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Résumé

Les modeéles de cultures sont un outil tres utilisé pour prédire le rendement des cultures dans des
climats fictifs. lls permettent d’anticiper les effets du changement climatiques et d’autres
contraintes et de prévoir des solutions pour améliorer notre agriculture. Mais les modéles actuels
n’ont qu’une prise en compte limitée de I'impact de I’histoire thermique sur les capacités des
plantes, ce qui pourrait étre une limite majeure a leurs performances. Le travail présenté ici
propose des pistes d’amélioration des modeéles de culture en modifiant leur réponse a la
température et a ses variations du rythme d’apparitions des feuilles, déterminant majeur du
rythme de développement, et des capacités de photosynthése. Le premier axe de cette étude
remet en question la modélisation actuelle du rythme d’apparition des feuilles. Il est
majoritairement prédit via des équations empiriques qui ne traduisent généralement pas tous les
effets connus de la lumiére, photopériode, température, concentration en CO2, ou méme du
stade de développement sur le rythme d’émergence des feuilles de blé. Le premier chapitre de
cette étude présente une nouvelle facon de modéliser le rythme de développement du blé basé
sur la teneur en carbone de la plante. Cette hypothése a pu étre testée et validée par une
expérience impliquant différentes températures, intensités lumineuses, photopériodes et teneurs
atmosphériques en CO2. Les résultats ont été traduits en un modeéle écophysiologique qui a
montré de trés bonnes performances dans des conditions de cultures en champs variées. Se
rapprocher des connaissances biologiques permet une utilisation simple et large de ce nouveau
modele. Le deuxieme axe de cette thése s’intéresse a I'acclimatation de la photosynthése du blé a
un changement de température. Les expériences menées ici ont permis de développer un jeu de
données regroupant un nombre important de scénarios de changement de température avec des
suivis temporels de I'acclimatation de la photosynthése. Nous avons pu différencier deux
mécanismes d’acclimatation de la photosynthése a la température : le premier est le résultat de
I'effet de la température sur la vélocité du métabolisme, alors que le deuxiéme refléte la réponse
des stomates aux changements de température. Ces hypotheses ont pu étre approfondies dans un
troisieme axe d’études ou nous avons utilisé nos résultats dans un modeéle de photosynthése. Le
but était ici d’abord de comprendre I'implication de la conductance stomatique dans la réponse de
la photosynthése a un changement température, qu’il soit immédiat ou sur du plus long terme ;
puis de définir les limites du modeéle a prédire I'acclimatation a la température. Ce travail

démontre 'intérét d’améliorer la prise en compte d’un aspect temporel sur la réponse des






cultures a la température, que ce soit pour la photosynthéese ou pour le rythme de
développement. Il montre aussi les limites des modéles empiriques et démontre que
I’'amélioration des modeles passe par la construction d’équation se rapprochant des connaissances

biologiques.

Mots clés : Modeles de culture, acclimatation, histoire thermique, température, intéraction

carbone.






Abstract

Crop models are a tool uses to predict crop yield in virtual climates. They enable to anticipate the
effects of climate change and other constraints and to provide solutions to improve our
agriculture. However, current models have a limited consideration of the impact of thermal
history on plant capacities, which could be a major limit to their performances. The work
presented here provide areas for wheat crop models improvement by modifying their
consideration of leaf appearance rate and carbon assimilation response to temperature and its
variations. first chapter of this study questions the actual modelization of leaf appearance rate. It
is mostly predicted through empirical equation, which does not account for all known effects of
temperature, light intensity, photoperiod, atmospheric CO2 concentration and development stage
on wheat development rhythm. We present here a new way of modelling wheat leaf appearance
rate (LAR) based on plant carbon content. This hypothesis of a carbon-content drive development
rate was supported by an experiment implying different levels of temperature, light intensity,
photoperiod and atmospheric CO2. Results have been translated into an ecophysiological model
who showed good performances in predicting LAR in contrasted field growth conditions. The
second focus of this thesis is interested in the acclimation of wheat photosynthesis to a
temperature change. Experiences led here allow the development of a data set of assimilation
capacities following in response to a large number of temperature change scenarios. We were
able to differentiate two photosynthesis acclimations to temperature mechanisms. The first one is
the direct results of temperature effect on the photosynthesis metabolism rate, while the second
one reflects the response of stomata to a change of temperature. These hypotheses have been
studied deeper in the third chapter of this work, where results have been used in a gas exchange
model. The objectives here were first to understand the implication of stomatal conductance in
wheat carbon assimilation response to long and short-term temperature change; and then to
define the limitation of the model to predict this acclimation. This thesis demonstrate the
importance of improving the temporal consideration of temperature effects on crop
performances, whether for development rate or carbon assimilation simulation. It also highlights
limits of empirical models and demonstrate that crop models improvement goes through the

development of equation closer to biological knowledge.

Key words: Crop models, acclimation, thermal history, wheat, temperature, carbon interaction.
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General introduction

(( The proper use of science is not to
conguer nature, but to live in it.

—Barry Commoner ))
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Figure 0.1: Cultivated bread and durum wheat and related wild diploid grasses morphologic and

genetic differences. From Shewry (2009).
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|.  Climate change and wheat agronomy

1. Wheat as one of the major crop of the world diet
Wheat is the second most important world cereal crop, after maize (749 Mt produced in 2016). It
is grown in all continents, as a rainfed crop in the temperate climates, in the sub-tropics with
winter rainfall, in the tropics near the equator, in the highlands with altitudes of more than 1500
m and in the tropics away from the equator where the rainy season is long and where it is grown
as a winter crop. Wheat was domesticated at least 12 thousands years ago with the setting of
agriculture during the Neolithic Revolution from still living diploid (genome AA) and tetraploid
(genome AABB) ancestors respectively called einkorn (Triticum monococcum) and emmer (T.
dicoccum) originated from the Near Est region (Shewry, 2009). The main differences from the wild
and domesticated wheat is the ploidy level, with crop wheat reaching up to eight-chromosome
set. On a physiological aspect, differences are larger seeds with hulls and non-shattering rachis for

the last one, increasing its yield and facilitating its harvest (Fig. 0.1).

The genus Triticum includes a wide range of species, but only two species are grown commercially
to a large extent; the hexaploid bread or common wheat (T. aestivum L.), representing over 90% of
the wheat grown worldwide. Its main uses are for bread making and livestock feeding; the
tetraploid durum or macaroni wheat (7. turgidum L. subsp. durum (Desf.) Husn.), with a higher

protein content is mostly grown in the Mediterranean basin and is used for pasta production.

