop management, and end-use’. We shall
follow this line by defining here an ideotype as a vector of parameter values that maximizes yield in a
given environmental and management context, with a given crop model.

Crop models have been developed in a context of yield prediction on environmental gradients rather
than in the context presented above. Indeed, most of the genetic variability can hardly be taken into
account in most models (Hoogenboom et al. (2004), thereby requiring changes in model structure
and formalisms (Hammer et al.,, 2002; Hammer et al., 2010; Parent et al., 2015). First, formalisms
need to be adapted to link phenotypic traits, as measured in phenotyping platforms, to key genotypic
parameters in the model (Tardieu et al, 2017). Secondly, as most crop models usually use a number
of parameters larger than that which can be measured, a hierarchy is needed to define which key
and independent parameters should be formalised (Casadebaig et al., 2016). Calibration is usually
involved in any modelling exercise, by comparing the measured and simulated data of a model in
order to re-evaluate parameters for a better estimation of output variables (Duke and Guerrif, 1999).
The common procedure consists of an optimization of the vector of parameters aiming at minimizing
the difference between measured and simulated variables. The vector of parameters is then
validated with independent input data. High throughput phenotyping now allows measurement of
precise plant-scale traits on a high number of genotypes (Parent and Tardieu, 2014). When using
measured traits as genotypic parameters in the model, parameters used for the simulation can be
estimated via measurements, thereby minimizing the role of parameter optimization.
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A comparison of crop models has shown that the quality of yield prediction is often linked to that of
the modelling of plant leaf area (Martre et al., 2015). While most phenotyping platforms have been
developed to characterise leaf growth and its responses to several environmental conditions, the
modelling of leaf area expansion is still viewed with the “Big Leaf approach” in most models, i.e. leaf
area index (LAIl) is growing as a whole, without considering individual leaves and the effects of
environmental conditions affecting them. A model of leaf development and leaf expansion has been
developed as an APSIM module (Chenu et al., 2008) to simulate the effect of QTL of responses of leaf
elongation to soil water deficit (Chenu et al., 2009). However, this study worked as a proof-of-
concept, and did not consider the genetic variability of leaf development, final number of leaves, and
responses of leaf widening. In addition, the number of genotypic parameters was very high and
difficult to measure in phenotyping platforms on a large number of genotypes.

In order to simulate “real genotypes” and the resulting large variability of behaviours, it is timely to
develop a model of leaf area expansion that includes individual leaf elongation, widening and
development together with the responses of these processes to environmental conditions and with
the associated genetic variability. In this chapter, we present a model aimed at applying to maize
plants presenting the existing genetic variability of plant and leaf development, and of responses to
environmental conditions.

Modelling strategy

The rationale of this strategy differs from that of models aiming at optimizing the prediction of model
performance (eg. Asseng et al, 2013) or of models aiming at providing the best representation of a
large number of plant processes and structure (FSPM, eg. (Fournier et al., 2005)).

Most parameters are related to measured variables in phenotyping platforms that measure either
leaf elongation with a time resolution of a few minutes (Phenodyn, (Sadok et al., 2007)), or whole
plant expansion at a time resolution of one day (PhenoArch, Cabrera et al, 2016). Parameters were
therefore either directly measured or calculated from easily-measurable variables when they were
not themselves measurable for a large number of genotypes, rather than estimated via optimisation
based on yield.

A particular attention was given to the number of parameters. Genetic correlations between
parameters were investigated and considered within formalisms when necessary. This has allowed us
to reduce the number of parameters but also to consider real or virtual genotypes within the natural
phenotypic space, i.e. not simulating genotypes with a combination of parameters which does not
exist in the natural diversity to our knowledge.

- Formalisms applied to different traits including final leaf number (linked to plant earliness).

Plant growth and development was divided into underlying processes (Fig. 2.1) developed as an
independent module implemented in APSIM-maize, but which is autonomous enough to be
implemented later in a modelling platform such as BioMA, thereby allowing its re-use in different
crop models. For each component of the module, a similar strategy was carried out: (i) choice of
formalism based on a limited number of genotypes based on detailed measurements and involving
various datasets (Fig. 2.2 and Table 2.1). (ii) Parameterisation of 254 hybrids based on a limited
number of field and greenhouse experiments (Fig. 2.2 and Table 2.1). (iii) Implementation of module
elements with parameter values for 254 hybrids into the crop model APSIM-maize and (iv) test on
independent datasets. Accuracy for intermediate dynamic variables such as leaf expansion and
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development was tested on the reference hybrid of the panel (B73_H) in several fields and on 16
hybrids in one field. Then, the model was tested on yield components by simulating the 254 hybrids
in field experiments carried out in the DROPS project (Table 2.1). (v) Simulations in a large range of

scenarios, presented in Chapters 3-5 of this thesis (Fig. 2.2).

Leaf widening

leaf elongation

Water status

Leaf development stages
(thermal time)

Lamina length

Figure 2.1 : Dissection of leaf growth into processes : Leaf development as a function of thermal time ;

leaf

expansion, composed of leaf elongation, affected by soil water deficit and evaporative demand and leaf

widening, affected by intercepted radiation.

Step Dataset
Model development Detailed leaf growth measurements
for 2 genotypes

| 2 Greenhouse and 2 field experiments
MOde with a panel of 254 genotypes (DROPS panel)

parameterisation Field experiments with a panel of 121

genotypes (Waterless panel)

Model
L implementation & test

!

,+
, |

Network of 16 field experiments
with a panel of 254 genotypes (DROPS
panel)

Detailed site characteristics and
management across a European grid

Model simulation
o vy

Figure 2.2 : Modelling strategy in 4 steps and involved datasets
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Material and Methods

Effect of plant cycle duration (leaf number) on the profiles of final leaf length and width (Data
collected in previous studies, selected and analysed in this thesis)

121 maize accessions (named “panel Waterless” below) representative of the main components of
the maize genetic diversity were analysed in five field experiments in France (Fig. 2.2 and Table 2.1 -
Dataset A), namely two in a Mediterranean site, Mauguio (43°36’37"’N; 3°58’39”E; 23 m above sea
level, asl) in 2006 and 2007, and three experiments in oceanic sites, Sainte Pexine (46°33’43"”N;
1°08’17"’W; 45 m asl), Le Magneraud (46°24’16"’N; 00°04’45”E; 26 m asl) and Nerac (40°10°12"”N;
00°18’36”E; 40 m asl). In each experiement, the experimental design was an alpha lattice with two
replicates. Plots were 6 m long, with 0.8 m between rows and a plant density of 8 plants m™. Light,
air temperature, relative humidity (RH) and wind speed were measured hourly in each experiment at
2 m height over a reference grass canopy. Light was measured with photosynthetic photon flux
density sensors; air temperature and RH were measured in ventilated shelters. Soil water potential
was measured every day at 30, 60 and 90 cm depths (two replicates). The length and width of every
second leaf and leaf number were measured in 10 plants per plot. Final leaf area was estimated as
the product of length and width by a common factor of 0.75, constant for all leaves (Fournier et al.,
2005).

Genotypes were classified considering their final leaf number (N¢n.), linked to thermal time at
flowering (Parent et al., 2017). Profiles of leaf dimensions (final leaf length, final maximum width,
and final leaf area) for each class of N, Were calculated by using a smoothing function (function
loess in R; span = 0.75) considering all genotypes of a class of Ny, and the five experiments.

Time course of leaf development and growth in two hybrids (Data collected in previous studies,
selected and analysed in this thesis)

Analysis of leaf development was performed on a dataset with measurements of leaf length and
width for two genotypes with different leaf number every second day. The experiment was
performed in the field in Mauguio (France) in 1998 (Table 2.1, Dataset B) and involved hybrids Déa
(16 leaves) and Volga (19 leaves). Measurements were performed on all leaves, either mature or still
enclosed in the whorl, by separating and unfolding leaves after whole plant dissection. This resulted
in ten successive data point per leaf in average, with ten replicates for each hybrid.

This dataset was first summarised as the mean of 10 plants for leaf length and width of each leaf
rank, genotype and date. The first four leaf ranks were not considered in view of their limited
contribution to leaf area. The time courses of leaf elongation and widening were calculated as a
function of thermal time with the smoothing function loess (in R; span = 0.5). The timings of
beginning and end of leaf elongation were estimated as the 5% and 95% of final dimensions for each
leaf rank. A similar analysis was used for leaf width.

Final leaf number in 254 maize hybrids (measurements collected by myself in the field and
phenotyping platform)

Final leaf number (Nfnq;) was measured in a field experiments carried out in 2016 in Saint Martin de
Hinx (France) for 4 plants per genotype in a panel of 254 maize hybrids grown under well-watered
conditions at a density of 10 plants m (Table 2.1, “Panel DROPS”, Dataset G). This panel covers the
genetic diversity of dent maize and is fully described in Millet et al., 2016. Leaf number
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corresponding to each genotype was calculated as the mean of the 4 replicates. Details on
environmental conditions are summarised in Sl Table 2.1.

Usage Dataset Module Experiment Location(s) VYear(s) Genotype(s) Variables Frequency
Model A Leaf area Field Mauguio, 1998 5 ) leaf length End of
Development growth ' France genotypes and width season
Waterless leaf length Every two
Model B Leaf area Field Network from 2006  panel (121 and width days
Parameterisation growth Europe to 2007 elite maize b enolo Every two
genotypes) p 8Y days
End of
phenology
season
Leaf area Montpellier, DROPS panel  Potential leaf .
F growth Greenhouse France 2016 (254 hybrids) growth Dynamic
L
eafg.rc.wyth Dynamic
sensitivity
M‘:dél i G Leaf area Field Saint-Martin 2016 DROPS panel maximum End of
parameterisation growth '€ de Hinx (254 hybrids) leaf number season
H Leaf area G h Montpellier, 2015 reference Leaf growth b X
growth reenhouse France hybrid B73 sensitivity ynamic
Leaf M i Leaf h
| catarea Greenhouse ontpellier, 2013 Panel DPE ca g.rc-m‘/t Dynamic
growth France sensitivity
¢ Leaf area Field DROPS network from 2011 reference leaf length End of
ie networ
growth to 2013 hybrid B73 and width season
rain number End of
b Yield Field DROPS network from 2011 DROPS panel g season
Model test determination '€ WOk 102013 (254 hybrids) - End of
grainyield
season
Leaf area . Mauguio, 16 hybrids leaf length End of
E Field 2016 from the .
growth France and width season
DROPS panel

Table 2.1 : Summary of datasets used for each steps of model development, model test and model
parameterisation

Parameters for leaf development and whole plant leaf expansion in 254 maize hybrids
(Data collected and analysed in previous studies and re-analysed during this thesis)

An experiment was carried out in the phenotyping platform PhenoArch (Montpellier, France,
Cabrera-Bosquet et al.,, 2016; https://www6.montpellier.inra.fr/lepse/M3P) in 2016 (Table 2.1,
“Panel DROPS”, dataset G and details in SI. Table 2.1). Briefly, the PhenoArch platform is equipped
with automated weighting and watering stations, imaging stations and environmental sensors. For
each plant, 13 RGB images (2056x2454 pixels) were taken every night (one from top and 12 side
images with a 30° horizontal rotation). Temperature and vapour pressure deficit (VPD) were
recorded every 15 min in 8 sites of the greenhouse. The daily mean temperature in the greenhouse
was 1812 °C (night) and 25+3°C (day). Plants were grown in 9L PVC pots filled with a substrate
composed of a mixture of clay and organic compost (30/70 volume). Three seeds per pot were sown
at 0.025m depth, and thinned to one plant per pot at three-leaf stage. Soil water content was
maintained at retention capacity in each pot by daily watering (soil water potential of -0.05MPa) in
well-watered conditions. In the water deficit treatment, watering was withdrawn from the
appearance of leaf 8 until soil water potential reached the target soil water potential -0.4 MPa. Soil
water potential was then maintained by daily irrigation. A second dry-down period was applied to
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plants until soil water potential reached -0.6 MPa The number of repetitions was 2 and 2 in well-
watered and water deficient plants, respectively.

The numbers of leaves with appeared tip or ligule were scored every second day for all plants in the
experiment. Leaf area was estimated by image analysis every second day. The increase in leaf area
(m2 °Cd™) in well-watered conditions was considered as the maximum genotypic leaf expansion rate
at the considered phenological stage (m? °Cd™). The sensitivity of leaf expansion to soil water deficit
(m2 °Cd™ MPa™) was calculated as the difference in leaf expansion rate between well-watered and
soil water deficit conditions from the appearance of leaf 8 to that of leaf 14, divided by the difference
in soil water potential and normalised by leaf expansion rate in well-watered conditions.

Leaf expansion rate with a definition of minutes in a subset of 16 hybrids (I have carried out
this experiment and have analysed resulting data during the thesis)

An experiment was performed in the phenotyping platform Phenodyn (Montpellier, France -
https://www6.montpellier.inra.fr/lepse/M3P - Table 2.1, dataset E ; SI. Table 2.1) for measuring leaf
elongation rate and its sensitivity to soil water deficit at individual leaf level with a definition of 15
min. We aimed at comparing the sensitivity to soil water deficit of leaf elongation rate of individual
leaves with that of whole-plant leaf expansion rate in the PhenoArch platform. A subset of 16
genotypes was selected from the 254 hybrids (“Panel DROPS”) for maximising the genetic variability
of leaf expansion rate.

Three plants of each hybrid were grown under either well-watered conditions or water deficit within
the phenotyping platform PhenoDyn. The soil was a mixture of clay and organic compost, in pots with
a height of 40 cm and a diameter of 15cm (Table 2.1, dataset E; Sl. Table 2.1). The photoperiod was
14 hours day and 10 hours night with additional light from 7:00 to 20:00 when light decreased below
450 W m™. Air temperature was kept between 15°C at night and 28°C during the day with an
intermediate value of 22°C from 21:00 to 0:00 (SI. Table S3). Air humidity, air temperature (HMP35A
Vaisala Oy, Helsinki, Finland) and leaf temperature (thermocouples) were measured every 15 min.
Leaf elongation rate (LER) was measured every 15 min with rotating displacement transducers (RDTs
60-1045 Full Smart Position Sensor; Spectrol Electronics, Ltd, Wiltshire, England) as in Sadok et al.
(2007). LER of leaf 6 was measured from leaf 6 appearance for 5 days (during stable maximum leaf
elongation rate). It was expressed per unit thermal time at each 15 minute time step. Plants under
well-watered conditions were maintained at a soil water potential higher than -0.05 MPa via
automatic irrigation. In the water deficit treatment, watering was stopped at appearance of leaf 5
and soil was left to naturally dry until reaching -1.5 MPa. Tip and ligule appearances were scored
every day, and their rates were calculated for each genotype with a linear regression with thermal
time. The genotypic maximum LER of leaf 6 was estimated for each genotype as the mean LER of
well-watered plants during the night (from 20:00 to 6:00). The sensitivity of leaf elongation rate to
soil water potential was estimated for each hybrid by fitting a linear regression between the mean
LER from 20:00 to 6:00 and the mean soil water potential sensed by plants for the same period of
time.

Estimating parameters of the APSIM model based on field measurement in 254 maize
hybrids (Data collected and analysed in previous studies, re-analysed during this thesis)

The maximum number of grain per ear and the maximum individual grain weight were estimated for
the 254 maize hybrids (Panel DROPS) from two field experiments from the total of 23 field
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experiments of the DROPS and AMAZING projects (Table 2.3). The experiments were carried out in
the DROPS project (Millet et al., 2016; Lacube et al., 2017) in 2011 to 2013 (19 field experiments) or
Amaizing projects in 2014/2016 (4 field experiments). A well-watered and a water deficit treatment
were applied. Final leaf sizes (lamina length and leaf maximum width) of all non-senescent leaves for
the reference hybrid B73_H were measured in both water deficit and well-watered conditions, in all
DROPS experiments in 2011 to 2013 (19 experiments - Table 2.1, Dataset D). This was extended to 16
hybrids in one field experiment (Mauguio 2016) (including 8 genotypes for the 8 genetic families
structuring the panel and 8 genotypes selected for their contrasting behaviours under water deficit)
(Table 2.1, Dataset E). The final grain yield (kg) and individual grain weight (gr) were measured at
harvest time (Table 2.1, Dataset C).

In APSIM maize, grain number is related to plant growth rate (PGR: mean daily accumulated biomass)
around flowering, with a plateau at high plant growth rates. In addition, Millet et al. (2016) showed
that grain number decreases with night temperature in the network. To estimate the parameter
‘maximum grain number per plant’ in all genotypes, we have therefore selected the site from the
total of 14 field experiments with the lowest mean night temperatures during the flowering period of
the reference hybrid B73_H (SI Fig. 2.1). Parameter values for the sensitivity of grain number to night
temperature in 254 hybrids were those of Millet et al., 2016 calculated from 11 field experiments of
DROPS in 2012 and 2013. Grain weight depends on the amount of biomass allocated to the grain
during grain filling, which in well-watered conditions is only limited by plant intercepted radiation.
For estimating maximum weight per grain (parameter values in 254 genotypes), we have therefore
selected the site with maximum intercepted radiation of the reference hybrid B73 during grain filling
(Fig. 2.2 b; Table 2.1, Dataset D). All other parameters of APSIM were considered as common to all
studied hybrids, with values stated in Harrison et al., 2014.