2. Wheat development
Like many grasses, wheat is an annual monocotyledon characterized by two main developmental
phases (Simmons, 1987; Fig 0.2). The vegetative phase is characterized by the production of leaves
and tillers (Haun, 1973; Tottman et al., 1979). Leaves are produced from an apical meristem that
remains close to the soil level as long as new leaves are produced. The growing leaf rises inside the
sheath of the previous leaf until its emergence above the whorl of the older leaf. The leaf
continues to extend until its ligulation (appearance of its ligule, see Figure 0.3). Leaf ligulation is an
important stage since it is concomitant with the end of the leaf lamina elongation. Leaf is there
considered mature, meaning it has reach its full photosynthesis capacities. During the vegetative

phase, axillary meristems are formed at the base of mature leaves, giving rise to tillers that also
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produce leaves as does the main tiller. A widely used metric to describe grasses development is
the Haun scale (abbreviated HS; Haun, 1973). Plant development stage is translated through a
number with the unit being the number of ligulated leaves, and the decimal representing the ratio
of the growing leaf compared to the youngest ligulated one (eg. HS = 3.5: three ligulated leaves,

the fourth leaf reaching half of length of the third one).

The duration of the vegetative phase is determined by external variables such as vernalization
(cold period needed for the plant to switch into the reproductive stage) and photoperiod; and by
genetic factors, distinguishing cultivars requirements for vernalization or sensitivity to
photoperiod (Flood and Halloran, 1986; Cao and Moss, 1991). Common wheat can thus be
separated between spring wheat, which does not require vernalization, and winter wheat for

which a vernalization period is required for floral transition.

The second development phase is reproductive. The elongation of internodes marks the transition
between the two main phases. The last leaf is called flag leaf and displays special features like
improved photosynthetic capacities (Evans, 1983). Flag leaf improved capacities have been related
with wheat yield in several studies (Simpson, 1968; Evans, 1983). The ear then emerges and ages
until anthesis (flowering during which pollination occurs), followed by kernels formation and
maturation. Not every tiller will enter in a reproductive stage, differencing the fertile from the

unfertile ones (Sharma, 1995; Frank and Bauer, 1996).

3. Range and impact of climate change

a. Current and future climate change
Since the onset of the industrial revolution, human activities induced a regular increase of
greenhouse gases concentration, leading to considerable changes of the Earth climate (later
referred as CC: climate change). Considerable research effort has been devoted during the last 2
decades to predict climate evolution for the next century (IPCC, WG |, 2013). Regularly updated,
these scenarios predict different trajectories of the climate based on hypotheses related to the
future release of Greenhouse gases emission (CO2 on the first place, which increased from 340 to
400 ppm from 1980 to 2016). These trajectories predict a rise in air temperature of +2.0°C up to
+3.7°C by 2100 as compared to the pre-industrial period (IPCC SR15; Christensen et al., 2007)
(Figure 0.4), while temperature today is on average 1°C higher than before the industrial

revolution (early 20t™ century) (IPCC, WG II, 2014). These scenarios all predict a rise of temperature






variations as well as increased occurrence of extreme events such as heat waves, drought, flood or

extreme cold.

b. Impacts of climate change on agriculture and on wheat production
Impacts of climate change on the agricultural production have been extensively studied for more
than three decades. While earlier experimental studies focused on the impact of atmospheric CO;
concentration ([COz]aim) (Long, 1991; Rosenzweig and Parry, 1994; Moore et al., 1999; Wall et al.,
2000), elevated temperature and drought independently (Henckel, 1964; Chaves et al., 2002;
Farooq et al., 2009), most recent studies tend to combine stresses associated with climate change
because they are likely to co-occur (Crous et al.; Gifford, 1995; Vile et al., 2012; Perdomo et al.,
2014). Because their occurrence is also likely to increase with CC, extreme events are also the
matter of several studies (Kratsch and Wise, 2000; Thomashow, 2003; Porter and Semenov, 2005;
Barnabas et al., 2008). The outcome of simulations combining both a regular trend in temperature
increase and a rise in the occurrence of extreme temperatures could lead to a decrease of wheat
production by 50% (Asseng et al., 2011). Other studies associate yield loss to the reduction of the
period compatible with wheat cultivation resulting from the rise of temperature(Zhao et al., 2017).
By contrast with elevated temperature, an increase of [COz]atm could improve yield and lead to a
partial compensation of the loss due to increased temperature (Wheeler et al., 1996). Finally,
aside from yield modifications, a change in wheat flour end-use value through changes on protein
concentration are also expected (Porter and Semenov, 2005), or nutritional value (Miiller et al.,

2014).

Interestingly, the effect of the increase in temperature variations has been much less studied. The
impact of amplitude, rhythm and temperature range on major plant processes is still poorly
understood and it is acknowledged that research effort should be devoted to better

understanding crop response to such variations (Rotter et al., 2011; Rosenzweig et al., 2014).






II. Crop models: a useful but limited tool

1. Definition

Simulation models can be defined as a series of mathematical equations based on laws driving a
system, which aims at predicting an output from an input. They exist in many disciplines, from
social science to astrophysics. If Stephen Hawkins says in its books The Grand Design that
everything respond to law (“all the evidence is that [nature] evolves in a regular way according to
certain laws”), he also noted that these laws and interactions are complex. It is so hard to perfectly
describe a system with a model, and the difficulty rises with the system complexity: “whenever we
deal with macroscopic systems, the number of particles is always too large for there to be any
chance of solving the fundamental equations [nb: the physical equations describing the behavior
of these particles]. What we do instead is use effective theories”. Stephen Hawkins thus suggests
that the better the system is understood, the better founded the theories and so the better the
model will be. However, good working models does exist without translating a system
understanding. There are composed of equation describing empirical relations, which does not
translate the reason binding this relation. A good example in biology is the use of thermal time to
describe plant development rate (Wang and Engel, 1998; Bonhomme, 2000). This example and its

limits are further discuss in the third part of this chapter.

A model offers an environment control going far ahead from what experimentation allow, in terms
of range of reachable variables and in terms of possible control and decoupling of these variables.
Thus, models are used to predict the behavior of plant processes in specific environments (Sinclair
and Horie, 1989; Wheeler et al., 1996; Long and Bernacchi, 2003; Evers et al., 2010). Biological
system can be modelled at many scales, from molecules to ecosystems. Ecophysiological models
describe specific plant processes response to environmental variables such as climate components
(temperature, irradiance, wind...) or soil properties (compositions, nutrient availabilities...). They
are used for instance to predict carbon assimilation or transpiration rate (Farquhar et al., 1980;
Collatz et al., 1991). Ecophysiological models can be combined to simulate crop behavior
(Bernacchi et al., 2013; Zhu et al., 2018), then constituting a crop model. Crop model are used to
predict crop yield and development in a given environment. It uses environmental variables inputs
— translating the studied climate, soil and geographical location — as well as specific parameters

calibrated according to the studied species and even cultivar for some specific processes.






Early crop models each had its own structures with specific considered variables and logic,
resulting in limited application. With the development of their use, the need of efficient and
transposable crop models emerged (Reynolds and Acock, 1997). This is reached by dividing the
modelled system into biologically meaningful unit called modules. Then, each modules constitute
an ecophysiological model, since it translate a plant processes response to an environment.
According to Reynolds and Acock, (1997) modules should: 1) relate directly to the real world
processes; 2) have input and output that are measurable values; 3) communicate via these input
or output. Some modules example for crop models are photosynthesis, leaf emission, leaf growth,
seed filling etc... In such modular models, modules can be easily transposed, replaced or modified,

making them adaptable to the working hypothesis.