Model test on a dataset of 254 maize hybrids in 16 European environments (Data collected
and analysed in previous studies, reanalysed during this thesis)

A test of the model was performed based on experimental data collected for the 254 maize hybrids
grown in the field experiments of DROPS (20 experiments) and AMAZING (3 experiments).
Simulations were performed by using data related to management practices, namely sowing and
harvest date, sowing density, sowing depth, fertiliser application and irrigation reported by
experimenters. Hourly local meteorological data were converted to APSIM daily weather files
(“.met’). Three tests were performed:

- Final leaf length and width were simulated for one hybrid (reference hybrid B73) in 20 field

experiments and compared with those measured in the same fields.
- The same was performed for 16 hybrids in one field experiment (Mauguio, 2016).
- Simulated grain number and grain yield were compared with measured values for 254 hybrids in
14 experiments.
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Results

Modelling leaf development from records of leaf tip and ligule appearances

Modelling the expansion of individual leaves requires the timing of beginning and end of linear
elongation and widening. Because these variables cannot be collected at high throughput, we have
simulated them based on the easily-scored dates of appearance of leaf tip and ligule. Fig. 2.3
presents the increase with time of leaf length and width from leaf 5 to final leaf number for two
genotypes with contrasted cycle durations, estimated via final leaf number (dataset B). The length
and width stayed close to zero in all leaves for 42°Cd after initiation, then it increased rapidly until
reaching final dimensions.

Déa, 16 Leaves Volga, 19 Leaves
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Figure 2.3 : Leaf width and length as a function of thermal time for 2 genotypes with contrasting cycle
durations (estimated by leaf number : Déa : 16 leaves, Volga : 19 leaves). Colors, leaf ranks from 5 to 19.
Data points, mean values for 10 plants per date and rank.

Increase of leaf elongation rate as a function of thermal time was linear for 3-6 d, as shown by time
courses with temporal definitions of minutes (Welcker et al., 2011). We have therefore considered
the time courses in Fig. 2.3 with a linear approximation, with the x-intercept of linear regressions
considered as the beginning of linear elongation. In both genotypes, beginning of linear elongation
was synchronous with the appearance of leaf tip for the first 6 leaves (Fig. 2.4 A,B). For higher leaf
ranks, leaves started to elongate linearly before appearance, when they were hidden by the whorl of
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older leaves. Leaf tips appeared sequentially with a common appearance rate (a;;,) if expressed per
unit of thermal time.

Niip,te = Qgip * tt + by (Eq. 2.1)

with N, the number of appeared leaves, ay;, the rate of leaf tip appearance , b;;, intercept of
regressions and tt the thermal time after plant emergence.

Beginning of linear elongation vs leaf tip appearance
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Figure 2.4 : Measurements (points) and simulations (lines) of leaf development stages for two genotypes
with contrasting cycle durations, Déa, 16 leaves (A and C) and Volga, 19 leaves (B and D). Red squares,
beginning of linear elongation ; green circles, leaf tip appearance ; grey triangles, end of elongation ; blue
diamonds, leaf ligulation.

We have modelled the number of leaves having started linear elongation (Ny;) as a function of the
number of appeared tips via two successive linear function (Fig. 2.4, R* = 0.97). The first equation 2.2
applies to the first 6 leaves in which the beginning of linear elongation occurs simultaneously with
leaf tip appearance. For leaf 7 onwards, (N;;,,, leaf 6 in both genotypes), the beginning of linear
elongation (a;,;) differed from leaf tip appearance but was still correlated to it with a parameter (kp;)
valid for the two hybrids and considered common to all hybrids.

Nbl,tt = ma.X(Ntip ; App * tt + bbl) (Eq 22)

ap] = Kpy * agip (Eq. 2.3)
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Hence, the intercept of the linear regression between thermal time and the number of leaves having
started linear elongation (by;) can be calculated from the time course of leaf appearance, with two
genotypic parameters (b, and a;, ) easily calculated from phenotypic data.

by = [(Njim — btip) * (Kp1 — 1)] + byip (Eq. 2.4)

In the same way, we have calculated the time of the end of linear elongation from measurements of
ligule appearance. The end of linear elongation and the time of ligule appearance diverged from the
first leaves onwards, and were related via two linear relationships with a break point at leaves 7 to 9
depending on final leaf number (Fig. 2.4 C,D). We have therefore simulated the increase with thermal
time of the number of leaves with appeared ligule (Nj; ¢) with two linear function (slopes a;;; and
a;;z), with the breakpoint depending on the final leaf number of the considered genotype
(ary * Nfing1)- The ratio of the two slopes was common to both genotypes. We have considered the
first slope (a;;1 ) as a genotypic parameter, and the second slope (a;;, ) as linked to the first one with
a proportional factor independent of the genotype (k;;). Both intercepts are calculated from a
genotypic parameter (tt;;) representing the thermal time of ligulation of the first leaf since
appearance (at emergence). This results in the following equations:

for Leaf rank < ky Nfipa
Nyee = apatt + by (Eg. 2.5)
by =1 = (apus * ttys) (Eq. 2.6)
for Leaf rank > ky Ny
Nyee = ayatt + by (Eq. 2.7)

Quz = kyayy (Eq. 2.8)

P [(ku Nfinai—bu1)*(ani—aus)]
12 — a
1

+ blll (Eq 29)

In order to link the appearance of ligules and the end of leaf elongation, we have considered the time
difference (Lag) between these two stages for each leaf (respectively tt;;,, and tt,; , ). For a given
leaf, Lag increased linearly with leaf number from a base value (Lagy) and was similar in the two
hybrids. The last two leaves stopped elongation simultaneously. This results in the following
equations:

If Leaf rank (n) < Nfipq — 2

tteyn = ttun — Lag (Eq. 2.10)
Lag =Lagg x n, with Lagy being common to the two genotypes
If Leaf rank (n) < Nfipq — 2

tleyn = tter n-1 (Eq. 2.11)

The timing of leaf widening (from beginning of widening at tt,,, ,, to end of widening at tt,, ) for all
leaves (n) was derived from the timing of leaf elongation. We have previously shown that leaf
widening ends before leaf elongation for a considered leaf (Chapter 1, Lacube et al., 2017) and that
this duration can be considered as stable regardless of genotypes. We therefore used the calculated
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period of leaf elongation to calculate that of leaf widening, starting with leaf elongation and ending
before it (lag,, = 39 °Cd; Lacube et al., 2017), resulting in the following equation.

tlpwn = tlpn (Eq. 2.12)
ttewn = tteyn — lagw (Eq. 2.13)

The resulting formalism uses only 5 genotypic parameters that can be easily calculated from
phenological measurements, namely final leaf number, the parameters of the regressions between
thermal time and leaf tip appearance (slope and intercept), and those between thermal time and
ligule appearance (slope and intercept). This formalism was used for the panel of 254 hybrids of the
DROPS panel (dataset G). The final leaf number (Nf;,4;) was measured for each genotype in a field
experiments (Saint Martin de Hinx, France) and parameters for the timings of tip and ligule
appearance were collected in the phenotyping platform PhenoArch (dataset F), thereby allowing the
calculation of the timings of beginning and end of linear elongation for all leaves and all genotypes.
An example is provided in (Fig. 2.5 A) for the reference hybrid, together with the two hybrids that
allowed building the model (Fig. 2. 5 BC).
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Figure 2.5 : Measurements (points) and simulation (lines) of leaf development stages for three genotypes.

B73 (A); Déa (B) and Volga (C) Red squares, beginning of linear elongation; green circles, leaf tip appearance;
grey triangles, end of elongation; blue diamonds, leaf ligulation.
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Figure 2.6 : Final leaf length (A) and width (B) as a function of leaf rank for genotypes presenting contrasting
cycle durations, estimated by leaf number from 14 to 29. Symbols, measurements; lines, smoothed relations
for classes of genotypes with different final leaf number. (C and D) Simulated and calculated relationships
between leaf rank and eaf length (C) and width (D), for four classes of genotypes with different leaf numbers
Solid line : Model, dashed line : measurements. (E and F) Scatterplot of simulated and measured values of
leaf length (E) and width (F) for all studied genotypes. Colors in A, B, E and F, classes of genotypes with
common leaf number.
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Simulation of the profile of leaf elongation rate along the stem

The maximum leaf elongation rate for a given leaf position on the stem was modelled based on final
leaf length measured in 5 well-watered field experiments with low evaporative demand, for 121
genotypes differing in final leaf number (Panel Waterless, dataset I; Fig. 2.6A). Hybrids were sorted
into classes with common final leaf number (step: 2 leaf ranks), showing a pattern with a maximum
leaf length at a position on the stem that depended on final leaf number (Fig. 2.6A). The same
applied to leaf width (Fig. 2.6B).

For modelling purpose, we have considered the ratio of the maximum elongation rate of the
considered leaf n (a,) to that of leaf 6. We have linked this parameter to leaf rank with a two-
parameter Beta function (parameters B and o, representing the rank of the leaf with the highest
growth rate and the curvature of the curve) and considered these two parameters as depending on
final leaf number. This resulted in the following equation:

—(n-B)?
e 232

e—(n- B)?

oy, =2 %22« (Eq. 2.14)

with B = B * Nfjpg and 2 = 0 * Npjpgg

Parameters of equation 2.14 were calculated based on the measured profiles of final leaf length for
each class of hybrids in Fig 2.6A). This model adequately described the profiles of leaf length each
class (Fig. 2.6C).

The time course of leaf elongation rate was modelled at an hourly time-step by considering the
effects of temperature, evaporative demand and soil water potential, as presented in chapter 1. The
effect of temperature was taken into account via the calculation of thermal time in APSIM-maize,
with canopy temperature (thtp cqanopy) calculated at an hourly time step. The elongation rate of leaf
6 was calculated as:

LERs,qay = )it LERg (Eq. 2.15)
LERgp = (a+ b xVPDp + c x PSly) (thth,canopy) (Eq. 2.16)

with a, maximum elongation rate of leaf 6 (mm °Cday™) ; b, effect of vapour pressure deficit on leaf 6
elongation (mm °Cday'kPa™); c, the effect of soil water deficit on leaf 6 elongation (mm °Cday‘MPa’
') ; VPD, leaf-to-air vapour pressure difference (kPa) ; PSI, soil water potential (MPa). The elongation
rate of any growing leaf was then calculated from that of leaf 6 by using o, as calculated in Eq. 2.14:

LERy | aay = LERg, gay * 0n (Eq. 2.17)

Hence, this formalism uses three genotypic parameters, namely the plant leaf number, the maximum
leaf elongation rate of leaf 6 and its sensitivity to soil water potential. The sensitivity to evaporative
demand, has a high genetic correlation with that to soil water potential, and was therefore
considered as a non-independent parameters (Fig. 2.7). The other parameters of Eq. 14-17 were
considered as common to all genotypes of maize, and were optimized for obtaining the best possible
predictions in the whole range of studied genotypes.

Parameters a and c were estimated at the whole-plant level for the 254 hybrids of the DROPS panel
in the phenotyping platform PhenoArch (dataset F), with a time definition of one day in an
experiment with contrasting soil water status. Indeed, measurement based on single-leaf
measurements at a definition of minutes is not feasible for such a high number of plants. We have
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checked that this approximation was correct by comparing values measured on whole plants every
day with those measured in individual leaves every 15 min. Values were highly correlated (R? = 0.58)
so we have considered for the model the values of a and ¢ measured in the PhenoArch platform. The
sensitivity to evaporative demand (b) was calculated based on that of soil water status as in Welcker
et al, (2011) (Fig. 2.7).

¢ (mm.°Cdt.MPa)

-2.0 -1.5 -1.0 -0.5 0.0
b (mm.°Cd1.kPal)
Figure 2.7 : Relationship between the parameters representing the sensitivity of leaf growth to vapour
pressure deficit (b) and the sensitivity of leaf growth to soil water potential (c). Each point represents a
genotype from a panel of 243 for which both sensitivities were calculated from the linear regression of 15
minutes leaf 6 elongation rate data and respectively vapour pressure deficit (for parameter b) and soil

water potential (for parameter c), in a set of 16 experiments in the greenhouse and growth chamber, in
well-watered and water deficit conditions.

Simulation of the profile of leaf widening along the stem

Leaf widening was simulated with (i) a reference genotypic value of width for any given leaf position
on the stem and an intercepted light of 1.5 W m™ plant™ for the period of leaf widening (Wpasen), (ii)
a genotypic sensitivity to intercepted radiation (RAD;,) as calculated in Chapter 1, and (iii) the profile
of leaf width as a function of leaf position on the stem. Both the reference genotypic value and the
genotypic sensitivity were parametrised from a linear regression using measured width corrected for
the effect of leaf number and estimated plant intercepted radiation in a set of platform (PhenoArch)
and field experiments (DROPS network in 2012 and 2013). This was tested for the panel of 254
hybrids described in Chapter 1 for leaves 6 to 8. Leaf width increases with the amount of radiation
intercepted by the plant in the period of widening:

beg. elong.

Zemer ence RAD;
Wn = Wbase,n + (d * ( begg. elong. ) - 15 ) (Eq 218)
ttemergence

The profile of leaf width in plants with any leaf number was modelled based on five field experiments
with 121 genotypes (Waterless panel, dataset A, Fig. 2.6B). A clear pattern appeared, with similar
widths for the different classes of genotypes (to the difference of leaf length in Fig 2.6A) but different
positions on the stem of the leaf with maximum width, depending on the leaf number of the
considered genotype. The function describing the profile of leaf width as a function of leaf rank
Whyasen involved four classes of leaf rank.
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- Leaf ranks with common leaf width:
A common value of width (W,,,;;,) was observed for the first leaves until a leaf rank depending
on final leaf number (ratio: L,qnk):
n < Lrank * Nfinal

Whasen = Wmin (Eq. 2.19)
with Wi, = 1.5 cm and L4 = 0.2 regarless of genotype

- Leaf ranks with increasing leaf width:
A second class involved leaf ranks for which leaf width increases between two leaf ranks,
n< Lrank * Nfinal and n < Rankmax * Nfinal - (Plateau * Nfinal) /3

Wbase,n = Whnin + (UpSlope * (n — Lygni * Nfinal)) (Eq. 2.20)
with

_ (Wmax_Wmin)
UpSlope - ((Rankmax*Nfinal)_(Plateau*Nfinal) /3_(Lrank*Nfinal) )

Rank,qax = 0.66 Nfipnq for all genotypes
Plateau = 0.29 Nf;pq for all genotypes

- Leaf ranks with a plateau width (third class of leaf ranks):
n < Rankygy * Ny + (Plateau = Neyg) /3 — 1
Whasen = Winax (Eq. 2.21)

- Leaf ranks with decreasing width (fourth class of leaf ranks)

The slope of decrease with leaf rank was calculated in proportion of the previous upward slope
n > Rankygy * Npinar + (Plateau = Nyg) /3 — 1
Whasen = Whase, (n—1) — (UpSlope = SLopeScale * (n — LimSup)) (Eq. 2.22)
with
LimSup = (Rankmqy * Nrinar) + (Plateau * Nping;) /3 — 1
SlopeScale = 0.25 in all genotypes, ratio between the increase in width in the second class
of leaf ranks s and the decrease in width for the last leaves.

Overall this formalism of leaf widening uses two genotypic parameters, namely the final leaf number
and the sensitivity to intercepted radiation. Other parameters were considered as non-genotypic and
were optimised to best describe a range of genotype with a genotypic maximum leaf number
between 10 and 30 leaves (Fig. 2.6B).

This formalism was able to reproduce the profiles of leaf width observed for the several classes of
genotypes with contrasting final leaf number (Fig. 2.6D dataset A; R? = 0.78 for 16 leaves and R? =
0.84 for 19 leaves), with a regression of R* = 0.85 between observed and simulated data for all leaves
of all classes of genotypes with common leaf numbers (Fig. 2.6F). For the 254 genotypes of the
DROPS panel, we have used the final leaf number characterised above and the sensitivities of leaf
width to intercepted radiation calculated in Chapter 1 (Lacube et al., 2017).

Simulation of the impact of leaf elongation rate on grain number

Grain number was simulated based on the current algorithm used in APSIM, which relates grain
number to plant growth rate (PGR, g.m?d™) around flowering time, as modified by Chenu et al.
(2008) in which the parameters of this relation depend on parameters affecting the genetic control
of leaf elongation rate. The rationale for this modification is that the sensitivity of grain abortion is
genetically linked to that of leaf elongation rate, via the control of silk elongation rate. Briefly, leaf

62



elongation rate and silk elongation rate show similar patterns in response to evaporative demand
and soil water deficit and the sensitivities of both processes are closely linked in a collection of
genotypes (Turc et al 2016). In turn, silk elongation rate is the main determinant of ovary abortion
(Oury et al, 2016ab). This results in genetic correlations between the parameters of leaf elongation
rate and those of grain number (Welcker et al., 2006; Chapuis et al., 2012).

In APSIM, grain number is calculated by taking into account the daily time course of PGR from 150
°C.d before silking to 260 °C.d after it. Grain number (GN) is calculated as a logarithmic function of
the genotypic maximum grain number (GN.,), with a minimum PGR (PGRy,,.) at which grain number
starts to increase, and a parameter of shape (GNk), the PGR at which 50% of GN., is reached. Here,
GNmax Was estimated based on the four experiments with highest grain numbers, the shape
parameter was kept common to all hybrids and PGR,. Was affected in such a way that the most
sensitive hybrids for grain number in water deficit were those that had the highest sensitivity of leaf
growth to water deficit, as in Turc et al., 2016. For that, PGR,, linearly depended on the sensitivity
of leaf growth to soil water deficit (c ).

GN = GNypgy * (1 — e Nir(PGR= PGRyase) ) (Eq. 2.23)
With PGRpgse = @+ b * PSlofrect (Eqg. 2.24)

An additional effect of air temperature on grain number was detected in the study of Millet et al.
(2016). This was taken into account via a negative relation between grain number and mean night
temperature (T, gp; — °C) with the sensitivity (rmign) evaluated in Millet et al. (2016).

GNfinal = GN = ((Tugne — 15) * Trnignt ) (Eq. 2.25)
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Test of the model.

The resulting module includes nine genotypic parameters (Table 2.2) which have been parameterised
for the 254 genotypes: maximum number of leaf (N¢;,4;), slopes and intercepts of the relationship of
leaf appearance and ligulation with thermal time (aip, btip, aj11, byy1) maximum leaf elongation rate
(a), sensitivities of leaf elongation to evaporative demand (b) and to soil water deficit (c), leaf
widening sensitivity to plant intercepted radiation and sensitivity of grain number to night
temperature (rrpigne)-

- The model was first tested on final leaf length and width of the reference hybrid B73_H measured
in 19 fields. Simulations resulted in final dimensions close to those observed experimentally in well-
watered conditions (R? for length: 0.96 and R? for width: 0.96, Fig. 2.8 A,B) and under water deficit
(R% for length: 0.90 and R? for width: 0.89, Fig. 2.8 C,D). The model was therefore able to simulate the
effect of environmental conditions on final leaf dimensions.
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Figure 2.8: Measured and simulated final leaf length (A and C) and final leaf width (B and D) of the hybrid
B73_H in well-watered (A and B) and water deficit (C and D) in a network of field experiments. Colours,
experiments.
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Table 2.2: Summary of all fixed and genotype dependent parameters in the model

Formalism Variable Parameter Description Unit Status
Genotype
Nfinal Maximum number of leaves leaf P
dependent
Slope of the relationship between number of 1 Genotype
Atp dl dth i leaf °Cday d dent
Ny NUmber of appeared appeared leaves and thermal time ependen
leaves at thermal time "tt" b Number of leaves appeared at emergence (at leaf Genotype
e thermal time 0 °Cday) dependent
Slope of the relationship between number of leaves 4 .
ap . < ) leaf °Cday Fixed
at linear expansion and thermal time
Ny, : number of leaves that by Intercept of the number of Ieavejs atlinear leaf Fixed
! . expansion with thermal time
have started their linear
expansion at thermal time "tt" Key Ratio between ay, and ay, (-) Fixed
Number of leaves at which the slope of Ny, and N
Niim P tie ol leaf Fixed
differs with thermal time
Leaf devel a First slope of the relationship between number of |eaf *Cday™ Genotype
eaf development " ligulated leaves and thermal time ea ay dependent
phases
b Intercept of the number of ligulated leaves with loaf Genotype
ea
1 thermal time dependent
. i Second slope of the relationship between number :
Ny« : number of ligulated an A e " leaf °Cday™! Fixed
leaves at thermal time "t" of ligulated leaves and thermal time
Intercept of the number of ligulated leaves with
bz P '8 leaf Fixed
thermal time
Relative leaf number at which the number of
Ky ligulated leaves with thermal time changes slope (-) Fixed
fromalllto all2
tte, : thermal time of end of Base value of the lag in thermal time between leaf . .
' Lag, . ) . ) Cday Fixed
linear expansion of leaf n ligulation and end of linear expansion
tt bw,n : thermal time of end of Thermal time difference, for all leaves, between . .
' Lag, ) - Cday Fixed
widening of leaf n end of leaf elongation and end of leaf widening
Rank of the leaf with the highest growth rate of the Fixed
_— . . - - ixe
a,: ratio of maximum leaf B expression of a,with leaf number )
elongation rate of leaf n to
o urvature of the expression of a, with leaf number - ixe
that of leaf 6 C f th : f o, with leaf b Fixed
. . . 4 Genotype
Leaf elongation a maximum leaf elongation rate of leaf 6 mm °Cday
dependent
LERg 1, : leaf elongation rate of sensitivity of leaf elongation LERg to evaporative 4, a1 Genotype
' b mm °Cday "kPa
leaf 6at hour h demand dependent
sensitivity of leaf elongation LERg to soil water Genotype
c . 6 mm "Cday'lMPa‘1
deficit dependent
. . s . . . 1 Genotype
W, : maximum width of leaf n d sensitivity of leaf width to intercepted radiation cm MJ °Cday™ m
dependent
Whin Value of the minimum base leaf width cm Fixed
L Relative rank of the last leaf with minimum base .
Leaf widening Lrank leaf width (-) Fixed
W pace,n: base leaf width of leaf eaf widt
n
W nax Value of the maximum base leaf width cm Fixed
Rank Relative rank of the leaf with maximum base leaf “) Fixed
max width
GNppy ¢ calculated final grain sensitivity of grain number to mean night Genotype
Grain number final g Proight yors ? grain °C! yp
number temperature (base temperature of 15°C) dependent
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- The model was then tested by simulating leaf expansion in a set of 16 genotypes in one experiment
(Fig. 2.9). The results showed that the model was able to simulate the effect of the genetic variability
on final leaf dimensions (R? for length = 0.87 and R? for width = 0.92).
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Figure. 2.9: Observed and measured values of final leaf length (A) and width (B) for a set of 16 hybrids in
one field experiment (Mauguio 2016). Colors, different hybrids. Points highlighted in black show the
reference hybrid B73_H. Solid black line, linear model.

- Finally, the model was tested by comparing predicted and observed yield and grain number for the
254 in the 14 field experiments of 2012 and 2013, Fig. 2.10A,B). The model explained from 12 to 57%
of the measured variability of grain number (Fig. 2.10C), and from 8 to 35% of grain yield (Fig. 2.10C),
depending on the experiment.
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Figure 2.10 : (A and B) Simulated (y-axis) and observed (x-axis) grain number (A) and grain yield (B) for the
DROPS panel of 254 hybrids simulated over the network of 13 environments. One point represent the
mean measured yield or grain number per hybrid in each experiment. Colors show the different
combinations of sites and years. (C) Table of calculated R squares (calculated with the function ‘Im’, R

software) for each site, between simulated and measured grain number (GN) and grain yield (GY)
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Discussion

This study had the ambitious purpose of developing a model adapted to the large genotypic
variability found in a panel of 254 genotypes. This has required the use of nine large datasets
obtained in different conditions, namely experiments in two phenotyping platforms, low-throughput
field experiments with few genotypes and detailed measurements of leaf length and width, and high
throughput experiments with measurements of yield and yield components of all hybrids and leaf
dimensions of one hybrid. This strategy is therefore labor-intensive and needs to concentrate on a
few panels of genotypes. It also requires that different datasets are available and easily accessible,
which was not the case here. Some datasets used in Chapters 1 and 2 were stored on old floppy
disks, so an appreciable part of the work has consisted of first reading, and then making sense of
these datasets in the absence of appropriate metadata. This experience stresses the need for FAIR
access of datasets (findable, accessible, interoperable and reusable). The absence of these standards
has caused a considerable extra work in this study.

In spite of the large datasets used here, we were still short of data for several processes. This
explains why the model was established on two hybrids only, thereby obliging one to take decisions
for modelling based on limited experimental evidence. We accept that several equations could have
been written with a different form. However, the module presented here is probably one of those
best backed on experimental data. We shall shortly have access to more datasets allowing to either
accept these decisions or to change them.

The limited number of genotypic parameters was a necessary condition for designing a model in
which parameters are directly measured, or estimated via measurements of traits presenting a short
“phenotypic distance” with parameters. Limiting the parameter number was based on different
arguments.

- It was in some cases based on the experimental result of the absence of genetic variability of the
considered parameter. This is the case for the response of growth and development processes to
temperature which has been shown to be common to genotypes with diverse origins, in particular
either tropical or temperate (Parent and Tardieu, 2012).

- In other cases, it was based on an experimentally-established genetic correlation, as in the case of
the genetic correlation between the sensitivities to water deficit of leaf growth and abortion rate
(Turc et al, 2016, Chapuis et al, 2016) or of the sensitivities of leaf elongation rate to soil water
deficit and evaporative demand (Welcker et al, 2011).

- In many cases, it was a deliberate exercise aiming at obtaining independent parameters based on
model design and/or intuition, for example in the relation of the genotypic leaf number and the
parameters controlling the profiles of leaf width or length.

- Finally, we have to acknowledge that in some case this choice was linked to the absence of available
data, so the parsimony principle led us to consider that parameters did not differ between
genotypes.

In spite of the limits mentioned above, the model was successfully tested on its ability to represent
the variations in leaf dimensions between environments for one genotype, the variations in leaf
dimensions between genotypes in one environment, and the variations in yield in a network of field
experiments. We are therefore confident on the fact that the model can be used for simulating the
consequences of plant development and of leaf traits on yield, as presented in chapters 3-5.
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It is probably useful to re-affirm here that the purpose of this model was not to improve vyield
predictions for a standard genotype, but to provide elements for designing genotypic ideotypes for
different regions and environmental scenarios, including those in future climates (Chapter 4). It is
unlikely that the improved generality of our model mechanically translates to more accurate yield
predictions for one genotype. An avenue for progress would be to predict the model parameters
used here as a function of genetic markers, based on QTL allelic effects and/or genomic predictions.
This avenue is currently followed, on the same datasets, by Emilie Millet in Wageningen and by
Santiago Alvarez Prado in LEPSE.
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Chapter 3: Simulation framework to study the impact of
genetic variability of leaf expansion processes on maize
vield over European environmental scenarios.

This chapter presents the necessary elements for running simulations at a European scale, as
presented in chapters 4 and 5 of this thesis. It summarizes the developments | undertook for multi-site
multi-year simulation. As such, it can be viewed as a ‘material and method’ for these simulations. It
will be the publication that will follow chapter 5.
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Abstract

The different processes of leaf development, elongation and widening studied in chapter 1 and 2 of
this thesis have been implemented in the crop model APSIM-maize in Chapter 2. This results in a
modified version of APSIM-maize, able to integrate and simulate the effects on yield of the genotypic
variability of leaf growth, including growth and developmental parameters such as final leaf number,
leaf appearance rate, ligule appearance rate, leaf growth rate and sensitivities. Further adaptations
were implemented in the model to study the impact of the genetic variability of leaf expansion
processes on maize yield over European environmental scenarios. We first present the network of
European sites used in simulations, together with environmental and management information
associated with each site. We then present the fine tuning of phenology in APSIM for European
genotypes with varying cycle duration. Finally, the workflow for multi-site multi-year simulation is
presented, together with the methods that were developed for the analysis of model outputs.
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Introduction

Further development were needed in addition to the the modules presented in chapter 1 and 2 for
simulating yields of a range of hybrids in contrasted European environments as presented in chapter
4and5:

- First, simulation of yields over a set of environments around Europe requires establishing a network
of European sites that represents the diversity of environmental conditions in which maize is grown
in Europe. This involves designing this network, collecting environmental data associated with each
site based on European information systems, but also collecting and/or simulating management
practices such as irrigation, sowing dates, harvesting dates, and fertilisation rates.

- Secondly, taking into account the genotypic diversity of cycle duration requires some fine tuning of
the APSIM-maize model, which were not presented in chapter 2 which deals with the
establishment of leaf area. In particular, a fine tuning of the simulation of plant phenological stages
was necessary to take into account the non-photoperiodic control of flowering time in European
maize genotypes, and to adjust the respective duration of each phase of development in genotypes
with varying whole-cycle duration.

- Finally, the process of multi-site multi-year simulation requires procedures allowing one to carry out
large number of simulations in an automatized way.

This chapter first presents the network of European sites, with environmental and management
information associated with each site. It then presents the fine tuning of the phenology in APSIM-
maize for European genotypes with varying cycle duration. The workflow for simulations is then
presented, together with the methods that were developed for multi-site multi-year simulations and
for the analysis of model outputs.
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Chapter 3: Simulation framework to study the impact of genetic variability of leaf expansion processes on
maize yield over European environmental scenarios.

A network of European sites with the necessary information to run the model

Presentation of the network

We have used the network of sites designed by Harrison et al. (2014), which consisted of 55
European sites in 11 countries in which maize is currently grown. The number of sites selected in
each country was proportional to the maize area in this country. Four sites have been added to this
network for improving the regularity of the spatial distribution of sites. This results in a network of 59
sites presented in Fig. 3.1 and Table 3.1.

=

- &

Figure 3.1 : Locations of the 59 sites used in model simulation in Europe. Points: sites location; Grey zones:
mountains; black lines: limits between countries.

Meteorological data used here are 36 years of daily weather (1975-2010) from (i) the AGRI4CAST
database of the Joint Research Network (https://ec.europa.eu/jrc/en) for the 55 sites of Harrisson al.
(2014) and (ii) the INRA CLIMATIK database for the four added sites. The 36 years were considered
with a mean atmospheric CO, concentration of 380 ppm. Daily meteorological data were converted
into input files of APSIM (“.met’ files) which contains site-specific information (name, latitude,
longitude and altitude) and a table of daily environmental data, namely year, day of year, minimum
temperature (‘minT’) and maximum temperature (‘maxT’), rainfall (‘rain’ in mm), incident radiation
(‘radn’ in MJ m?), and wind speed (‘wind’ in m s™).

Climate scenarios in 2050 were simulated at each site by using the stochastic weather generator
LARS-WG (Semenov and Stratonovitch, 2010) and were based on climate projections from the
Coupled Model Intercomparison Project Phase 5 (CMIP5) ensemble with two Representative
Concentration Pathways (RCPs), namely 4.5 and 8.5 (487 and 541 ppm CO, in 2050) and four global
circulation models (GCMs) in order to account for the uncertainty in the CMIP5 ensemble (namely
GFDL-CM3, HadGEMZ2-ES, MIROC5, MPI-ESM-MR). Hundred years were generated for each
combination of Site, RCP, and GCM.
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Table 3.1 : Characteristics of the 59 sites used in model simulation. Columns : site name, latitude and

-2

longitude in degrees, mean sowing date, plant density (m ), amount of nitrogen applied at sowing (as
-1

N03N fertiliser in kg ha ) and value of the optimum genotype cycle duration, expressed as maximum leaf

number.