Crop models falls in two categories depending on the role given to carbon as a driver (Parent and
Tardieu 2014). In source-limited models, processes are organized in series with carbon assimilation
being on the top of the chain and most other processes being dependent on this assimilation,
including leaf growth. Here, a stress such as water deficit will impact the system primarily through
photosynthesis (Kaiser, 1987; Lawlor and Cornic, 2002) which in turns affects other processes. In
contrast, in sink-driven models leaf growth and C assimilation are modeled in parallel and can be

uncoupled which better fits with experimental evidence (Muller et al 2011).

2. Crop model uses and limits
Crop models have multiple uses. They are used as analytical tools to test hypotheses of crop
behaviors (Parent et al., 2018) under various conditions or to design new crop management
strategies or cropping systems (De Reffye et al., 1995; Dupraz et al., 2011). Crop models are also
used to project the impacts of future climate scenarios and test climate change adaptation and
mitigation strategies (Hoogenboom, 2000; Challinor and Wheeler, 2008; Bassu et al., 2009;
Rosenzweig et al., 2014; Martre et al., 2017). They can also be used in much applied ways, for
example as tools for crop management and decision-making. The incorporation of genetic
variability (most often through genotype dependent parameters) in these crop models is not
systematic although it helps genetic researches in many ways. They can be used to assess the
importance of specific genetic regions to different climatic scenarios (Chenu et al., 2009; Millet et
al., 2016), to quantify environmental co-variables cultivar responses (Heslot et al., 2014; Ly et al.,

2017) or to target interesting phenotyping traits (Tardieu et al., 2017; Chenu et al., 2018).






Integrating genotype effects in crop models allow the identification of ideotypes (ie cultivars
gathering a series of favorable traits in a given environment), guiding plant breeding in front of

climate change (Hammer et al., 2002; Slafer, 2005; Lisson et al., 2005; Chenu et al., 2017).

Using crop models to estimate the performances of crops under futures climates raises their
limitations when working with multiple stresses of with variable climate. Some of these limits
comes from their way of managing time. Indeed, daily mean temperature, calculated as the mean
of the daily maximal and minimal temperature, is the most commonly used input when time is
needed. In a few models, the daily mean is decomposed in hourly mean, generally used as input in
some very specific modules generally linked for instance to photosynthesis. However, some
processes are known to have more complex response to variations of environmental variables,
and a daily input is not enough. This is the case for processes like carbon assimilation, which are
known to acclimate to a change of temperature for instance (Atkin and Tjoelker, 2003; Asseng et
al., 2013; Yamori et al., 2013). This will be further discuss in the section Il1.4 of this chapter. To
account for these effects of climate history and variation effects on plant performances, model

time scale need to be more precise (Thornley, 1998).

Another source of models errors come from a lake of biological knowledge. First, because our lake
of understanding of the ecophysiological mechanisms leads to empirical representation that limits
models use (Yin and Struik, 2010). Then because data available to quantify or understand the
effect of a variable on another are often not enough to develop a model. This is the case for
example for plant response to combined drought, temperature, and elevated atmospheric CO..
Another example is the understanding of plant acclimation to temperature. Yet recent studies
highlighted the importance of a good modelling of plant response to temperature to ensure good
crop model simulations (Asseng et al., 2011; Yamori et al., 2013; Way and Yamori, 2014; Li et al.,
2015).
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ll.  Impact of temperature on plants

1. General equations to model plant processes response to
temperature

Temperature is a physical variable defined by the state of particles agitation: the more the
particles are agitated, the more they collide, the more thermal energy is released, and the higher
the temperature. This particles agitation state is translated in biology by a meeting potential
between two molecules. For instances, the higher the temperature, the more an enzyme is likely
to meet its substrate. This is true up to a given temperature beyond which links giving the
molecule its configuration are weakened and the molecules are denatured. A minimal particle
agitation is needed to obtain a reaction, translating a necessary activation energy specific to each
reaction. Thus, enzymatic reaction and linked processes respond to temperature first by an
increased rate attributed to a rise of implied enzyme velocity (Daniel et al., 2008); then by a

decreased rate linked to a loss of protein and membrane integrity (Upchurch, 2008).

Links between temperature and energy have been translated into a widespread equation
expressing the relation between reaction rate and temperature: the Arrhenius equation,
developed in 1889 by Svante August Arrhenius. This model describe well the temperature effects
on almost all biological systems (Dell et al., 2011) (Fig 0.5).The initial equation only accounts for
reaction rate increase with temperature, depending on an activation energy. It has later been
modify to include the observed decrease observed at higher temperature (Johnson et al., 1942).
This modify Arrhenius equation is now commonly used to describe biological and biochemical
reaction response to temperature (Farquhar et al., 1980; Parent et al., 2010; White et al., 2012;
Bernacchi et al., 2013).

Another commonly used equation to describe processes response to temperature is the beta
function equation proposed by Wang and Engel (1998). The response is here characterize by three
cardinal temperatures: a minimum temperature (also called based temperature; Tmin) required to
obtain a reaction, an optimal temperature (Topt) at which the reaction rate reach its maximum, and
a maximal temperature (Tmax) beyond which no reaction is possible (Gillooly et al., 2001) (Fig. 0.6).
The use of this equation to described the temperature of plant development, leaf expansion, and
carbon assimilation greatly reduces the uncertainty of crop models response to temperature

(Wang et al., 2017).






2. Rate of development and temperature

a. The thermal time concept

Every phase of development requires a minimum accumulation of temperature before that phase
can be completed and the plant can move to the next stage (Gallagher, 1979). The higher the
temperature, the faster the plant will reach this minimum accumulation and develop. This strong
dependence of development rate on temperature has been translated into the thermal time
concept (Wang, 1960). The principle of the thermal time concept is the following. First, the daily
thermal-time (TT; expressed in degree-days, °Cd) is calculated. It represent the daily mean
temperature above the plant development base temperature (T,; minimal temperature required
to observe a plant development).

TT = Thean — Tp (0.2)
Under the supposition of a constant effect of temperature on development rhythm, this daily
thermal time is added over a time period to get the cumulated thermal time (°Cd) at day d since a
given day do:

TTcqg =Yg, TT; (0.2)

The base temperature is generally determined by a linear extrapolation of development rate
response at low temperature (Bonhomme, 2000) but shows some variability with growth
temperature and development stage, precisely because of its non-linear response to temperature
as discussed in the next paragraph (Slafer and Rawson, 1995; Craufurd et al., 1998; White et al.,
2012). For wheat, the base temperature for development is assumed to be 0°C (Wang et al.,

2017).