Site Longitude Latitude Sowing  Density Nitrogen Optimum

() () date  (plantm?) (NO3Ngkha™) genotype (N;,,)
Austria_Leibnitz 15.55 46.78 14/03 7.63 420 16
Bulgaria_General _Toshevo  28.03 43.72 01/04 6 700 21
Bulgaria_Glavinitsa 26.83 43.90 10/04 6 420 22
France_Achenheim 7.62 48.57 20/04 775 350 16
France_Avignon 4.80 43.94 20/03 7.51 70 22
France_Chemille -0.72 47.20 10/04 7.66 560 17
France_Clermont_Ferrand 3.08 45.77 30/04 7.51 70 18
France_Estrees_Mons 3.00 49.88 20/04 7.72 560 16
France_Marmande 0.15 44.50 01/04 751 490 21
France_Montelier 5.03 44,95 01/04 751 70 21
France_Orthez -0.77 43.48 01/04 7.42 490 21
France_Ouges 5.07 47.26 10/04 7.72 420 19
France Palaminy 1.07 43.20 01/04 7.42 630 21
France_Pamproux -0.05 46.38 20/04 7.6 420 18
France_Patay 1.70 48.05 20/04 7.72 490 16
France Saint_Bonnet 0.10 45.48 01/04 7.57 490 20
France_Toulouse 1.43 43.60 20/03 7.45 630 23
France Vitre -1.22 48.12 10/04 7.72 630 16
Germany_Augsburg 10.90 48.37 30/04 10 490 15
Germany_Hanover 9.73 52.37 30/04 10 350 15
Germany_Werl 7.93 51.57 30/04 10 560 15
Greece_Evropos 22.57 40.92 20/03 7.3 420 26
Hungary_Foldeak 20.48 46.32 20/04 6 490 21
Hungary Kondoros 20.80 46.77 30/04 6 630 19
Hungary Kormend 16.60 47.02 20/04 6 490 18
Hungary Lajoskomarom 18.33 46.85 10/04 6 630 20
Hungary_Nyirbator 22.13 47.83 20/04 6 420 19
Hungary_Ormenyes 20.58 47.18 10/04 6 700 21
Hungary Papa 17.47 47.32 20/04 6 490 18
Hungary_Szederkeny 18.47 46.00 20/04 6 490 20
Italy_Asola 10.42 45.22 20/03 754 350 22
Italy_Bologna 11.35 44.50 20/03 7.51 350 24
Italy_Campoformido 13.17 46.02 01/04 7.6 350 22
Italy_Orgiano 11.47 45.35 20/03 7.54 280 24
Italy_Paese 12.15 45.67 20/03 7.57 350 24
Italy_Pantigliate 9.35 45.43 20/03 754 350 22
Italy_Santena 7.77 44.95 01/04 7.51 350 21
Poland_Tuszyn 16.65 50.80 30/04 7.87 560 15
Poland_Wrzesnia 17.57 52.32 30/04 7.97 350 15
Romania_Alexandria 25.35 43.98 10/04 6 420 22
Romania_Arad 21.32 46.17 20/04 6 490 21
Romania_Barca 23.63 43.97 01/04 6 490 22
Romania_Barlad 27.67 46.23 10/04 6 490 21
Romania_Botosani 26.67 47.75 20/04 6 630 18
Romania_Bulbacata 25.80 44.28 10/04 6 420 21
Romania_Chirnogeni 28.23 43.90 10/04 6 560 22
Romania_Daia_Romana 23.67 46.02 20/04 6 560 18
Romania_Dochia 26.57 46.92 20/04 6 490 16
Romania_Dor_Marunt 26.92 44.43 10/04 6 420 22
Romania_Gataia 2143 45.43 20/04 6 420 21
Romania_Lovrin 20.77 45.97 20/04 6 420 21
Romania_Medgidia 28.27 44,25 01/04 6 630 22
Romania_Parscoveni 24.23 44,28 10/04 6 490 22
Romania_Puchenii_Mari 26.08 44.82 10/04 6 420 21
Romania_Salard 22.03 47.22 20/04 6 490 19
Romania_Viziru 27.70 45.00 10/04 6 350 21
Spain_Barbues -0.42 41.98 20/03 7.3 210 22
Spain_Gomecello -5.53 41.05 20/04 7.3 140 17
Spain_Villamanan -5.58 42.32 30/04 7.36 280 16
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Soil depths in every site ranged from 0.6 to 1.5 m, a reasonable range in European conditions. Soil
parameters used by APSIM include, for each horizon (i) the depth and bulk density of the considered
horizon, (ii) the lower limit of soil water content defined as the driest water content at which water
extraction occurs (LL15), (iii) the upper limit or field capacity (DUL), (iv) the saturated water content
limit above which the soil cannot retain water (SAT), (v) the rate at which water can be extracted in a
given layer (KS) and (vi) the parameters describing the maximum water extraction in the considered
layer for the considered species. In this study, the parameters describing water extraction in each
layer were considered as non-genotypic. All parameters were either calculated from available data
from the JRC network for each site, or derived from expert knowledge. The initial soil water content
at the beginning of the 36-year simulations was set at field capacity for the whole soil profile in all
sites. In further years, the final soil water content simulated at the end of each year was used as
initial soil water content on the next year.

Sowing dates were calculated for each site by estimating the first day, calculated from the 35 years of
climate data, for which the frequency of frost in the next 15 days is lower than 5% (Table 3.1).
Harvesting dates were defined to occur during a time window after plant maturity that depended on
soil water content. We have considered that harvest could not occur if soil water content exceeded
90% of field capacity in the upper soil layer, thereby simulating the impossibility for harvesting
machines to enter into the considered field because of an insufficient load bearing capacity. No
harvest possibility before 1°* November resulted in a total yield loss due to high risk of ear fall or
diseases, combined with the necessity for farmers to sow the next winter crop at that time.

We have optimised the nitrogen fertilization based on a first round of simulations aimed at testing a
grid of values of nitrogen application levels (from 200 to 1200 NO;N applied at sowing) and estimate
optimum nitrogen application in each site (Table 3.1).

Three watering scenarios were used in further chapters. In the well-watered scenario daily irrigation
was applied when the available soil water dropped below 90% of the maximum. No runoff was
considered, with an efficiency of irrigation of 1. The rainfed scenario considered no irrigation. The
irrigated scenario simulated irrigation if cumulated rainfall was less than 30 mm in the last seven
days, with a minimum time of seven days before a new irrigation could be applied.

Environmental conditions sensed by virtual plants during simulated crop cycles

A first round of simulation was run with APSIM-maize with the reference hybrid to visualize
environmental conditions sensed by plants during key phenological stages of plant managed with the
rules presented above, in order to better characterize the network of sites. Minimum temperatures
at simulated flowering time, averaged over 35 years, ranged from 12 to 19°C and maximum
temperatures from 23 to 31°C (Fig. 3.2 C and D). On the same period, plant intercepted radiation
ranged from 150 to 300 MJ Fig. 3.2, B. The degree of water deficit during flowering time in rain fed
fields was simulated via the supply/demand ratio simulated in APSIM. The latter ranged from 1 in
conditions in which plants do not suffer any drought to 0.3 in very severe water deficits. Fig. 3.2, A
presents the mean S/D ratio over the 35 years of simulation. Water deficit was frequent in southern
sites, but appreciable water deficits were also observed in more northern sites. High year to year
variabilities were observed in all cases. It is noteworthy that the very severe droughts simulated in
Spain and Italy are not realistic for maize, which is irrigated in most cases in these regions.
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Chapter 3: Simulation framework to study the impact of genetic variability of leaf expansion processes on

maize yield over European environmental scenarios.

SID RAD
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Figure 3.2: Environmental conditions in the network of European sites. (A) Distribution of soil depth,

(B) distribution of water deficit estimated by supply /demand ratio, from 0.3 (severe stress, red) to 1 (well-
watered, blue) (C,D)Distribution of maximum and minimum temperatures at flowering time, averaged in
each site over 35 years. Circles, sites with maize simulations.
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Figure 3.3: Simulated yields for maize. (A) Rain fed conditions (B) Irrigated conditions.

Maize yields simulated with APSIM ranged from 0.9 to 9.5 t Ha™ in rain fed conditions, and from 7.5
to 12 t ha™ in well-watered conditions (Fig. 3.3). This exactly corresponds to the range of yields that
have been observed in the DROPS networks of experiments, thereby suggesting that the calibration
of the model is correct. Highest yields were simulated in the deep soils of Eastern Europe, while sites
at higher latitudes had intermediate yields. Yields were in a narrower range in well-watered
conditions, the sites with highest performance slightly differed in rain fed and irrigated conditions,
with highest yields in the Po valley.
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Adapting the model for taking into account the genetic variability of
phenology over Europe

Fine tuning the duration of APSIM phenological stages in genotypes with varying final leaf
number

Maize phenology is characterised in APSIM by the thermal time that elapses between key
phenological stages, namely sowing, plant emergence, end of juvenile phase (period after which
plant development is affected by photoperiod, endjuv), floral initiation (end of sensitivity to
photoperiod), flag leaf, flowering, beginning and end of grain filling and maturity (Fig. 3.4). The
period of time from endjuv to floral initiation is affected by the photoperiod and is recalculated daily.
A photoperiod higher than a critical value (12 hours) shortens the thermal time to floral initiation.
The durations of other phases (expressed in thermal time) are model parameters.

Phenological phases % Model parameters A P S ‘ M

Sowing

Emergence == —— ————- __

A
thtendjuv
emerg
End of juvenile phase = - N tht 129
|‘Itﬂt:)ral ini emerg
s t emerg
Floral initiation — weg X -
Flag leaf wef — ———— Y.
flo
‘ ithtﬂag
Flowering ot —— — — T —-
Beginning of grain filling =4 7
3
=2
=
m
) ) a
End of grain filling = &
3
. Q.
Maturity — =y 2
@

<

Figure 3.4: Maize phenological stages (left) with thermal time (from top to bottom) and parameters names
in APSIM (right).

The model used here applies to temperate maize, in which the photoperiod has no effect on the
duration of the period from emergence to floral initiation. Hence, the maximum leaf number and
thermal time from emergence to floral initiation (thtemerg to fioralini) are genotypic traits,
independent of environmental conditions other than temperature. In the modified APSIM-maize, it
depended on three parameters, namely leaf initiation rate (a;,;), the number of initiated leaves at
emergence (Nini qt emerg = 6) and genotypic maximum leaf number (N¢;,4;). Leaf initiation rate was
linked to leaf appearance rate (a;;,) by a non-genotypic factor (k;,; = 2) meaning that one leaf
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appears when two leaves are initiated. This allowed calculation of the thermal time between
emergence and floral initiation (Eq. 3.1).

thtemerg to floral ini = LIR * (Nfinal — Niniat emerg) (Eq.3.1)
With: LIR = kini * atip

The end of the juvenile phase (enjuv) involves, in APSIM, switches in formalisms involved in processes
other than flowering transition, in particular the first day for which a nitrogen deficiency affects leaf
area, and the control of leaf area by a maximum specific leaf area. We had therefore to adjust the
date of endjuv for genotypes with varying duration of the vegetative period. Endjuv was calculated as
a constant (non-genotypic) fraction of the thermal time between emergence and floral initiation (Eq.
3.2; Qenajuy = 0.34).

thtemerg to endjuv = aendjuv * thtemerg to floral ini (EQ- 3-2)

The thermal time between emergence and flag leaf was defined as the thermal time of appearance
of the last leaves (dependent of the genotypic maximum leaf number). The thermal time between
emergence and flag leaf was modelled through the leaf appearance rate (Eqg. 3.3).

thtemerg to flag leaf — Qtip * (Nfinal - btip ) (Eq. 3.3)

These formalisms therefore involved genotypic value for the final leaf number, the slope and
intercept of the leaf appearance rate as a function of thermal time since sowing, as measured in
three experiments in the PhenoArch platform over the whole panel, and a non-genotypic duration of
the thermal time from flag leaf to flowering (thtfiqg iear to r10 = 10 degree. days — non genotypic).

Adapting leaf senescence to genotypic variations of the leaf appearance rate

Senescence through ageing was simulated based on a linear equation with thermal time (Eq. 3.4).
The intercept of beginning of leaf senescence (bg.;,) Was considered as non-genotypic, considering
that the senescence of leaves 1-5 can begin at leaf 6 appearance (Ny;p gt sen = 6 leaves). The rate of
leaf senescence (ase,) was considered as linked to leaf tip appearance (a;;,) with a non-genotypic
ratio (k = 0.29).

Ngenesced teaves = Qsen * tht + bgen (Eq. 3.4)

With agen = k * ay and bgep = (Neip at senbuip) “tsf"_btip)

Atip
The two non-genotypic parameters were calibrated to simulate leaf senescence in one experiment
(Mauguio 2011, Table 2.1) for the reference hybrid B73 in well-watered conditions (Fig. 3.5). Whole
plant leaf area and proportion of senescent leaves were estimated for three plants every seventh day
throughout the growing season. Senescence was also linked to plant nitrogen status, with unchanged

formalisms in relation to the standard APSIM-maize version.
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Figure 3.5: Measured (points) and simulated (line) leaf area index in one field experiment in Mauguio
(2011). Circles: mean measurements of leaf area index calculated from whole plant non senescent leaf
area in 3 plants per date; Line : simulated leaf area index with the modified version of APSIM-maize.

A workflow for high throughput model simulation

Because the APSIM user interface involves too much user intervention, it was not adapted for multi-
site multi-year simulations requiring millions of runs. We have developed an automatic procedure in
the language ‘R’ (version 3.3.3) to dialog with the APSIM model (Fig. 3.6). The main R script (Figure SI
3.1) uses various libraries to read raw data (meteorological, site management, field or platform
measurements) and write all files used by APSIM. It then directly dialogs with APSIM for simulation,
reads the outputs and stores them in an R object, which uses far less space than all simulation output
files combined in a computer folder. As an example, a simulation with 55 locations, for 36 years, 254
genotypes, and 3 watering scenarios produces more than 100 000 files that can use more than 10 Gb
of storage whereas an R object containing the same dataset uses less than 100 Mb.

Model simulation characteristics were written with a file system called ‘eXtensible Markup Language’
(XML). The XML language uses a system of tags that can be created and defined by the user. These
tags can represent all the parameters of the simulation. Those parameters can be as simple as the
simulation name, the initial water content of the first soil layer, or the value of a genotypic
parameter. The use of this file system allows organisation of simulations as an arborescence. This
arborescence is easily read from any software adapted for code development (R software or Matlab)
and each tag can be searched to automatically change parameters value directly into the code,
without using the APSIM interface. As a result, parameters values that are calculated for many
genotypes via data analysis in R scripts can be directly used as model parameters, making multi-
genotype simulation easier. The final simulation files are of type XML, saved with a new extension
name ‘.apsim’ to be recognisable by the APSIM model.
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Figure 3.6: Schematic representation of the workflow for multi-simulation. The framework uses raw data
(left), read and analysed by R scripts (centre) that produce input files for APSIM (right), and dialogs with the
model for simulation.

For model simulation, APSIM can either be used with a fully functional interface, or by calling the
model from the any computer interface (via Microsoft Disk Operating System or ‘MS-DOS’) by
entering the command ‘apsim.exe’ and adding the name of the “.apsim’ file to be used for simulation.
As a result, it can be launched from any interface able to dialog with the command system on a
computer. In the context of this thesis, the R software was used for multi-simulation, because it is
widely used for data analysis, and because an APSIM library (package ‘APSIM’ version 0.9.1, Justin
Fainges 2016) is available that allows reading, writing and transformations of the different files used
by APSIM.
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The outputs of the model can be defined by the user from any daily simulated variables in the model.
Because parts of the model were adapted and transformed and new formalisms implemented, new
intermediate variables were defined and used as model outputs. For each simulated site, model
outputs were stored in a classic text file and automatically saved with the extension “.out’. Those files
can be easily read automatically and sequentially via the R software and stored in an R object
(function ‘loadAPSIM’, package ‘APSIM’, R software).

All simulations outputs were read and analysed with the R software. Functions have been developed
to rapidly and efficiently analyse outputs files (with more than 100 million lines of data) to gather
output data or estimate environmental variables at specific crop phenological stages.

The maps shown in chapters 4 and 5 were produced using the package ‘rworldmap’, and are
represented using the ‘GCS_WGS_1984" coordinate system. The polygons (shapefiles; ‘.shp’)
containing oceans and mountains limits were downloaded from the Natural Earth Data file
repositories’.

> http://www.naturalearthdata.com/downloads
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Chapter 4: Future European maize production may be
maintained if farmers adapt crop cycle duration

This chapter uses the model presented in chapter 2 and the simulation framework and workflow
presented in chapter 3 to simulate yields with and without adaptation of cycle duration and sowing
date in current and future climatic conditions. The calculation of optimum durations is based on a
pre-existing dataset and on simulations. The model integrates all developments presented in this
thesis except the simulation of leaf widening and its response to intercepted radiation, and the effect
of night temperature on grain number.

In addition to the simulation framework, | have performed the simulations themselves with
contrasted transpiration coefficients dependant on C0O,, and the optimisation of nitrogen application.
Furthermore, | developed most of the code used for treatment and analysis of model input/output.

This chapter is written as an article that has been submitted to a journal. The order of authors reflects
the fact that | have not participated directly to the project design nor to the writing of the manuscript.
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Abstract

Projections (Asseng et al., 2014; Zhang et al., 2015) and experimental datasets indicate that climate
change will have deleterious consequences on yields. However, historical statistics suggest that some
species still show yield progress in farmer's fields (Moore and Lobell, 2015). This discrepancy may be
due to the fact that most projections involve unchanged farmer's practices, whereas farmers
currently adapt cropping systems to local environmental changes (Welch et al., 2010; Zhang et al.,
2016), potentially decreasing their effects (Challinor et al., 2014; Challinor et al., 2016). Here, we
show that maize yields simulated over Europe could be maintained or increased between present
and 2050 if farmers continue adopting rules they currently use for adjusting sowing date and crop
cycle duration to local environment. Projected European maize production decreases by 1.1%
without adaptation in the maize growing area, compared with 8 to 14% increase with adaptation
depending on transpiration efficiency hypotheses. Rules for farmer adaptation were based on field
experiments and comparisons of farmer's practices with simulations that optimize yield in each site.
Between present and 2050 the combined effects of climate change and farmer adaptation reduce
the gradient of maize yield between south and north of Europe. One can therefore foresee changes
in maize growing areas but minor effects on European production provided that farmers continue to
adapt the sowing date and duration of crop growth cycle.
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Main

We have first tested experimentally if farmers have access to varieties presenting a sufficient range
of cycle duration to allow identification of the optimum that maximizes yield. For that, we have
analysed a panel of 121 public maize accessions with a large range of cycle duration in six
experiments with different climatic scenarios and water regimes (three sites by two watering
scenarios, Fig. 4.1a and Supplementary Figs S4.1-4.3). Because the main source of variation of cycle
duration is the length of the vegetative phase (Li et al., 2016), we focus on the sowing-flowering
period. Best-adapted accessions with vegetative duration maximizing yield were identified in each
experiment (Fig. 1a and SI. Fig. S 4.3). For each accession, vegetative duration was common to all
sites if expressed in time corrected for temperature (SI. Fig. 1). We have also checked the validity of
scoring it by counting the final leaf number, a classical farmer's practice (SI. Fig. S 4.2).
Experimentally, yield increased with vegetative duration below the optimum (Fig. 4.1a) because of an
increased light interception (SI. Fig. 4.4), and decreased beyond it due to flowering and/or grain
filling occurring in adverse conditions such as low light or terminal drought'*. As expected, optimum
durations differed between sites and water regimes, depending on local environmental conditions
(SI. Fig. S 4.3). Hence, a well-organized genetic variation of cycle duration is available to farmers, and
durations that optimize yield can be identified in each field.
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It can therefore be hypothesized that, by trial and error, farmers choose cycle durations and sowing
dates that maximise yield in the most frequent climatic scenario corresponding to their site. To test
this assumption, we have compared farmer's practices as reported in the European AgroPheno
database (Agri4cast database®, Joint Research Center) to optimum sowing dates and vegetative

® http://agri4cast.jrc.ec.europa.eu/DataPortal/Index.aspx, consulted in November 2016.
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durations simulated in 59 European sites representative of the European maize growing area
(Supplementary Table 1,Harrison et al., 2014), over a period of 35 years (1975-2010). Simulations
were performed in each site with three watering strategies, namely full-irrigation, optimised
irrigation around flowering as suggested by extension services and rainfed (no irrigation). We used
the APSIM-maize (Hammer et al.,, 2010) model modified by taking into account the growth of
individual leaves (Chenu et al., 2008).

Sowing dates were simulated in each site according to farmer's practices, and were closely related to
observations in the European database’ (SI. Fig. 4.5a). The rule was that sowing occurs at the first
date of early spring for which the risk of frost for 10 days after sowing is lower than 5% over 35 years.
It combines a minimum risk of frost with highest cumulated photosynthesis and potential yield.
Simulated sowing dates ranged from 20" March to 30™ April with later dates at northern latitudes.

Optimum vegetative duration was simulated in each site by considering the duration that maximises
yield over 35 years. The median of yield was related to vegetative duration with bell shapes similar to
those observed experimentally in the 59 sites (examples in Fig. 4.1b and Sl Fig. 4.6a,c,e). These
simulations resulted in anthesis times that were similar to farmer's ones in the European database®
(SI. Fig. 4.5a). In irrigated conditions, optimum duration from sowing to flowering ranged from 822 to
1462°Cdays (hybrids with 15 to 26 leaves) and was closely correlated with latitude (Fig. 4.2a and Sl.
Fig. 4.7a). Hence, later sowing dates in northern sites such as Germany or Poland were compensated
for by shorter vegetative duration (Fig. 4.2a), resulting in flowering dates that were nearly
independent of latitude in our simulation outputs as well as in the AgroPheno database (SI. Fig. 4.5a).
Simulated optimum duration was shorter (592 to 1056°Cdays) in rainfed conditions (Fig. 4.2b and SI.
Fig. 4.7b), and the difference in flowering time between fully irrigated and rainfed conditions was
linearly related to the level of water stress (Sl. Fig. 7c).

Because simulations closely matched farmer's practices, we have considered hereafter a 'virtual
farmer' who adopts, on average, sowing dates and cycle durations that optimize yield in each
location. Mean yields simulated with this rule closely correlated with historical yields for the period
2000-2010% (SI. Fig. 5b). They ranged from 7.0 to 14.6 t ha™ (Fig. 4.3a and SI. Fig. 4.8) in irrigated
conditions and were negatively correlated to latitude (Fig. 4.3a). They were lower in rainfed
conditions (mean yield of 7.4 t ha™, from 2.4 to 12.5 t ha™, Fig. 4.3e and SI. Fig. 4.8), with maximum
yield in intermediate latitudes 44-47° N (Fig. 4.3e and Supplementary Fig. 4.8).
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Chapter 4: Future European maize production may be maintained if farmers adapt crop cycle duration
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Figure 4.2: Maps of optimum cycle duration in current and future conditions, fully-irrigated and rainfed.
Colors represent the optimum thermal time between sowing and flowering in each site for maximizing yield
for present time (average yield over the 35 years of the baseline period) or 2050 (average yield for 30
predicted years in 2050 x 4 GCM; RCP4.5).
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Figure 4.3: Change in yield with climate change under different options of adaptation. a, e, Current yield in
fully-irrigated and rainfed conditions. b-d and f-h, Change in yield between the baseline period and 2050
(RCP4.5) without adaptation (b, f), with adaptation of sowing date (c, g), and of both adaptation of sowing
date and duration of growth cycle (d, h). Red and blue dots denote the presence or absence of water deficit
at flowering time (threshold supply/demand ratio = 0.75).
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We have then simulated yields for 2050 by considering that rules presented above for sowing date
and cycle duration will apply in the future, and compared them with yields simulated for 2050 with
the assumption of invariant sowing dates and varieties. Daily local-scale climate scenarios for 2050
were generated by the stochastic weather generator LARS-WG (Semenov and Stratonovitch, 2010)
for the representative concentration pathways (RCPs) 4.5 and 8.5 (487 and 541 ppm CO, in 2050,
respectively). For each RCP, we used four global climate models (GCMs) representative of the CMIP5
GCM ensemble for the studied area (Manderscheid et al., 2014). Hundred years were generated for
each RCP-GCM combination. Maize yield was simulated with the APSIM maize model by taking into
account these conditions. The direct impact of increase in CO, concentration on transpiration (Allen
et al., 2011; Manderscheid et al., 2014) was taken into account by increasing transpiration efficiency
(TE) by +0.21% for each ppm increase in atmospheric CO, concentration (Allen et al., 2011). We have
also considered the possibility of an unchanged TE in view of the lower long term effect (Kimball,
2016) in the field (Manderscheid et al., 2014) than that observed in open-top chambers or free-air
CO2 enrichment experiments (KIM et al., 2006; Allen et al., 2011). Radiation use efficiency, a proxy
for photosynthetic capacity and respiration, was kept constant in spite of the higher CO,
concentration because maize is a C4 species (KIM et al., 2006; Allen et al., 2011). Simulations were
run for each combination of year, site, RCP, GCM, irrigation strategy, crop cycle duration and CO,
effect on TE (> 9 million simulations in total). Compared with the baseline period (1975-2010),
RCP4.5 and RCP8.5 result in a projected increase in temperature averaging 2.8°C and 3.3°C ,
respectively at flowering time (mid-July) for the 59 European sites considered in our study (SI. Fig.
9a,b). Water deficit at flowering time was similar in 2050 compared to the baseline period (SI. Fig.
9c¢), if TE was considered as increasing with CO, concentration (KIM et al., 2006; Allen et al., 2011)
because increased TE reduced water use, thereby compensating the increase of transpiration
demand (SI. Fig. 4.9c,e). Conversely, water deficit increased in most sites if TE was considered
constant (SI. Fig. 4.9e).

In the absence of adaptation of varieties and sowing dates, a decrease in yield was simulated in fully-
irrigated conditions between the baseline period and 2050, with a negative effect in 79% of fields
(RCPA4.5, Fig. 4.3b), especially in southern locations that represent the major growing area for maize.
This was linked to the increase in summer temperature (Sl. Fig. 4.9a,b), which resulted in a decrease
in crop growth cycle duration (SI. Fig. 4.10) and therefore cumulated light interception. Reductions in
yield were also simulated in fields with optimal irrigation and in rainfed fields without water deficit
around flowering (i.e. with supply / demand ratio for water < 0.75, Fig. 4.3f). Yield slightly increased
in most rainfed fields under water deficit (averaging +0.5 t ha™ for RCP4.5). Overall, upscaling these
results for whole Europe resulted in a decrease of the European maize production of -1.1 % (RCP4.5,
Fig. 4.4). A larger negative effect was simulated if no effect of CO, on TE was considered (-4.8%, Fig.
4.4), and also if restrictions in irrigation reduced the current proportion of irrigated field”®, used here
for both simulations in present time and future conditions.

The simulated negative impact of climate change disappeared if one assumed that farmers will use in
2050 the rules for sowing date and cycle duration that they currently follow (Fig.4. 4). Optimal
sowing dates were earlier by 10 to 39 days depending on sites in 2050 (RCP4.5) compared with the
baseline period (SI. Fig. 10a). Cycle duration of adapted varieties increased by 325°Cd on average for
RCP4.5 in irrigated fields, corresponding to an increase in final leaf number by 5.5 (Fig. 4.2 and Sl. Figs
4.7,4.11, 4.12). This increase was smaller in rainfed conditions (+21°Cd on average for RCP4.5) with a
deviation with irrigated fields that increased linearly with water deficit (SI. Fig. 4.7), suggesting that a
drought-avoidance strategy based on early varieties (Harrison et al., 2014) will still be valid in the
future. If farmers follow these management rules in 2050, the projected impact of climate change
becomes positive in irrigated fields or in rainfed fields without water deficit (averaging +1.4 t ha™ for
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RCP4.5, Fig. 4.3d,h), with an effect that increases with latitude (Fig. 4.3d) and is largely accounted for
by the increase in intercepted light during the crop cycle (averaging +24% for RCP4.5, SI. Fig. 4.13).
Adapting the crop cycle duration had less effect in fields with water deficit (Fig. 4.3h and SI. Fig.
4.12). Changing sowing dates without changing varieties also had a limited effect (Fig. 4.3g). Overall,
simulations showed a positive impact of climate change on global European maize production by
+14.5% for RCP4.5 (Fig. 4.4) if both sowing date and varieties were adapted. This effect was still of
+8.4% | we consider no effect of CO, on TE (Fig. 4.4).

Figure 4.4: Impact of climate change on European
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The combined effects of climate change and of adaptation were much larger in northern than in
southern locations (Fig. 4.3d). The gradient of yield, of 0.58 t ha™ per degree of latitude for the
baseline period (Fig. 4.3a) decreased to 0.26 t ha™ per degree in 2050 (RCP4.5). The current north-
south difference in yield in the absence of stress was therefore largely decreased by the combined
effects of climate change and adaptation to it (Fig. 4.3d). Because southern fields will have a lesser
competitive advantage in both irrigated and rainfed conditions (Fig. 4.3d,h), one might expect a
displacement of the maize growing area by 2050. In particular, regions such as Germany and Poland
could become major maize growing areas in Europe. If such changes of maize growing area occurred
in the near future, the positive impact of climate change on European maize production could be
even higher than predicted here.

Are farmers likely to adopt these changes in varieties and sowing dates by 2050? We can consider
this hypothesis as reasonable because (i) farmers have already adapted varieties in recent years. For
example, in middle latitudes of France, varieties of the group mid-earliness dent lines were mostly
grown in latitudes of 44.8 to 45.9° in 1996 while they have shifted to 46.5 to 47.5° in 2009 (Arvalis’,
2016); adaptation of crop growth cycle duration to reduce the risk of water deficit is strongly advised
and made possible by increasingly good records of meteorological and soil conditions (ii) genetic
resources and alleles for adapting crop growth cycle duration have been identified (Buckler et al.,
2009). Hence, the effect of climate change on maize yield could be more positive than previously
reported (Urban et al., 2015; Zhang et al., 2016), and northern areas in which maize is not
economically viable may become significant producers in the future. This is not sufficient in view of

7 Choisir et Décider : Préconisation régionales 2016,
https://www.arvalisinfos.fr/file/galleryelement/pj/1c/49/26/b7/choisirmais2016_aquitaine_midipyrenees3339
212978836866791.pdf. (2016).
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the increasing demand for food and industrial needs based on plants (Field et al., 2014) and further
improvements of plant performance based on increased photosynthesis, adapted reproductive
development or resistance to pests and diseases will be necessary. The large genetic variability for
responses to these cues (Buckler et al., 2009), including the identification of alleles (Millet et al.,

2016) allowing significant yield increase can raise hopes on the capacity of agriculture to increase
crop production by 2050.
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Methods

Field experiments

Genetic material measurements and growth conditions

We have tested a panel of 121 maize accessions representative of main components of the maize
genetic diversity (Brandenburg et al., 2017) in three experimental sites in France with two water
regimes each. Sites included a Mediterranean site, Mauguio (43°36’37"’N; 3°58’39"’E; 23 m above sea
level, asl), and and two oceanic sites, Sainte Pexine (46°33’43"’N; 1°08’17"’W; 45 m asl) and Le
Magneraud (46°24’16”’N; 00°04’45"’E; 26 m asl). In each site, two water regimes were imposed, with
either irrigation over the whole crop cycle or restricted irrigation during late vegetative and
reproductive stages in order to get soil water deficit at flowering time. A rainout shelter was used in
Le Magneraud to ensure water deficit so the number of accessions was 57 in view of the limited
available space. In each site, the experimental design was an alpha lattice with two replicates in the
irrigated treatments and three replicates in the rainfed treatments. Plots were 6 m long, with 0.8 m
between rows and a plant density of 8 plants m™. Irrigation was withdrawn in rainfed treatments at
the 8 visible leaf stage, until flowering time plus 10 days. In rainfed treatments, watering was still
applied when plants showed leaf rolling in early morning for two consecutive days. Light, air
temperature, relative humidity (RH) and wind speed were measured hourly in each experiment at 2
m height over a reference grass canopy. Light was measured with photosynthetic photon flux density
sensors; air temperature and RH were measured in ventilated shelters. Soil water potential was
measured every day at 30, 60 and 90 cm depths in irrigated (two replicates) and rainfed plots (three
replicates). Mean soil water potential was -0.3 MPa on average during duration of water deficit
period in Sainte Pexine and Le Magneraud, and was -0.6 MPa in Mauguio. Emergence, flowering
time, yield and yield components were assessed at plot level. The length and width of every second
leaf width and leaf number were measured in 10 plants per plot.

Analysis of field data

Thermal time was calculated from sowing time as in the APSIM-maize (Hammer et al., 2010) model
at a 3 h time-step, with a broken linear relationship between development rate and temperature
(cardinal temperature: 0, 18, 34, and 44°C). Temperature at 3 h time-step was calculated from daily
minimum and maximum temperatures with the third order polynomial function of APSIM-maize
(Hammer et al., 2010).

The phyllochron of each accession was calculated in each experiment by dividing the mean thermal
time at flowering time by the mean final number of leaves of the studied accession. Because cycle
duration and number of leaves were highly correlated and stable between experiments
(Supplementary Fig. 2), the duration of the vegetative period was finally expressed as final leaf
number in Fig. 1, Supplementary Figs 3, 4, 5. We then averaged data of accessions with common
final leaf number (+ 1).

Leaf area and light interception were calculated every day from sowing to harvest for all accessions.
Profiles of final leaf length and width for each average variety with final leaf number from 11 to 25
were obtained from measured data of leaf width and length every second leaf. The time of
appearance of each leaf was calculated from the phyllochron expressed in thermal time. Leaf
expansion was considered linear during ten days from leaf appearance and therefore growing the
tenth of final length each day from leaf appearance (Lacube et al., 2017) . In the same way, leaf width
was calculated daily from the measured maximum width via a linear interpolation. No leaf
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senescence was considered in the calculation of leaf area index during the vegetative stage. Light
interception was then calculated by using measured incident light and the proportion of intercepted
light calculated from leaf area as in APSIM-maize (Hammer et al., 2010).

Model parameterisation and evaluation

Crop parameters and varieties

We have used the APSIM-maize (Hammer et al., 2010) model modified for expansion of individual
leaves (Chenu et al., 2008) and calibrated with data of the line B73 in replicated field experiments in
Mauguio. The parameter representing transpiration efficiency (TE) before correction by the effect of
VPD (parameter ‘transp_eff_cf’ in APSIM-maize) was set at 0.007 g kPa g for the baseline period. In
order to take into account the effect of CO, on stomatal conductance (KIM et al., 2006; Allen et al.,
2011) TE was increased by 0.21% for each ppm increase in atmospheric CO2 concentration resulting
in an increase of TE of 23 % and 34 % in 2050 for RCP4.5 and RCP8.5, respectively,. However, in view
of debates on long term effect of CO, on TE (Kimball, 2016) we also considered simulations without
change in TE between the baseline period and 2050. No effect of CO, was considered on radiation
use efficiency as maize is a C4 plant. Parameters of leaf growth were those of Chenu et al. (2008).

A set of virtual hybrids with contrasted crop cycle durations was derived from the reference hybrid
B73xUH007 whose yield has been measured in 29 European fields (Millet et al., 2016). In this panel,
crop cycle duration mostly depended on the duration of the vegetative stage with nearly constant
thermal time between flowering and maturity (Millet et al., 2016). The duration of the vegetative
period was driven by the final leaf number consistent with experimental data (Supplementary Fig. 1).
Therefore, we parameterised varieties with contrasted crop growth cycle duration by (i) changing
leaf number from 10 to 40, with a constant leaf appearance of 0.0193 °C day leaf for all accessions
(Supplementary Fig. 2) and (ii) a constant thermal time from flowering to maturity corresponding to
the reference hybrid (820 °C day). The durations of phenological stages of the vegetative period
(emergence to flowering) were affected proportionally to changes in thermal time from emergence
to flowering. This was in particular the case for thermal time from the end of juvenile stage to floral
initiation, an essential parameter in APSIM-maize.