Development according to cumulated thermal time has been acknowledged to be linear for a long
time (Friend, 1965; Masle et al., 1989a). However, recent studies have shown that when larger
ranges of temperature are considered, responses are non-linear and this was integrated into a
new concept of time spent at a given reference temperature. Thermal time is then calculated with
a non-linear effect of temperature on development rate, with Johnson’s similar equation

described in Parent and Tardieu, (2012):

E
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Where E is the activation energy of the reaction; « is the ratio of E/D with D being the deactivation
energy of the reaction; Ty is the D/S ration, with S being an entropy term of the reaction

deactivation; and A is the trait-scaling coefficient.

b. Simulating development through the phyllochron
Phyllochron is a widely used metric to quantify plant development. It represents the time interval
between the setting-up of two successive organs (Wilhelm and McMaster, 1995). Many growth
models use the phyllochron to model both vegetative and reproductive development (Rickman
and Klepper, 1995; Fournier et al., 2005; Evers et al., 2010). This success relies on the robust linear
relationship between phyllochron (or its reciprocal, the leaf appearance rate, LAR) and
temperature, and thus on its constancy when expressed in thermal time. However, even when
expressed per degree-days, LAR has been shown to be non-constant in many situation, limiting its
values to predict development rate. For instance, LAR increases with photoperiod (Baker et al.,
1980; Cao and Moss, 1989; Masle et al., 1989b; Slafer et al., 1994), irradiance (Rickman et al.,
1985; Volk and Bugbee, 1991; Bos and Neuteboom, 1998; Birch et al., 1998), and atmospheric CO;
concentration (Boone et al., 1990; McMaster et al., 1999) for several grasses including wheat. It is
also known to decrease with plant density (Abichou et al., 2018), red/far-red ratio and blue light
(Gautier and Varlet-Grancher, 1996), and nitrogen or water deficit (Longnecker and Robson, 1994).
It has also been reported to change with plant ontogeny (Hay and Delécolle, 1989; Slafer and

Rawson, 1995; Miralles and Richards, 2000).

Whereas all these results are well known, little efforts have been made to include them in crop
models. Currently, development model represent these effects through empirical equations,
making them hard to use in various condition. However, development rhythm determines the
timing of all other processes and thus there is a real need to develop and improve development

models to be able to improve crop model predictions.

Another process largely driven by temperature because of the numerous implied enzyme is the

photosynthesis.

3. Carbon acquisition and temperature

a. Carbon assimilation mechanisms
Through photosynthesis, plants fix carbon from atmospheric CO,. Two reactions are distinguish: i)

the light-dependent reaction during which photon energy excites the photosystems on the






chloroplast membrane, leading the transfer of electrons that will triggers the oxydation of water,
generating ATP and NADPH and releasing oxygen to the atmosphere; ii) the dark reaction during
which the enzyme RuBisCO (Ribulose-1,5-bisphophate carboxylase/oxygenase) captures the
atmospheric CO; which enter in the Calcin-Benson cycle. This cycle uses the newly formed ATP and
NADPH and, in the case of C3 species, such as wheat, releases three-carbon sugar exported from
the chloroplast. Trioses are later combined to form soluble sugar such as glucose, fructose or
sucrose that will enter the primary metabolism or will be derived to store C in the form of sugar
polymers such as starch or fructans. Thus, the rate of photosynthesis depends on the electron
transport rate, on the Rubisco carboxylation rate, and on the RuBP (carbon acceptor molecules)

regeneration rate.

These reactions directly implies a dependence of photosynthesis rate to light intensity (defining
photon availability), atmospheric CO; availability, and nitrogen availability (linked to the
photosynthesis enzyme content and so to their reaction velocity (Sinclair and Horie, 1989)).
Temperature have also a large effect on photosynthesis since it directly acts on RuBisCO and
Calvin-Benson cycle enzyme velocity (Farquhar et al., 1980). It also triggers changes in membrane
fluidity, structure and composition (Nishida and Murata, 1996; Upchurch, 2008), as well as in the

activation state of the photosystems (Yamasaki et al., 2002), affecting the electron transport rate.

The enzyme RuBisCO has a carboxylase site, allowing the carboxylation of RuBP, as well as an
oxygenase site, allowing the oxidation of RuBP with atmospheric O; integrated in the Calvin cycle
to form hydrogen peroxide, glycolate and serine. Those molecules are later recycled, releasing
atmospheric CO2 and ammoniac. This reaction stemming from RuBisCO oxygenase is called
photorespiration. Photorespiration is a wasteful process for the plant because it reduces
photosynthesis rate and has a higher metabolism cost compared to RuBisCO carboxylase activity.
Temperature changes the affinity of RuBisCO for carbon or oxygen, those carboxylase to

oxygenase quotient will be higher at higher temperature, diminishing photosynthesis rate.

Assimilation response to temperature is a predominant subject of this work. It was study through
experimental data and thanks to one photosynthesis among other: the Farquhar-von Cammerer

and Berry model.
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Figure 0.7: Assimilation (A) at saturating light response to leaf intern CO, concentration (Ci)
using the leaf Farquahr model (Farquhar et al., 1980). Modelled A is determined by
whichever process is the most limiting (solid black line). Blue dotted line represent limit
imposed by the maximum Rubisco carboxylation rate (limitation typically arising from CO
availability); red dotted line is the RuBP regeneration rate limitation (limited by photon
availability); and gold dotted line is the limitation by the triose-phosphate use (TPU, limited
by the ability to convert triose phosphate — molecule on which the new C atom is binded —

into other sugars). Source: Bernacchi et al., 2013.



b. The Farquhar-von Cammerer and Berry model of photosynthesis
The Farquhar, von Cammerer and Berry model (here after called the FvCB model) (Farquhar et al.,
1980) is a widely used model to describe carbon assimilation through its biological limits. It
calculates net assimilation as the minimum of assimilation limited by the RubisCO carboxylation
rate (Ac), by the electron transport rate implied in the Ribulose-1,5-bisphosphate (RuBP)
regeneration rate (4j), or by the triose-phosphate (TPU) use (A7) (Fig 0.7). Aris only reached for

high CO; concentration and will not be considered in this study, therefore A is given as.
A = min(A., 4)) (0.4)
Ac is calculated as a function of the maximal rate of RuBisCO carboxylation (Vcmax) by:

(Cc—T)Vemax

A =
¢ cc+ch(1+0/Kmo)

— Ry (0.5)

where C, (nbar) is the CO; partial pressure at the carboxylation sites of Rubisco; O (pbar) is the
oxygen partial pressue; K, and K, are the Michaelis-Menten constant of Rubisco for CO, and
0,, respectively (ubar); J (umol photons m2 s?) is the electron transport rate; R; (umol CO; m2 s
1) is the day respiration (respiratory CO; release other than by photorespiration); and I, (ppm) is

the CO, compensation point in the absence of R;.