All other parameters were those of the reference hybrid parameterised in Harrison et al. (2014). The
hybrid with 16 leaves was therefore the actual UH007xB73 hybrid, whereas hybrids with leaf number
ranging from 10 to 40 were virtual hybrids, similar to B73 but with contrasted leaf numbers.

Sowing and harvesting

Sowing dates were simulated in each field as the first day from January to May in which the
frequency of frost was < 5% in the following 10 days (calculated over 35 years in each site;
Supplementary Fig. 9). The same rule was applied for the 2050 climate scenarios. Harvest date was
simulated as being after physiological maturity. The model simulated a total yield loss if physiological
maturity was reached after November 1%, or if soil water content of the 0-30 cm top layer did not
decrease below 90% of saturation until November 1°. The latter rule simulated the impossibility for
harvesting machines to enter into the considered field because of an insufficient load bearing
capacity. The date of 1* November was chosen in relation to the high risk of total yield loss due to
ear fall and diseases, combined with the necessity for farmers to sow the next winter crop at that
time.
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Sites

We have used 59 field locations representative of the European maize growing area and of typical
soil types of these regions. Fifty five sites were those described in Harrison et al. (2014), representing
the ten countries with the highest maize growing areas in the 2004-2009 period *° and the main
maize growing regions within these countries (Harrison et al., 2014). Four sites were added to the
latter lattice in order to improve its spatial distribution. Soil data were obtained from the JRC
European Soil Commission database and from the Crop Growth Monitoring System (Harrison et al.,
2014) . Because soil depth can highly vary within each region and because the aim of this study was a
sensitivity analysis on other variables, we considered a soil depth of 1.5m in all sites.

Crop management

Three watering regimes were simulated in each site, namely full irrigation, rainfed and optimal
irrigation. Full irrigation considered systematic watering until field capacity over the entire soil profile
(1.5 m depth). The optimal irrigation regime considered 30 mm watering every seven days from the
10-leaf stage to mid-grain filling, with a water volume equalling the difference between reference
evapotranspiration and rainfall over the last seven days. For comparisons with observed yield values
at national scale, nitrogen fertilisation rates at each location were obtained from the CAPRI database
(Leip et al., 2011; Webber et al., 2015) . Plant density was adjusted in each country based on the JRC
database’ and local variations inside each country were adjusted via local expertise collected from 29
field experiments in Europe in the frame of the DROPS project (Millet et al., 2016). These rules were
considered as invariant in 2050 compared with present. For both baseline period and future climate
scenarios, nitrogen supply at sowing was calculated as 70% of nitrogen needed to reach the
maximum vyield of the optimum genotype with optimum sowing date. Therefore, we assumed that
the management intensity would not change in 2050.

Meteorological data

Meteorological data used for the baseline period are 35 years of daily weather (1975-2010) obtained
from (i) the AGRI4CAST database of the JRC for the 55 sites of Harrison et al. (2014) and (ii) the INRA
CLIMATIK database for the 4 added sites. These years were considered as a climate baseline with an
atmospheric CO, concentration of 380 ppm.

The climate scenarios in 2050 were simulated at each site by using the stochastic weather generator
LARS-WG (Semenov and Stratonovitch, 2010) and were based on climate projections from the
Coupled Model Intercomparison Project Phase 5 (CMIP5) ensemble with two Representative
Concentration Pathways (RCPs), namely 4.5 and 8.5 (487 and 541 ppm CO, in 2050, respectively) and
four Global circulation Models (GCMs) in order to account for the uncertainty in the CMIP5 ensemble
(namely GFDL-CM3, HadGEM2-ES, MIROC5, MPI-ESM-MR). Hundred years of weather data were
generated for each combination of site, RCP, and GCM

Simulations and upscaling

Thirty years were selected for crop simulations, selected for presenting the same mean and variance
as the 100 years generated using LARS-WG. A total of 9°292’500 simulations were run with APSIM-
maize parameterised as described above (for the baseline period: 2 managements x 3 irrigations
scenarios x 30 accessions x 59 sites x 35 years; for climate scenarios: 2 scenarios x 4 GCMs x 3
irrigations scenarios x 30 accessions x 59 sites x 30 years x 2 options for TE). To upscale results from
site to country level, simulated data under full-irrigation and rainfed scenarios were weighted for
each site by the proportion of irrigated field in the area (FAOSTAT, 2016). Results were then averaged
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at country level. To upscale to European level, results at country levels were multiplied by the area of
maize cultivation in each country based on year 2010. Recent studies have shown that temperature
impact on crop yield at regional to global scales are similar for point-based simulations (as in our
studied) and grid-based simulations (Liu et al., 2016; Zhao et al., 2017).
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Supporting information

Supplementary figure 4.1:
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Supplementary Figure 4.1 | Correlation between measured values of flowering time in
three field experiments with full irrigation. Dots are experimental values for 121 maize
varieties (57 in Le Magneraud) measured in the three experiments (LeMagneraud,
France; Mauguio, France; Sainte Pexine, France). Flowering time is expressed as thermal
time from sowing to anthesis. Lines are the 1:1.
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Supplementary figure 4.2:
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Supplementary Figure 4.2 | Relationship between final leaf number and thermal time to
flowering in three field experiments. a-c, Thermal time between sowing and flowering
plotted against final leaf number for 121 maize varieties (57 in Le Magneraud) in three field
experiments in irrigated (blue dots) or rainfed conditions (red dots). Dots are experimental
values averaged for each accession, with ten plants per accession. a, LeMagneraud, France.
b, Mauguio, France. ¢, Sainte Pexine, France.
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Supplementary figure 4.3:
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Supplementary Figure 4.3 | Observed
optimum durations of the vegetative
period (sowing-flowering time), expressed
as plant leaf number in three sites and two
watering regimes.

Relationship between plant leaf number and
yield in irrigated (blue dots and lines) or
rainfed  conditions (red) in three
experiments with 121 maize accessions (a,
Le Magneraud, France, 57 accessions; b,
Mauguio, France; c, Sainte Pexine, France).
For better intuition, the duration of the
vegetative phase is expressed as plant leaf
number, closely related to it. Dots are mean
values for maize accessions presenting a
common plant leaf number. Optimum
values maximizing yield can be identified in
all situations except in Mauguio in rainfed
conditions, where vyield was low in all
accessions. Error bars are confidence
intervals (P = 0.95). Plain lines, third order
polynomial regressions. Vertical dashed
lines, optimum cycle durations.
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Supplementary figure 4.4:
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Supplementary Figure 4.4 | Relationship between yield and intercepted radiation in three
experiments.

a, Relationship between yield and intercepted radiation from emergence to 10 days after
flowering for maize varieties with common plant leaf number in the irrigated treatment in
Mauguio, France, 2007. Line is the 3™ order polynomial regression. b, Relationship between yield
and intercepted radiation in the irrigated treatment of the three experiments (squares: Mauguio,
France, 2007; circles: LeMagneraud, France, 2007; triangles: Sainte Pexine, France, 2006). Only
values for varieties with final leaf number below the optimum identified in Fig. S3 are presented.
For an easier comparison between experiments, yield has been normalized by its value at 1200
MJ plant™® predicted by the polynomial regression in each field experiment.
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Supplementary figure 4.5:

200 7

150 -

100 -

Observed grain yield

4 6 8 10 12
Simulated grain yield (t ha'?)

Supplementary Figure 4.5 | Relationship between simulated and observed data .

a, Relationship between latitude and sowing or flowering dates, either simulated (blue dots) or
observed (black dots, data from AgroPhenoDB of the Joint Research Centre). Each dot is the mean of
10 years (2000-2010) in one location, either for observed or simulated data in fully-irrigated
conditions. Circles, sowing date; triangles, flowering date. Lines, linear regressions.

b, Observed and simulated yield in ten European countries. Observed values are mean values for the
2000-2010 period at the country level (Eurostat database). Simulated values for the 2000-2010 period
were up-scaled by applying the ratio of irrigated/rainfed fields for each country (FAOstat DB).
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Supplementary figure 4.6:
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Supplementary Figure 4.6 : Grain yield simulated for virtual varieties differing in cycle duration
in three sites in current and future conditions {2050, RCP4.5). Relationship between cycle
duration and yield simulated for the sites at “Ouges” (a,b), "Marmande” (c,d) and “Montelier”
(e,f) in fully-irrigated (blue dots and lines) or rainfed conditions (red dots and lines). For better
intuition, cycle duration is expressed as final leaf number. Dots are averaged values for 35 years.
Error bars, confidence intervals (P = 0.95). Vertical dashed lines indicate the optimum cycle
duration.
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Supplementary figure 4.7:
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Supplementary Figure 4.7 : Crop growth cycle duration that optimizes yield in current and future
climates, as a function of latitude and supply / demand ratio for water.

a, b, d, e, Optimum time to flowering (°Cdays) as a function of latitude for the baseline period and
2050 with RCP4.5 (a, b) and RCP8.5 (d, e), fully-irrigated (a, d) or rainfed (b, e).

¢, f, Difference between values in rainfed conditions (either for baseline period or 2050, RCP4.5, ¢ and
RCP8.5, f) and the corresponding value in fully-irrigated conditions, plotted against the mean
supply/demand ratio for water around flowering (1 : well-watered, O : very severe stress).
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Chapter 4: Future European maize production may be maintained if farmers adapt crop cycle duration

Supplementary figure 4.8:
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Supplementary Figure 4.8 : Maps of Simulated yield over for the baseline period and in 2050
(RCP4.5 and RCP8.5) in the three studied irrigation strategies. Data are averaged for 30 years in the
59 sites. Data for 2050 are mean of 4 GCMs.
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Supplementary figure 4.9:
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Supplementary Figure 4.9 : Change in temperature, ratio of supply/demand for
water and incident light between current and future conditions around maize
flowing time. a, Average daily maximum temperature (T,,,,) for the baseline period
and 2050 conditions. b, Contrast in T,,, plotted against latitude. ¢, Supply/demand
(5/D) ratio for water for the baseline period and 2050 conditions for simulations
considering an increase in transpiration efficiency linked to increased CO,
concentration. d, incident light for the baseline period and 2050 conditions. e, S/D
ratio for water for the baseline period and 2050 conditions for simulations that did
not consider an increased transpiration efficiency. Green, RCP 4.5, median of four
GCMs. Orange, RCP8.5, median of four GCMs. All data are monthly mean for July.

Supplementary figure 4.10:
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Sowing and cycle
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Latitude (°)

Supplementary Figure 4.10 : Contrast in total crop duration
from sowing to harvest between the baseline period and
2050 (RCP4.5).

a, No adaptation of sowing and cycle duration by farmer. b, an
adaptation of sowing date.
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Supplementary figure 4.11:

a Sowingdate Sowingdate Sowingdate Change (day) Change (day)
current 2050 (RCP4.5) 2050 (RCP8.5) baseline-RCP4.5 baseline-RCP8.5

Mean 10" April 21" March 19" March -20 -22
Median 10" April 25" March 20" March -19 -22
min 20™ March 17" Febr. 7" Febr. -39 -41
max 30™ April 20" April 17" April -10 -9
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Supplementary Figure 4.11 : Optimal sowing date and relationship between current and future
optimal time to flowering. a, Table of optimal sowing date in current and future conditions. b,
Relationship between optimal time to flowering in the baseline period and in for RCP4.5 and
RCP8.5 in the 59 European sites under fully-irrigated, rainfed or optimised irrigation conditions.

Lines are the 1:1 relationships.
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Chapter 4: Future European maize production may be maintained if farmers adapt crop cycle duration

Supplementary figure 4.12:
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Supplementary Figure 4.12 : Maps of optimum crop growth cycle duration for the baseline period
and in 2050 (RCP4.5 and RCP8.5) in the three studied irrigation strategies. Data for 2050 are mean of
4 GCMs.
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Supplementary figure 4.13:
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Supplementary Figure 4.13 : Relationship between simulated
intercepted radiation and grain yield in fully-irrigated conditions for
the baseline period and in 2050. Each dot is & the average value for
one site for the baseline period (green) or in 2050 for RCP4.5 (dark
green) or RCP8.5 (orange).
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Supplementary table 4.1: Summary of maize growing sites used in simulations.

Site Longitude (°) Latitude (°) Site Longitude (°) Latitude (°)
Austria_Leibnitz 15.55 46.78 Italy_Asola 10.42 45.22
Bulgaria_General_Toshevo 28.03 43.72 Italy_Bologna 11.35 44.50
Bulgaria_Glavinitsa 26.83 43.90 Italy_Campoformido 13.17 46.02
France_Achenheim 7.62 48.57 Italy_Orgiano 11.47 45.35
France_Avignon 4.80 43.94 ltaly_Paese 12.15 45.67
France Chemille -0.72 47.20 Italy Pantigliate 9.35 45.43
France_Clermont_Ferrand 3.08 45.77 Italy_Santena 7.77 44.95
France Estrees_Mons 3.00 49.88 Poland_Tuszyn 16.65 50.80
France_Marmande 0.15 44.50 Poland_Wrzesnia 17.57 52.32
France_Montelier 5.03 44.95 Romania_Alexandria 25.35 43.98
France Orthez -0.77 43.48 Romania_Arad 21.32 46.17
France QOuges 5.07 47.26 Romania_Barca 23.63 43.97
France_Palaminy 1.07 43.20 Romania_Barlad 27.67 46.23
France Pamproux -0.05 46.38 Romania Botasani 26.67 47.75
France Patay 1.70 48.05 Romania_Bulbacata 25.80 44.28
France_Saint_Bonnet 0.10 45.48 Romania_Chirnogeni 28.23 43.90
France_Toulouse 1.43 43.60 Romania_Daia_Romana 23.67 46.02
France Vitre -1.22 48.12 Romania_Dochia 26.57 46.92
Germany Augsburg 10.90 48.37 Romania Dor Marunt 26.92 44.43
Germany_Hanover 9.73 52.37 Romania_Gataia 21.43 45.43
Germany_Werl 7.93 51.57 Romania_Lovrin 20.77 45.97
Greece_Evropos 22.57 40.92 Romania_Medagidia 28.27 44.25
Hungary Foldeak 20.48 46.32 Romania_Parscoveni 24.23 44.28
Hungary Kondoros 20.80 46.77 Romania_Puchenii_Mari 26.08 44.82
Hungary_Kormend 16.60 47.02 Romania_Salard 22.03 47.22
Hungary Lajoskomarom 18.33 46.85 Romania Viziru 27.70 45.00
Hungary_Nyirbator 22.13 47.83 Spain_Barbues -0.42 41.98
Hungary Ormenyes 20.58 47.18 Spain_Gomecello -5.53 41.05
Hungary Papa 17.47 47.32 Spain_Villamanan -5.58 42.32
Hungary Szederkeny 18.47 46.00
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Chapter 5: Identifying maize ideotypes from observed or
unconstrained phenotypic spaces of model parameters
in contrasting environmental scenarios.

In this chapter, | use the model developed in chapters 1 and 2, the simulation framework developed in
chapter 3 and parameters of phenology for best-adapted genotype in each site as identified in
chapter 4, to simulate the impact of the genetic variability of leaf growth parameters on plant
production and identify best ideotypes in European conditions.
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Identifying maize ideotypes from observed or unconstrained phenotypic spaces of model
parameters in contrasting environmental scenarios.

Sebastien Lacube, Boris Parent and Francois Tardieu

INRA, UMR759 LEPSE, F-34060 Montpellier, France

Abstract

The ideotyping approach uses crop models to define which combination of parameter/trait values
could maximize crop production in target environmental scenario. Defining an ideotype which could
be attainable by breeding is possible only if (i) crop models have adapted formalisms capturing the
genetic diversity and simulating genotype by environment interactions as observed for yield in
rainfed environments and (ii) if the set of possibilities considering all traits/parameters together is
well-defined. We used two approaches to determine maize ideotypes of leaf expansion and
sensitivity to evaporative demand, soil water deficit and light which maximise yield in 59 European
sites, 36 years and 3 irrigation scenarios. The first approach considered an unconstrained phenotypic
space of 216 virtual maize hybrids defined by a grid of parameter values. The second approach
considered an observed phenotypic space determined by phenotyping 254 maize hybrids maximising
the genetic diversity. This phenotypic space was constrained by observed relationship between
parameters values, limiting the field of possibilities for breeding. Analysis of results in four clusters of
environments depending on pattern of water stresses resulted in contrasted ideotypes in both
approaches, with sensitive hybrids being better for southern region under rainfed conditions while
less-sensitive genotypes better in northern Europe or in irrigated fields. However, the best
combination of parameters determined in the unconstrained phenotypic space was not available in
the observed genetic diversity. Overall, this study indicates to breeder the environmental scenarios
in which such or such leaf growth strategy would be beneficial and highlight the importance of
considering observed constraints between parameters in ideotype studies
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Introduction

In the context of climate change, yield improvement will largely depend on the capacity of breeding
new varieties that perform better in stressing environments (Casadebaig et al., 2008). Indeed, crops
will probably experience higher frequencies of abiotic stresses (Bindi and Olesen, 2011) such as
warmer temperatures and limited rainfall in summer (Asseng et al., 2014; Harrison et al., 2014,
Reynolds et al., 2016). Breeding of such varieties is a long process, but the use of crop models may
allow identifying traits of interest for yield improvement in specific target environment (Perego et al.,
2014; Martre et al., 2015; Rotter et al., 2015; Tao et al., 2017). This is possible only if crop models
have the capacity of capturing and simulating genotype by environment interactions (Parent and
Tardieu, 2014; Chenu et al., 2017). Recent advances in crop modelling allow adaptation of formalisms
to integrate the observed diversity of parameter values (Hammer et al., 2010; Martre et al., 2015). If
the model design is convenient, it can be used to analyse the sensitivity of a given trait to
environment variables, thereby guiding breeders to identify traits of interest in each targeted
environmental scenario (Jeuffroy et al., 2014; Marcaida et al., 2014; Gouache et al., 2017).

In this context, testing trait values for parameter linked to leaf growth appears crucial. Indeed, leaf
expansion is one of the first processes affect by water stress and evaporative demand with a large
genetic variability observed in crops such as maize (Welcker et al., 2011), rice (Parent et al., 2009) or
wheat (Parent et al., 2015). Limiting leaf expansion allows plant to reduce transpiration and save
water for late stages of crop cycle but decreases carbon acquisition. This trade-off results in
contrasted yield benefit or loss depending on environmental scenarios (Tardieu, 2012) and the
necessity of defining which strategy is positive in such or such environment. A possibility is to explore
it via crop modelling, the ‘ideotyping’ approach (Casadebaig et al., 2011; Chapman et al., 2012;
Asseng et al., 2014; Challinor et al., 2014; Rotter et al., 2015). This approach aims at defining the best
combination of parameters to maximize crop production in each environmental scenario (Jeuffroy et
al., 2014; Perego et al., 2014).

A difficulty of such an approach is the definition of the set of possibilities considering all
traits/parameters together. Indeed, in the observed genetic diversity, all combinations of trait values
are not available, and sometimes will never be, due to physiological or physical constraints resulting
in genetic correlations between traits. This defines the phenotypic space of parameters, which is of
great importance if the aim is defining an ideotype which could be attainable for breeders (Yin et al.,
2003). For example, the leaf economic spectrum (Wright et al., 2005) defines physiological
constraints linking leaf nitrogen, specific leaf area and net photosynthesis in plant kingdom.
Development of phenotyping facilities now allows to measure several traits in hundreds of genotype
(Tardieu et al., 2017), to highlight potential trade-offs between traits, and allows the bounding of the
possible parameters combinations (Townsend et al., 2017).

This study aims at defining the best ideotypes from the genetic diversity of parameters linked to leaf
growth and its sensitivity to evaporative demand, soil water deficit and radiation, in multiple
environmental scenarios over European maize growing regions. We have used two strategies to deal
with the constraints on phenotypic space. The first strategy considers a grid of parameter values
without a priori information on the constraints or correlation between parameters (named
“unconstrained phenotypic space” hereafter). The second strategy considers measured parameter
values in a panel of 254 hybrids maximising the genetic diversity of maize (“observed phenotypic
space”). However, this second strategy still involves virtual hybrids with (i) cycle duration adapted to
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each site as identified in Chapter 4 and (ii) all parameters other than those involved in leaf growth
and in cycle duration considered as common to all tested hybrids.

Simulations were performed for three irrigation scenarios, namely rainfed, optimised irrigation and
fully irrigated, in 36 years and 59 sites summarising the European maize growing region. Results were
summarised by clustering environments into 4 classes depending on frequencies and types of water
stresses encountered by the crop in each site defined by Harrison et al. (2014). The study on the
unconstrained phenotypic spaces resulted in contrasted ideotypes, with sensitive hybrids being
better for southern region under rainfed conditions and non-plastic hybrids being better for northern
region or in irrigated fields. The second approach based on observed phenotypic space gave similar
tendencies but showed that the best combination of parameters was not available in the observed
phenotypic space. These differences between the two approaches highlight the importance of
considering observed constraints between parameters in ideotype studies and gives keys to breeders
for plant improvement in different target environments.

Complements of material and method

Model parameters

Two strategies were adopted in this study, by considering either an unconstrained space of three
parameters linked to leaf growth or the observed phenotypic space of these parameters. For both
strategies, parameters related to phenology as well as sowing dates were fixed for each site as those
maximising yield in each site (Chapter 4). All other parameters used in the crop model are those of
the reference hybrid, for which simulations were tested over a network of site (DROPS network)
around Europe for end of season leaf width and length and grain number and grain yield (B73,
Chapter 2).

Measured parameters of the three traits of interest for the 254 hybrids were estimated from
platform and field measurements. Briefly, maximum leaf elongation rate (‘a’) and the sensitivity of
leaf elongation rate to water deficit and evaporative demand (‘cy’) were estimated by analysing the
dynamics of leaf expansion in platform experiments under optimal conditions and soil water deficit
(Chapter 1 and 2). ‘cy’ is the x-intercept of the relationship between leaf elongation rate and soil
water potential, i.e. the water potential value that stops leaf elongation. It was better adapted to this
study than the slope of relationships, which are highly correlated to the maximum elongation rate a.
The response of leaf widening (‘sgap’) to intercepted radiation was estimated from leaf width
measurements in field and platform experiments (Chapter 2).

The grid of parameters values used in the unconstrained phenotypic space was constructed by using
the 6 sextiles of the parameter distributions, and considering all combinations between parameter
values to obtain a set of 216 (6°) sets of parameter values .

Drought scenarios

We have used the four drought scenarios identified in Harrisson et al., 2014 (Fig. 5.1 A and B),
calculated by clustering the time courses of supply/demand ratios over 36 years of simulations for
the reference hybrid in 55 sites. This analysis was extended here with the same algorithm as
Harrisson et al., 2014 on the four new sites added in Chapter 4. The algorithm used was the function
‘kmeans’ (R software) for clustering mean values of supply demand ratio in classes of 50 °Cd during
the studied period.
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The four drought scenarios (Fig. 5.1, B) presented different frequencies of occurrence between sites
(Fig. 5.1, A). One cluster (‘no stress’: supply demand close to 1 during the whole cycle) shows
relatively low to no stress during the whole crop cycle, and is mostly dominant in the northern sites.
The most severe scenario (‘Early terminal’: water deficit during and after flowering) is dominant in
southern sites, and intermediate scenarios (‘Late terminal’: water deficit after flowering; ‘Recovery’:

water deficit at flowering with soil rehydration during grain filling) were dominant in intermediate
latitudes.

Simulations and analyses

Simulations were performed for all sets of years (36) x sites (59) x irrigation scenarios (3) x parameter

values in both strategies (observed and unconstrained phenotypic spaces, respectively 254 and 216
genotypes), leading to 3 001 212 simulation runs.

In a first step, results were analysed in each site, considering the average yield for each genotype (set
of parameters) in each site and irrigation scenario. In this case, the ‘best ideotype’ is the genotype
with highest mean yield in that environment (site x irrigation). In a second step, we used the clusters
of environments to analyse simulations. Results of any set of year x site x irrigation were grouped in
one of the four cluster. In this case, an ideotype was therefore the set of parameter maximising yield
for the considered scenario, regardless of the year, site or scenario of irrigation.
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Figure 5.1: Dominant drought scenarios in each of the 59 European sites.

(A) (Blue: no stress; Red: water deficit before and after flowering time; Green: late water deficit after
flowering, Purple: flowering-time water deficit with soil rehydration during grain filling).

B) Drought scenarios are defined by clustering the time courses of the supply / demand ratio calculated by
APSIM. Clustering was performed based on simulations of the reference hybrid B73_H.
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Results

Ideotypes for leaf growth largely depended on scenarios of water deficit within an

unconstrained phenotypic space.

The observed genetic variability was high for the three studied parameters, which all displayed
normal distributions in spite of a tendency to a skewed distribution for ¢, (Fig.5.2). From these
observed value, an unconstrained phenotypic space of three dimensions was built, based on the
sextiles values of the distribution of each parameter (Fig.5.3, red points). This leads to 216 sets of
parameter values covering this theoretical phenotypic space. For each combination of site x year and
irrigation, the set of parameter values maximising final yield was identified every year (Fig.5.4). A set
of parameter values maximising mean yield over the 36 year was then identified. A large G x E
interaction was observed at European scale with the best set of parameter largely differing between

sites and irrigation strategies (Fig.5.5).
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Figure 5.2: Distribution of values for the three studied parameters in 255 maize hybrids. (A) Distribution of
maximum leaf elongation rate, parameter ‘a’. (B) Distribution of the soil water potential that stops leaf
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elongation, parameter ’co’. (C) Distribution of the response of leaf widening to intercepted light ’sRAD .
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Figure 5.3: Scatterplot of the relationships between measured values of the three studied parameters
(A,B,C). Black points: measured value in the studied panel of 255 hybrids defining the observed phenotypic
space. Line: linear regression. Red points: grid of parameter values used to define genotypes in the

unconstrained phenotypic space.
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Chapter 5: Identifying maize ideotypes from observed or unconstrained phenotypic spaces of model
parameters in contrasting environmental scenarios.
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Figure 5.4: Best parameter values over 36 years for one site (Austria Leibnitz) for each studied parameter.
Points and dotted line: best parameter value per year. Horizontal solid line: parameter value resulting in the
highest mean yield over the 36 years of simulation in rainfed conditions.
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Figure 5.5 : Best parameter value calculated for each site in the three watering regimes, using a grid of
parameters values (unconstrained phenotypic space). The set of best parameter values maximises mean
yield over the 36 years of simulation in each site.
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In fully irrigated conditions, the best sets of parameter values were similar in all sites (Fig. 5.4: A,
D,G), with highest maximum elongation rates (a = 4.73 mm°Cd™), low sensitivities to water deficit
and evaporative demand (c, = -1.4 MPa) and high sensitivities of leaf width to intercepted light (s, =
0.94 cm °Cday MJ™ m™). A strategy with high use of resources was therefore always beneficiary in the
absence of water constraints. Conversely, in southern sites with rainfed conditions, the best
ideotypes were those with lowest maximum elongation rate and highest sensitivity to water deficit
and evaporative demand (Fig. 5.4, B,E,H). Although maximum sensitivity of leaf width to intercepted
light was most often beneficial, the opposite result was observed in some southern sites. An
intermediate pattern between full irrigation and rainfed conditions was observed in optimised
irrigation regimes.

When sites, year and irrigation regimes were analysed jointly, a clear relationship was observed
between best parameter values and the supply / demand ratio (Fig.5.6). For the three parameters,
those resulting in highest leaf area resulted in best yields in the absence of water deficit (S/D from
0.8 to 1). This involved highest values of maximum leaf elongation rate, minimum sensitivity
(elongation continuing till -1.5 MPa) and maximum leaf width in high intercepted light. Conversely,
low elongation rates, highest sensitivities to water deficit and lowest leaf width resulted in the
highest yields under severe water deficit (S/D from 0.5 to 0.65).
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Figure 5.6 : Set of best parameter values for three classes of mean supply/demand ratio for all sites, using
a grid of parameters values. Mean supply demand ratio is calculated in a window of 100 °Cd before and
after flowering.

We have then analysed these results per drought scenario, for each of the four patterns of water
deficit determined by clustering, namely (i) no water deficit, observed in all sites for the well-watered
treatment, but also in northern sites in rainfed conditions (Fig.5.1); (ii) early terminal stress, with
water deficit occurring before flowering and continuing during grain filling, mostly observed in
southern sites in rainfed conditions (Fig.5.1), (iii) late water deficit occurring after flowering time and
(iv) water deficit with recovery during grain filling. The last two scenarios were mainly observed in
rainfed conditions at intermediate latitudes. Simulated yields were the highest in the “no stress”
scenario (Fig. 5.7: from 7.8 to 12.3 tha™) and the lowest in the early stress scenario, ranging from 5.4
to 5.8 t ha™. Intermediate values were simulated in the other two scenarios, with yield ranging from
6.8 to 7.4 tha™ for the ‘recovery’ scenario and from 6.9 to 7.7 tha™ for the ‘late stress’ scenario.
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Chapter 5: Identifying maize ideotypes from observed or unconstrained phenotypic spaces of model

parameters in contrasting environmental scenarios.
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Figure 5.7 : Heatmap of the effects on yield of the three studied parameters in the four drought scenarios x-

‘

axis : parameter ’co’ ; y-axis : parameter ‘s .
ra

; rows : three classes for parameter ‘@’ ; columns : drought

scenarios. Simulation were performed using genotypes defined by a grid of parameters values
(unconstrained phenotypic space). Green to red, yield levels. The maximum yield in each cluster is displayed

by a red hollow rectangle.

Four classes of maximum leaf elongation rate are presented in rows of Fig. 5.7, and scenarios are
presented in columns. In each panel, all combinations of S,,4 and ¢, are presented, with highest yields
in green. In the ‘no stress’ scenario, the best ideotype was the one with the highest maximum leaf
elongation rate (a = 4.73 mm °Cd) and the lowest value of sensitivity to soil water deficit. Results
were opposite in the other three scenarios with the best ideotypes showing the lowest values of
parameter a (3.19 mm °Cd™) and ¢, being within the two highest sensitivities. A high sensitivity of
leaf width to plant intercepted radiation was positive in nearly all cases when considering the best
set of parameters for the two other parameters. However, in the “late terminal” and “recovery”
scenarios, a low sensitivity to intercepted radiation was positive when combined with highest values

of maximum leaf elongation rate.
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Overall, these results show a clear pattern, with the ideotype in well-watered conditions maximising
light interception via highest values of elongation rate, the highest sensitivity of leaf width to
intercepted light and the lowest sensitivity to water deficit. In all scenarios of water deficit,
‘conservative’ ideotypes resulted in highest yields, with lowest maximum elongation rate and
maximum sensitivity to water deficit. Noteworthy, a small interaction was observed between the
sensitivity of leaf width to intercepted light and the other two parameters.

Best ideotypes identified within the unconstrained phenotypic space were not available
within the observed genetic variability, although tendencies remained similar in observed
and unconstrained phenotypic spaces.

We have then analysed the behaviour of virtual hybrids presenting existing combinations of
parameter values in the panel of 254 maize hybrids. Some combinations of parameter values did not
exist within this panel. For example the correlation between maximum leaf elongation rate (a) and
sensitivity to evaporative demand and water deficit (co, Fig.5.3A, R? = 0.38) results in the fact that
there is no hybrid presenting both a high maximum leaf elongation rate and a low sensitivity to water
deficit. The same appears for hybrids with low maximum leaf elongation rate and high sensitivity.
Conversely, there was no correlation of these two parameters with the sensitivity to intercepted
radiation so all combinations were possible (Fig. 5.3 BC).

Best ideotypes (Fig. 5.8, A to 1) showed a pattern with latitude and water deficit that was consistent
with the analysis of unconstrained phenotypic space. In fully irrigated conditions (Fig. 5.8, ADG), the
best genotype was the same in all sites, with the highest measured maximum leaf elongation rates
(5.1 mmdd™), a moderate value of sensitivity of elongation rate to water deficit (-0.91 MPa) and a
high sensitivity of width to intercepted radiation (0.64 cm.MJ™). With lower irrigation regimes,
ideotypes with lowest maximum elongation rate performed the best, as above (Fig. 5.9 A), but the
optimum sensitivity to water deficit was essentially similar at all levels of water deficit (Fig. 5.9 B).
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Chapter 5: Identifying maize ideotypes from observed or unconstrained phenotypic spaces of model
parameters in contrasting environmental scenarios.

Observed Phenotypic Space
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Figure 5.8 : Best parameter value calculated for each site in the three watering regimes using the parameter
values measured in the 254 hybrids (observed phenotypic space). The set of best parameter values
maximises mean yield over the 36 years of simulation in each site.
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Observed Phenotypic Space
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Figure 5.10 : Scatterplot of the effects on yield of the three studied parameters in the drought scenarios. x-
axis : parameter ’co’ ; y-axis : parameter ’srad’ ; rows, classes of parameter ‘a’ ; columns, drought scenarios.

Simulation were performed using genotypes with observed parameter values (observed phenotypic space).
Circles : mean yield of each genotype (set of observed parameter values). The best genotype in each cluster
is represented as a circle with a red surround. The best genotype from unconstrained phenotypic space is
represented as a square with a red contour.