Mitochondrial respiration (Rq) is common to all living organisms. Mitochondria are cellular
organelles inside which glucose is oxidized, releasing energy under the form of ATP and NADP*,
necessary to all biochemical reactions. It also release CO,, here again altering the net assimilation
rate (raw assimilation being the assimilation rate when no mitochondrial respiration is
considered). Like photosynthesis, it involves many enzymes and membranes, making it a process

also dependent on temperature. Rd is so known to rise with temperature (Atkin et al., 2005).

The temperature dependence of Rq and kinetic properties of Rubisco (Vcmax, K¢ and Kiy0) in Eq.

(0.5) is described by an Arrhenius function normalized with respect to their values at 25°C:

(T-25)E
Parameter = Parameter,s X el298R(T+273)] (0.6)

where T (°C) is the leaf temperature, E () mol?) is the activation energy, defining the
responsiveness of the relevant parameter to temperature; R (J K™ mol™?) is the universal gas

constant.






The FvCB model assumes 100% non-cyclic electron transport, thus excluding cyclic electron

transport around photosystem I, and Aj can be calculated as:

(CC_ F*)]
A = -
J 7 4c+8r, d

(0.7)

In most applications of the FvCB model the relationship between J in equation (0.7) and irradiance

is described by a non-rectangular hyperbolic function of irradiance by Farquhar and Wong (1984):

2
<O‘(LL) labs_\/(a(LL)Iabs +]max) =460 max a(LL)Iabs)

20

(0.8)

where o) (mol (electons) mol™? (photons)) is the electron transport under low light; I,s (Lmol
photon m2s1) is the photon flux density absorbed by leaf photosynthetic pigments; 8

(dimensionless) is the convexity of the response curve of J to [4.

The optimum response of Jmax to temperature is often described by a modified Arrhenius function

(Medlyn et al., 2002) (Fig. 0.6):

(T—25)E (298.S;D)
T eE 1+e 298
Parameter = Parameter,s X el298R(T+273)] X —T+273)5-D (0.9)

1+e ROT+273)

where S (J K2 mol™) is an entropy term; and D () mol?) is the energies of deactivation, defining the

responsive shape of the supra- optimal ranges.

The parameters composing this models thus relies on both metabolism capacities and implies
energies. They can all be related to climate variables that are known to affect these parameters,
like atmospheric CO; concentration or temperature. The FvCB model is often completed with
complementary calculation, for example to account for stomatal and mesophyll conductance

limitation on photosynthesis (Bernacchi, 2002; Flexas et al., 2014).

Indeed, gas exchanges associated with photosynthesis (CO; entrance and O, release) happen
through active pores on leaf epidermis, called stomata. Stomata opening determines gas transfer
rate and is quantified via the leaf conductance (gs, umol H20 m2s?). It is related to plant hydraulic
status as well as to vapor pressure deficit (VPD, kPa) between leaf (within sub-stomatal cavities)
and surrounding air (Osonubi and Davies, 1980; Morison and Gifford, 1983; Tardieu and
Simonneau, 1998), themselves depending on temperature. This control of leaf gas exchange
triggers a strong correlation between carbon assimilation rate and stomatal conductance at the

leaf scale (Nijs et al., 1997; Del Pozo et al., 2005). It has often been highlighted in studies for






different species or for different growth conditions (Crafts-Brandner and Salvucci, 2000;

Haldimann and Feller, 2004).

In the model use in this study, described in Yin et al. (2009)Yin and Struik (2009), A can be predict
with GS as an input through a quadratic equation described in chapter 3. A can also be resolve
without the intervention of GS, with an analytic solution described in Yin et al. (2009) and later in
the chapter 3. GS is then calculated as:

(A+Rg)Xf(VPD)

Ci— Ci, (0.10)

gs = Ggo T

Where g, is the residual stomatal conductance at extremely low light, Ci, is the Ci compensation

point in the absence of R, and f(VPD) is a function translating the effect of VPD on g,. Ci

To understand the underlying process of carbon assimilation response to temperature, it is
important to decorrelate one from another, or at least to quantify the impact of one on the other
(Leuning, 1995; Flexas et al., 2014). This can be partly allowed by a good control of climate
variables during gas exchange measurements (Long and Bernacchi, 2003). This issue can also be

partly solved using models (Leuning, 1995).

This makes the FvCB model a very useful tool to characterize environment impacts on carbon

assimilation and to hypothesis on the underlying metabolism limitation in a given situation.

IV. Acclimation capacity of plants

1. Definition

To cope with climate variations that they experience at any time scale, from seconds to days or
weeks, plants are able of acclimation. Acclimation of photosynthesis was first defined by Berry and
Bjorkman (1980) as an “environmentally induced change in photosynthetic characteristics that
results in an improved performance under the new growth regime”. This concept has been
extended to other processes (eg respiration) showing modifications after change of the
environment (Arnone and Korner, 1997; Atkin et al., 2006). Acclimation needs to be distinguished
from adaptation, being adjustment to the environment across generations (Arnone and Korner,
1997). As Way and Yamori (2014) noticed it, we need to adjust our definition when talking about

acclimation. In this work, we will consider that there is acclimation when the plant capacities






change in response to an environment modification to reach capacities of plant fully grown in the

new growth condition, regardless of this new condition lead to improved capacities or not.

Acclimation happens in response to diverse environmental variables like light intensity (Murchie
and Horton, 1997; Evans and Poorter, 2001; van Rooijen et al., 2015), atmospheric CO;
concentration (Long, 1991; Sage, 1994; Gifford, 1995) and temperature (Atkin and Tjoelker, 2003;
Hikosaka et al., 2006; Smith and Dukes, 2017); and this for all type of plants, from fern to
angiosperm, from C3 and C4-types (Yamori et al., 2013). This work focus on the acclimation of

wheat to temperature, and particularly on photosynthesis acclimation.

2. The time scale to consider
Another issue to assess when talking about process response to a change of growth environment
is the considered time scale. We generally need to distinguish response of immediate non-lasting
change from longer-term changes. For instance, studies of carbon assimilation response to
temperature often assess the carbon assimilation response to immediate change of temperature
(A/T). This variable is obtained by measuring assimilation capacities (A) at either leaf, plant or crop
level at different imposed temperatures. However, the temperature is generally imposed for a few
minutes only, resulting in the measurement of assimilation capacities response to an immediate
temperature change. In this case, we consider that no acclimation occurs. On the contrary,
assessing assimilation capacities for a plant that undergone a longer temperature change (change
of growth temperature; Tgrowth) will probably trigger acclimation. The lake of study monitoring
the dynamic of a process response long-term temperature change does not allow to determinate
how much time is needed to consider that acclimation happens, and that the observed result is
not only a response to an immediate change. It is also important to distinguish immediate non-
acclimated response of assimilation to temperature (noted A/T in this study) from response of
assimilation to Tgrowth, the latter being fully-acclimated response (referred as A response to

Tgrowth in this work).

3. Photosynthesis acclimation to temperature
The importance of photosynthesis acclimation to temperature for plant success in fluctuating

temperature conditions has made it an important studied subject this last decade (Berry and
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Bjorkman, 1980; Asseng et al., 2011). Temperature response of carbon assimilation (A/T) is well
known to depend on thermal regimes (assimilated to Tyowt) in the natural habitats of wild plants
or in regions where crops are adapted to (Sage and Kubien, 2007; Yamori et al., 2013). Species
from different climate origin show contrasted A/T response curves, with species adapted to cold
climate having lower Top: values than warm-originated ones (Slayter and Morrow, 1977; Yamori et
al., 2013; Zaka et al., 2016) (Fig. 0.8). Differences of A/T curves are also found at the intra-specific
level since widely spread cultivars of a same species can show contrasted assimilation response to
temperature (Slayter and Morrow, 1977; Zaka et al., 2016; Fig 0.9). A shift in growth temperature
results in a modification of Top:toward the new growth temperature and in a modification of the
general carbon assimilation capacities (Yamasaki et al., 2002; Way and Yamori, 2014; Zaka et al.,

2016).

A the molecular scale, this acclimation could result from a RuBisCO activation state or
carboxylation properties change (Gutteridge and Gatenby, 1995; Crafts-Brandner and Salvucci,
2000), or a regulation through stomatal conductance adjustments (Farquhar and Sharkey, 1982;
Ball et al., 1987; Del Pozo et al., 2005). Yamori et al., (2005) attributed this shift in Top: to a change
in the balance of the RuBP (substrat receiving the newly fixed C, see part Ill.2.a) regeneration rate
and the RuBisCO carboxylation rate, while others linked it to modifications of photosystem |l
(Yamasaki et al., 2002), or to modifications of biochemistry relation to nitrogen (Cai et al., 2018).
The underlying mechanisms of photosynthesis acclimation are not certain and may depend on the
most limiting biochemical processes which differ between plant type and growth conditions (Sage

and Kubien, 2007; Smith and Dukes, 2017).

Some attempted have been made to model photosynthesis acclimation through an integration of
Terowth €ffects on Vemax and Jmax (Kattge and Knorr, 2007) or through a coupled acclimation of
assimilation and respiration (Dewar et al., 1999; Smith and Dukes, 2013). Some authors suggested
that acclimation of photosynthesis to temperature could be modeled as changes in the
parameters describing the direct effect of Tgrowth On photosynthetic capacity (activation or
deactivation energy, entropy parameter) (Scafaro et al., 2017; Stinziano et al., 2018). To predict
the effect of temperature variations on carbon assimilation and more generally on crops, we need
to have a better understanding of the effect of Tgrowth On photosynthesis-linked parameters
(Perdomo et al., 2016; Smith et al., 2017). Models of photosynthesis acclimation make strong

assumption about the dynamic of the processes acclimation but limited experimental studies are






available to support these hypotheses. Many studies have assessed thermal acclimation by
measuring photosynthesis of plants grown at diverse Tgrowth but only a few analyzed the dynamic

of this change (Bunce, 1985; Boese and Huner, 1990).

V. Uncoupling development and carbon acquisition

If developmental processes show a coordination of their response to temperature (Parent et al.,
2010; Zaka et al., 2017), carbon assimilation differs here. Indeed, Carbon assimilation response to
temperature has a different, generally lower, optimal temperature compared with development.
Lohraseb et al. (2017) showed that, up to an optimum, the rate of any developmental process
increases more rapidly with temperature than that of CO; assimilation. This creates a discrepancy
in carbon production and needs, leading to a decrease of biomass production and yield with high

temperature (Porter and Semenov, 2005; Zhao et al., 2017).

Working with different temperature thus differently modify the rate of development and carbon
assimilation. The risk is to confound the effect of temperature on one and another. To study the
effect of temperature on a specific plant processes, it is then important to consider this
discrepancy. In this study, we discuss this issue and propose a way to adjust our protocol

according to the targeted question.






Strategy & Obijectives

The need of improving crop production to face the on-going climate change and the
demographical issues is not yet to prove. The resent progresses in including genetic parameters in
crop models lead to a new developing form of varietal selection, build on ideotypes creation, but
crop models predictions are not perfect. The most needed improvements are to face multiple

stresses or climate variation at short time-scales.

The European project ModCarboStress of the FACCE-JPI, regrouping seven European research
groups, aimed to improve crop models by improving ecophysiological representation and their
parametrization thanks to available field data and to experiments carried out by the project

partners. This thesis is a worked resulting from this project.
The initial hypothesis of this work were that:

- Model predictions could be improved with a better consideration of temperature

- A better understanding of plant response to thermal history could help this improvement

A common protocol was built to develop a data set from growth chamber experiments that could
highlight tracks to improve consideration of multiple stresses and photosynthetic acclimation into
growth models. The protocol included a temperature swap, with or without water deficit, on a
panel of 10 spring wheat cultivars. Planned measurements included leaf expansion and
development, photosynthetic capacity measurements and A/G and A/T curves. Facing the multiple
guestions related to photosynthesis response to thermal history, | chose to focus my work on this
direction by multiplying the temperature change scenario and the monitoring of assimilation in

response to this change to study the dynamic of photosynthesis acclimation.

A preliminary experiment was set to assess the chosen cultivars behavior in four combinations of
growth temperature and day length. This experiment reveals interesting results about the existing
relation between daily temperature and cumulated light quantity on wheat leaf appearance rate.
The first question of this work then emerged: is there an existing relation between plant carbon

content and its rate of leaf appearance? This hypothesis was develop and answered by a series of






experiments in controlled conditions, resulting in a new ecophysiological model. This work
constitutes the first chapter of this thesis.

The second part of this work focusses on the study of photosynthesis to thermal history.
Numerous questions can be formulated when studying this subject, for example, regarding the
effect of the amplitude, frequency or sense of temperature variations. The study of previous
works done on the subject revealed a lake of data studying several temperature change scenarios.
The methodology previously used is also to question since studies monitoring photosynthesis
before and after the change is almost non-existant. | then chose to work on the response of wheat
photosynthesis to a change of temperature by a temporal following of simple gas exchange
measurement protocol before and after the change of growth conditions. These gas exchange
measurements were first the carbon assimilation at saturating light, ambient temperature and
atmospheric CO; (later referred as Asat), attesting for the assimilation capacity, and then the Asat
response to temperature (later referred as A/T), were leaf temperature is changed at a minute
scale. This last measurement described the response of photosynthesis to temperature at a small

time scale, reflecting the direct response of photosynthesis metabolism to temperature.

Choosing to work on a few general measurements restricted the number of questions that would
be answered but it also allowed me multiplying the number of studied scenarios. The experiments
carried out in this second part thus stayed at a descriptive level. Here, the objectives were first to
construct a large data set of photosynthesis response to a change of temperature, then to
highlight general behavior of photosynthesis acclimation to temperature, without going deeper
into the mechanisms involves in the observed responses. However, our results brought me to
formulate some hypotheses regarding the implication of the metabolism and the stomatal
regulation on photosynthesis acclimation to temperature. These hypothesis were tested in the
third chapter with a modeling approach. | used a coupled photosynthesis-stomatal conductance
model (Evers et al., 2010; Yin and Struik, 2010) to decorelate hidden effects of temperature on

photosynthesis.