Hence, we have observed appreciable differences in results between un-constrained and constrained
strategies for identification of best ideotypes. Broadly, the trends were similar in both approaches
with water-saving strategies and maximisation of leaf area growth resulting in highest yield in water
deficit and well-watered scenarios, respectively. This difference in result can be observed in Fig. 5.10
that presents heat maps similar to those of Fig. 5.7, but in the observed phenotypic space. In well-
watered conditions, the best ideotype within the observed phenotypic space had a lower response of
width to intercepted light compared to that in the unconstrained space (Table 5.1 : 0.36 compared to
0.94 cmMJ™) and a higher sensitivity to water deficit (Table 5.1 : -1.02 compared to -1.4 MPa). The
yield of the best ideotype was also lower than with an unconstrained phenotypic space (-2.8%). In
intermediate scenarios (late terminal and recovery) the best ideotype in the observed and
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unconstrained phenotypic space had the lowest maximum leaf elongation rate (Table 5.1:
respectively 3.23 and 3.19 mm°Cd™) and highest response to intercepted radiation (Table 5.1:
respectively 0.86 and 0.94 mm°Cd™) but the best ideotype did not reach the low values of sensitivity
to water deficit as those determined within the unconstrained phenotypic space (Table 5.1:
respectively -0.74 and -1.44 MPa). This led to an average yield loss of -3.2% and -4.2% compared to
the ideotype with unconstrained phenotypic space. Finally, in the highest level of water deficit (early
terminal), maximum leaf elongation rate and sensitivity to water deficit had similar values with the
two approaches (Table 5.1: respectively 3.23 and 3.19 mm°Cd™ and -0.74 and -1.44 MPa), but the
main difference was on the sensitivity to intercepted radiation, lower for the ideotype of the
observed phenotypic space (Table 5.1: 0.24 and 0.94), with an average difference in yield reaching
3.9%.

Overall, while similar trends were identified for the two approaches, the best ideotypes found within
the unconstrained phenotypic space were not available within the observed genetic diversity in any
of the four environment types, resulting in yield losses from 2.8 to 4.2 % in average.

Table 5.1 : Parameter values and end of season yield of the best ideotype in the constrained and
unconstrained phenotypic space in each cluster of water stress over the network of sites.

Unconstrained Observed

Cluster of Yield

environment a c S Yield c S Yield difference
0 RAD (t ha_l) 0 RAD (t ha_l)

Early terminal 3.19 -0.5 0.94 5.86 2.68 -0.6 0.24 5.64 3.9%
Late terminal 3.19 -0.4 0.94 7.78 3.23 -0.74 0.86 7.54 3.2%

No stress 4.73 -1.4 0.94 12.28 6.01 -1.02 0.36 11.95 2.8%

Recovery 3.19 -0.4 0.94 7.45 3.23 -0.74 0.86 7.15 4.2%

Relative yield difference is calculated as the relative change in yield from the both ideotypes.
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Discussion

Predicting G x E interaction via crop models including genetic diversity.

Predicting when and where a trait value would lead to yield benefit is of particular importance in
rainfed environments because drought scenarios can highly vary between years and cause large G x E
interaction on yield. Indeed, depending on the pattern of the drought scenarios, any trait value can
have positive or negative effects on crop production (Tardieu, 2012). This is particularly true for traits
linked to leaf expansion and transpiration because of the trade-off between water saving and carbon
acquisition. However, to our knowledge, there is no available study testing where and when it should
be positive to select genotypes with combinations of high elongation rate, high width and low
sensitivity to water deficit. The model used for simulation in this study (Lacube et al., 2017) uses
formalisms that describe leaf growth with several environmental effects (radiation, evaporative
demand and soil water deficit), and integrates genotypic variability on these parameters. It therefore
gives the possibility to predict genotypic effects in new environments for which the model was not
directly developed, and overall in a virtual network which would never be available with conventional
field trials.

Simulation showed the large variability of trait values maximising yields depending on year, site, and
watering scenario. In particular, traits related to a rapid growth (both high maximum elongation rate
and low sensitivity to water deficit) had a positive effect on yield in non-water limiting environments
whereas they both affect yield negatively in drought related environments. Those mechanisms
appearing as emergent properties of the model (Wang et al.,, 2002) are well-known avoidance
mechanisms, limiting transpiration early in the season and allowing higher water availability during
the critical phases of grain filling (Schoppach and Sadok, 2012). A non-expected result was that this
strategy was positive in the three tested drought pattern tested here. The corollary effect was that
limiting growth in optimal conditions through a low potential growth and a high sensitivity to water
deficit limits intercepted light and biomass accumulation, leading to lower yields. By contrast,
responses of leaf growth to intercepted light showed less genotype x environment interaction.
Knowing that the stress indices in the crop model APSIM are based on a ratio between supply
(uptake of the roots from the soil) and demand (transpiration from conversion of intercepted light
into biomass) for water, the limiting factor in the studied set of environments was always water
availability in the soil compared to incident radiation.

Overall, these G x E interactions as emergent properties of the simulations confirmed that a
favourable trait in one environment can have deleterious effects in another. It highlights the
importance of future crop model improvements to be focused on the integration of measurable
genotypic parameters (Hoogenboom et al.,, 2004), and show that traits related to leaf growth
mechanisms can affect final grain yield in optimal and drought conditions and have a relevant place
in crop improvement programs.

Simulating the effect of available phenotypic space rather than sensitivity analysis on crop
parameter to test future genetic gain.

Ideotyping with crop models is probably one of the paths to study potential crop improvements to
maintain crop yields in a changing environment (Hammer et al., 2002; Casadebaig et al., 2011;
Tardieu and Hammer, 2012). Recent studies pointed out that in some cases, the optimisation of
target traits could even increase yield in the future for several crops including maize (Rotter et al.,
2015), with relative yield gain as much as 7%. In this study, we show how new ideotypes of leaf
expansion could lead to yield gains in both optimal and stressed conditions, from 3 to 5%. Moreover,
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as climate change does not change the patterns of stress but rather the frequencies of occurrence of
each stress in a specific site (Harrison et al., 2014), the study can be translated to future climatic
conditions under climate change.

However, an approach based on the existing genetic variability of parameter values presents marked
differences with that in an unconstrained phenotypic space. Indeed, in the process of ideotyping,
studying more than one trait imposes that these traits have to be taken into account together in the
model (Denison, 2015; Sadras and Denison, 2016). We show in this study that two different
approaches with a constrained (observed) and non-constrained phenotypic space could give different
results due to the correlations between parameters or traits. Correlations between traits that limit
the phenotypic space were handled with two different strategies in the model.

— Strong correlations between measured traits were directly taken into account by the model and
therefore cannot be considered independently in sensitivity analyses. For example, the sensitivity of
leaf expansion to evaporative demand is common for several leaves and a unique parameter
summarises behaviours for all leaves (Lacube et al., 2017). In the same way, the sensitivity of leaf
growth to soil water deficit and evaporative demand are closely related in several crops such as rice
and maize (REF) and as such, they were link together in the model leading to a unique parameter.

-Other correlations were analysed here but parameters could still be considered individually. For
example, the correlation between maximum leaf elongation rate and sensitivity to water deficit for
crops has been previously observed in various mapping populations of maize (Welcker et al., 2011)
and was also observed here in the panel of maize hybrids. Without being directly inserted into
formalisms, this correlation was taken into account by considering observed sets of parameters in a
large panel maximising the genetic diversity of maize hybrids.

By considering both types of correlation, we assume that parameters are not independent and are
either constrained by evolution and/ or physiological processes. Particularly, we showed that no set
of measured traits (in the studied panel) could meet the requirements of a high potential leaf growth
while having a low sensitivity of growth to water stress and a high response to intercepted radiation.
If the aim was to analyse the model by itself (sensitivity analysis) or test hypothetical gain in a virtual
genetic diversity, the first approach would have been sufficient, but with the aim of offering keys to
breeders for future crop improvement, it was important to test whether ideotypes exist within the
known genetic variability. From a practical point of view, building of elite material from virtual
ideotypes requires that the corresponding genetic variability exists and is exploitable for breeding. It
is possible that the ‘missing ideotypes’ exist within a larger genetic variability (e.g. flint or tropical
lines), but this remains to be demonstrated. Actually, the correlation between maximum leaf
elongation rate and sensitivity to water deficit was also observed in flint and tropical genetic material
(Welcker et al 2011).
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Conclusion and perspectives

The aims of this thesis were firstly to develop new formalisms for the simulation of maize leaf growth
and sensitivity to environmental conditions, which integrate genetic variability of hundreds of
genotypes, secondly to simulate the impact on yield of the genetic variability of resulting parameters
in various environmental scenarios over Europe. An originality of this work was to undergo all steps,
from the dissection of physiological responses to the environment, the choice of new formalisms to
consider these new results, the parameterisation of a diversity panel, the development of a
framework of simulation and the analysis of the impact of such diversity for different irrigation
scenarios over Europe.

A new ecophysiological model for leaf elongation and widening in maize

The analysis of several datasets of leaf dimensions showed that leaf elongation only was not
sufficient to explain the variability of leaf area observed in various environments, while only few
studies focused on leaf width compared to leaf elongation (Lacube et al., 2017). The study has
highlighted the dynamic effect of intercepted light on leaf widening, in contrast with the major effect
of evaporative demand on leaf elongation. It has resulted in new formalisms integrating genetic the
genetic variability of parameters to simulate individual leaf dimensions and leaf area. Both
intercepted light and evaporative demand, related to carbon-driven and hydraulic-driven controls of
leaf expansion, respectively, were considered independently to simulate leaf area in a set of
environmental conditions. Leaf area influences plant intercepted radiation, biomass accumulation
and future yield and improving the quality of leaf area simulation is an important step towards a
better simulation of more integrated traits (Martre et al., 2015). Overall, the formalisms proposed in
this thesis have improved the prediction of leaf area, but also allowed better analysis of the genetic
variability of yields in various environmental conditions over Europe. In addition to improving our
understanding of leaf growth and development, these new formalisms have the potential of better
capturing and explaining the genotype by environment interaction of yield by inserting the new
module in the APSIM model (Hammer et al., 2010).

A parsimonious leaf growth model adapted to simulate genotypic variability

The module of leaf development and expansion developed in this thesis presents improvement
compared to the previous one developed by Chenu et al., 2008, 2009. First, parameters were tested
on several dataset and different genotypes so we could state if they should be considered either as
fixed at whole-species level or genotype-dependent. Fixed parameters were then optimised or
measured for a reference genotype, whereas genotype-dependent parameters were measured for
hundreds of genotypes. Here, ‘measured’ means that parameters were derived from measurable
traits in platform or field experiments. Overall, this model is reasonably parsimonious:

- The model establishing leaf development stages uses three measurements to be fully
parameterised: (i) the maximum number of leaves of the considered genotype, which can be
measured after flowering time, (ii) the leaf appearance rate, which can be calculated from
the time course of the number of appeared leaves during the vegetative stage and (iii) the
ligulation rate, which can be calculated from the time course of the number of ligulated
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leaves. The last two time courses are usually recorded jointly on the same plants. To our
knowledge, they cannot be recorded automatically with sufficient precision by image analysis
and 3-D plants reconstruction, so they require direct observations.

- The model of leaf elongation and widening needs three parameters : (i) the maximum
elongation rate of a given leaf, which can be assessed with manual measurements at
beginning and end of the night in well-watered conditions, with a platform involving
displacement transducers or (after calibration) with a platform measuring whole-plant leaf
area by image analysis (ii) the sensitivity of leaf growth to water deficit and evaporative
demand which can be measured in the same two categories of platforms under fluctuating
conditions of evaporative demand or soil water deficit, and (iii) the response of leaf width to
intercepted light, by growing plants under contrasting light levels (either field or controlled
environment).

The resulting model of leaf growth and development has been successfully implemented and tested
(Chapter 2) as a module of the crop model APSIM (note that this adapted APSIM model is not
implemented in the current released APSIM version). While it has been extensively used here within
APSIM, it has been thought and developed as an independent module that can be used in different.
contexts. For example, it can be implemented in the modelling platform ‘BioMa’®, a software
framework that has been designed and developed to parameterise and run modelling solutions in
different models. It can therefor work as an independent module which shares input and outputs
variables with other components/modules, and that can be switched with other canopy growth
simulation models to compare results. If used in this framework of simulation, the possible
applications of the module developed can become wider.

Processes involved in leaf growth and development have been shown to have similarities between
various monocotyledons such as sorghum (Bernstein et al., 1993) or rice (Parent et al., 2010) , even if
parameter values such as the duration of steady and non-steady elongation phases largely differs
between species (Parent et al., 2009). Several adaptations of the module are needed, but this
module might be used for other monocotyledon species.

In parallel with this thesis, studies have been published on maize grain abortion under water deficit
(Oury et al., 2015; Oury et al., 2016). Abortion rates along the ear are linked to the effect of water
deficit on silk elongation, which is closely related to its effect on leaf elongation both
environmentally and genetically (Turc et al., 2016). A genotype with a high sensitivity of leaf growth
to water deficit is therefore more sensitive to abortion in case of water deficit around flowering. A
module of grain number via the simulation of silk growth, and individual kernel fertilisation was
developed by the Australian team of APSIM in Toowoomba (Greg Mc. Lean) and Pioneer (Carlos
Messina), in collaboration with LEPSE. The module is still in the process of being tested but | have
implemented the formalisms in a working version of APSIM. Considering the genetical and biological
parallelism between silk and leaf growth, parameters representing sensitivities to water status were
linked together in the model. This module could therefore be used together with the leaf model for
further analysis of ideotypes in contrasted environments.

® http://bioma.jrc.ec.europa.eu/
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A link between phenotyping platform and crop modelling

A strong effort in this thesis was to adapt formalisms in order to consider parameters which are
measurable for hundreds of genotypes. Indeed, recent development of high-throughput phenotyping
gives the possibility of measuring traits at plant scale, for hundreds of genotypes in one experiment.
A large part of this thesis was therefore dedicated to the coupling of phenotyping experiments and
analyses with the estimation of parameters linked to leaf growth and development. Firstly, the
sensitivity of leaf growth to soil water deficit and evaporative demand was estimated both from
whole plant leaf area and individual leaf sizes in several platform experiments. This work was done in
close collaboration with Santiago Alvarez Prado (LEPSE). Results showed that both measurements
could be linked together, and that sensitivity could be estimated form hundreds of genotype with
measurements of leaf area from image analyses in the high throughput phenotyping platform
PhenoArch (INRA-LEPSE, Montpellier, France). Secondly, the responses of leaf widening to
intercepted light were calculated from the relationships between measured end of season width in
platform and field conditions. In the near future, this response will be calculated in a more automatic
way, in phenotyping platforms, by the development of image analysis pipelines which would allow
the dynamic measurement of leaf width in response to environmental conditions. This work has
started at LEPSE and should be available within the next two years. Plants are currently imaged every
day, reconstructed in three dimensions and segmented to measure traits at organ level. These
developments could potentially allow estimation of leaf width and its response to environmental
conditions.

The panel of genotypes used in this thesis was used in 3 platform experiments from which several
parameters of the model, not belonging to the module presented here, will be available:

- Most crop model such as APSIM do not consider photosynthesis but use the concept of
Radiation Use Efficiency, which summarises the capacity of a genotype to convert
intercepted radiation into biomass. This parameter is now measured automatically in the
platform (Cabrera Bosquet et al 2016) via estimations of intercepted light and biomass
accumulation.

- Transpiration Efficiency (TE), which is used to either calculate the potential biomass
production from the potential supply of water, or, in case of limiting light, calculate the plant
transpiration from the biomass produced with light interception. Estimations of plant
transpiration are currently being processed and analysed from platform experiments, as well
as its response to evaporative demand. This should result in an automatic pipeline of
analyses which would allow the direct calculation of TE and relative sensitivities to
environmental conditions for hundreds of genotypes.

This work shows that phenotyping and modelling can be linked in order to simulate large number of
genotypes or consider large sets of parameter values within the observed genetic diversity. For
example, leaf expansion parameters measured in phenotyping platforms are needed in models in
order to simulate leaf area and light interception. In turn, light interception is needed in phenotyping
analysis pipelines to calculate parameters of radiation use efficiency or the response of leaf widening
to intercepted radiation. In fact, both areas have rapidly progressed in the last ten vyears,
phenotyping platforms through the evolution of robotics, cameras and image analysis technologies,
and crop modelling through the increasing power for simulations and development of modelling
frameworks. With these continuous improvements, we expect an increasing inter-relationship
between new phenotyping and modelling developments.
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A potential pathway linking genetic analysis and crop model simulation

Several authors highlighted the importance of using crop models to follow the path from gene-to-
phenotype (Chenu et al., 2017). Such a model, integrating genotype-dependent parameters could be
combined with genetic analyses. Parameters representing traits could be calculated through the
effects of alleles at quantitative traits loci (QTLs analysis). Such exercises have been already tried, but
most often on simpler traits such as the prediction of heading date (Bogard et al.,2014). Only few
studies tested this approach on more integrated traits such as yield, as the work of Chenu et al.
(2008) on the impact of the sensitivity of leaf growth to water deficit in Australian environments. The
model developed in my thesis integrates the genetic variability of a larger number of
parameters/traits measurable in phenotyping platforms.

This new APSIM version integrates genetic parameters/traits that are in most cases more heritable
than integrated variables such as leaf area or yield, and the model takes into account the G x E
interactions. A potential avenue is now to use genomic prediction to calculate the vector of
parameters defining a genotype in the model, with an approach allowing dissection of the various
processes that lead to yield. This is the project of Santiago Alvarez-Prado in LEPSE, so the crop
models that | have developed will be used from now on for simulations of yield by using genomic
prediction of parameters.
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