Understanding the implication of these two photosynthesis regulations on its acclimation to
temperature could bring new understanding of how acclimation works. These new biological
knowledge could be a good base to include thermal history effects in crop models and thus

improve their predictions. The third chapter then explored photosynthesis regulation under






fluctuating temperatures. It leans on the results of the experiments led in the chapter 2 and on an

existing gas exchange model derived from the well-known Farquahr model.
This study is thus articulated around three chapters developing the ideas of:

1. Experimental and modelling evidences of a carbon regulated leaf appearance rate in
wheat.

2. Wheat photosynthesis response to temperature at different time scale rely on a dual
regulation from the metabolism and the stomata.

3. Improving current photosynthesis model by accounting for thermal history and stomatal

regulation.






Chapter 1: Experimental and
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Combining experimental results and a modelling approach, | demonstrate here that carbon
availability in wheat can account for effect of environment on leaf appearance rate. This study
results in an efficient ecophysiological model that predict leaf appearance rate in contrasted

experimental conditions.






|.  Abstract

Accurate predictions of the timing of physiological stages and the development rate are crucial for
predicting crop performance under field conditions. Plant development is controlled by the leaf
appearance rate (LAR) and our understanding of how LAR responds to environmental factors is still
limited. Here, we tested the hypothesis that carbon availability may account for the effects of
irradiance, photoperiod, atmospheric CO, concentration, and ontogeny on LAR. We conducted
three experiments in growth chambers to quantify and disentangle these effects for both winter
and spring wheat cultivars. Variations of LAR observed between environmental scenarios were
well explained by the supply/demand ratio for carbon, quantified using the photothermal
guotient. We therefore developed an ecophysiological model based on the photothermal quotient
that accounts for the effects of temperature, irradiance, photoperiod, and ontogeny on LAR.
Comparisons of observed leaf stages and LAR with simulations from our model, from a linear
thermal-time model, and from a segmented linear thermal-time model corrected for sowing date
showed that our model can simulate the observed changes in LAR in the field with the lowest
error. Our findings demonstrate that a hypothesis-driven approach that incorpores more
physiology in specific processes of crop models can increase their predictive power under variable

environments.

Key words: Carbon, Crop Model, Daylength, Leaf appearance rate, Photoperiod, Photothermal

guotient, Phyllochron, SiriusQuality, Temperature, Wheat.






II. Introduction

The rate at which plants develop strongly affects canopy and root structure, radiation
interception, and, through the cumulative effects of these factors, biomass production,
partitioning, and yield. It is therefore essential to understand how this rate is determined and how
it can be modeled in order to accurately predict crop responses to their environment in the field. A
widely used metric to quantify plant development rate is the phyllochron, i.e. the time-interval
between successive organs at the same stage (Wilhelm and McMaster, 1995), or its reciprocal, the
leaf appearance rate (LAR). Both are often expressed in (or per) thermal-time unit (i.e. in
cumulative temperature above a base temperature, classically expressed in degree-days, °Cd). The
phyllochron has been used for decades in the plant science community and many growth
simulation models use it to model both vegetative and reproductive development (Rickman and

Klepper, 1995; Fournier et al., 2005; Evers et al., 2006).

The success of the phyllochron as a straightforward concept relies on the linear relationship
between LAR and temperature, and therefore its constancy when expressed in thermal time.
However, in many situations, irregular or non-linear relationships between leaf appearance and
temperature limit its value to predict development. In several grasses, including wheat, LAR
increases with photoperiod (Baker et al., 1980; Cao and Moss, 1989a; Masle et al., 1989; Slafer et
al., 1994), irradiance (Rickman et al., 1985; Volk and Bugbee, 1991; Bos and Neuteboom, 1998;
Birch et al., 1998), and atmospheric COz concentration (Boone et al., 1990; McMaster et al., 1999),
whilst it decreases with plant density (Abichou et al., 2018), red/far-red ratio and blue light

(Gautier and Varlet-Grancher, 1996), and nitrogen or water deficit (Longnecker and Robson, 1994).

LAR is also often reported to change with ontogeny. Indeed, the relationship between the number
of visible leaves and thermal time appears as either bilinear or non-linear, both under fluctuating
field conditions (Baker et al., 1986; Hay and Delécolle, 1989) and under constant controlled
conditions (Cao and Moss, 1991; Slafer and Rawson, 1997; Miralles and Richards, 2000). Changes
in LAR with ontogeny could be related to an increase in the time taken by successive leaves to
extend above the whorl of previous leaves (Miglietta, 1991; Skinner and Nelson, 1995; Streck et
al., 2003). However, LAR for wheat increases and decreases with leaf rank for late and early
sowing, respectively, independently of sheath length (Hay and Delécolle, 1989; Abichou et al.,
2018). An alternative hypothesis is that the phyllochron changes with specific developmental

stages. In wheat, ontogenic changes in LAR coincide with the initiation of the flag-leaf primordium






(Abichou et al., 2018) or first-ridge formation (Boone et al., 1990). However, in other cases,
ontogenic changes in LAR occur around the time of appearance of a given leaf, independently of
final leaf number and of the state of the apex (Slafer and Rawson, 1997), which suggests that
ontogenic changes in LAR are not associated with any particular growth stage. Finally, it has been
suggested that, at least in some conditions, apparent ontogenic changes in LAR might be due to

the use of an incorrect base temperature (Hay and Delécolle, 1989).

Several models accounting for the effects of temperature and photoperiod on LAR have been
proposed and compared with each other (Miglietta, 1991; Kirby, 1995; Bindi et al., 1995;
McMaster and Wilhelm, 1995). However, with the exception of Miglietta (1991), these models do
not consider changes in LAR with ontogeny. Surprisingly, none of these LAR models have been
incorporated into crop growth models, where LAR is modeled predominantly as a linear response
to temperature, without any effects of photoperiod or plant age (Muchow and Carberry, 1990;
Amir and Sinclair, 1991; Lizaso et al., 2011). Only a few crop growth models consider photoperiod
or plant age effects on LAR. For instance, the wheat model Sirius uses three different constant LAR
values depending on leaf rank (Jamieson et al., 1995, 1998), and the photoperiod effect is
modeled using an empirical relationship between sowing date and LAR (He et al., 2012). A similar
approach is used in the APSIM-NWheat model, where the phyllochron is empirically corrected at a
fixed date after sowing (Bassu et al., 2009). A recently updated version of APSIM wheat (Brown et

al., 2018) models phyllochron as a function of leaf rank and a photoperiod adjustment factor.

In this study, we tested the hypothesis that carbon availability could account for the effects of
temperature, irradiance, photoperiod, air CO; concentration, and ontogeny on LAR. This
hypothesis fits well with most of the effects noted above, such as the positive effect on LAR of the
photoperiod or of elevated CO,, as well as the negative effect of elevated temperature, which
decreases the amount of fixed carbon per unit thermal time. Changes in LAR with ontogeny could
be related to the strong alterations of source—sink relationships that take place during
development (Dingkuhn et al., 2005). Moreover, carbon status, in particular in the lower range, is
often reported as driving shoot development (Masle, 2000; Stitt and Zeeman, 2012). Finally,

carbon status is often reported to alter LAR in woody species (e.g. Davidson et al., 2016).

We conducted three experiments in growth chambers in order to quantify and disentangle the
effects of temperature, light intensity, photoperiod, air CO, concentration, and ontogeny for both

winter and spring wheat cultivars. The photothermal quotient (PTQ, mol m=2 °Cd™!), defined as the



Table 1.1. Layout and environmental conditions for the three experiments carried out in this study. Details of the 17 cultivars are given in Supplementary Table S1. Initial leaf appearance rates (LAR;) are given for the
spring wheat cv. Paragon that was grown in all experiments and treatments. LAR; data are mean + 1 s.d. for n = 4 to 6 independent replicates.

Experiment / Cultivar? Treatment Set point Set point Photoperiod  Set point Air CO; Average  Average daily PTQ Average day/night LARi
Name day/night air PAR (h) day/night Concentration daily PAR thermal time  (mol m2°Cd) leaf-air VPD (x 103 leaf
temperature  (umol m2s?) air VPD (ppm) (mol m2d?) (°C) (kPa) °cd?)
(°C) (kPa)
Experiment 1 — Photothermal
effect
Paragon, Renan, Récital HT.SD.320 28/24 320 8 1.5/1.0 400 9.4 24.5 0.38 1.7/1.1 6.61 (+ 0.37)
HT.LD.170 28/24 170 16 1.5/1.0 400 9.6 26.2 0.37 1.6 /1.0 6.63 (£ 0.47)
HT.LD.280 28/24 280 16 1.5/1.0 400 16.5 26.2 0.63 1.5/0.9 7.94 (£ 0.22)
LT.LD.280 18/14 280 16 1.5/10. 400 15.9 10.3 1.54 0.8/0.6 10.84 (+ 0.52)
HT.MD.450b 28/24 450 14 1.5/1.0 400 22,5 26.4 0.85 1.7/1.1 7.75 (£ 0.83)
LT.MD.320b 18/14 320 14 1.5/1.0 400 15.7 10.5 1.50 1.12/0.8 9.17 (£ 0.71)
280—>170¢ 28/24 280—>170 16 1.5/1.0 400 16.5->9.6 26.2—>26.2 0.63—> 0.37 1.5/0.9->1.6 /1.0 7.80 (£ 0.52)
170—>280°¢ 28/24 170->280 16 1.5/1.0 400 9.6—>16.5 26.2—>26.2 0.37->0.63 1.6 /1.0->1.5/0.9 6.49 (£ 0.43)
Experiment 2 — CO, x temperature effect
Paragon, Gladius, Yecora Rojo HT.aCO, 28/24 600 14 1.0/1.0 400 316 27.2 116 1.1/1.0 10.8 (£ 0.56)
HT.eCO, 28/24 600 14 1.0/1.0 800 300 27.2 1.10 1.1/1.0 11.9 (+ 0.64)
LT.aCO, 18/14 600 14 1.0/1.0 400 323 10.6 3.04 1.0/0.9 11.2 (+ 1.19)
LT.eCO, 18/14 600 14 1.0/1.0 800 28.3 10.6 2.67 1.1/1.1 15.8 (+ 0.83)
Experiment 3 — Genetic variability
Apache.spl Arche, Baviacora M92, HT.SD 28/24 190 8 15/10 400 4.9 255 0.20 148/084 5.00 (i‘ 039)
Cadenza, Chinese Spring, Courtot, HT.LD 28/24 190 16 1.5/1.0 400 111 26.7 0.42 1.52/0.91 6.62 (+0.54)
Drysdale, Feeling, Gladius, Paragon, ’ ’ ’ ’
Récital-sp, Seri M82, Specifik, LT.SD 18/14 190 8 1.3/0.9 400 5.7 8.9 0.64 1.57/0.92 6.58 (£0.42)
Yecora Rojo, Yitpi LT.LD 18/14 190 16 1.3/0.9 400 10.6 10.1 1.05 1.43/0.87 8.40 (+ 0.59)

a |talic, photoperiod sensitive cultivars; underlined, winter wheat cultivars.

b Treatments were only applied to the spring wheat cv. Paragon.
¢ Treatments were only applied to the winter wheat cv. Récital.



ratio between daily photosynthetically active radiation (PAR, mol m=2 d™!) and mean daily thermal
time, was used to quantify the (potential) supply of carbon per unit of development time. Because
our experimental results showed good agreement with our hypothesis, we developed a simple
ecophysiological model that accounts for temperature, light, and photoperiod effects, as well as
the effects of ontogeny on LAR. This model was integrated in the wheat model SiriusQuality
(Martre et al., 2006; He et al., 2012; Wang et al., 2017). Comparisons of leaf stages simulated with
our model or with either a simple linear model or the current LAR model of SiriusQulity against
field data with a very large range of daily mean temperatures and photoperiods showed that our
proposed model accurately simulated the observed changes in LAR with sowing date

(photoperiod), temperature, and ontogeny.

Ill.  Material and methods

1. Plant material and growth condition
Three independent experiments were carried out on wheat (Triticum aestivum) under controlled
environment conditions using winter and spring cultivars (Table 1.1, Supplementary Table S1.1).
The first experiment studied the response of leaf appearance rate (LAR) to different combinations
of temperature, irradiance, and photoperiod; the second studied the response of LAR to elevated
CO; at two temperatures; and the third studied the genetic variability of the response of LAR to

the photothermal quotient (PTQ, mol m™ °Cd~2 d™).

In all experiments, seeds were imbibed for 24 h at 4 °C on wet filter paper in Petri dishes, then
placed at room temperature (22 °C) for 24 h, and transferred back to 4 °C until the radicles were 5
mm long. In Experiments 1 and 3, uniform-sized seedlings were then transplanted into 1.7-L plastic
pots (one plant per pot) filled with a 30:70 (v:v) mixture of soil and organic compost. Pots were
placed in controlled environment growth chambers with different conditions but with a day/night
air vapor-pressure deficit of 1.5/1.0 kPa set as common to all experiments and treatments. Each
growth chamber was associated with one treatment, representing a combination of temperature,
light intensity, and photoperiod, as detailed in Table 1.1. In Experiment 1, treatments 2805170
and 170->280 consisted of a swap between growth conditions when plants had 3.5 visible leaves.

Six independent replicates were used in each treatment and the genotypes were randomized in






the growth chambers. Plants were watered daily and no nutrients were applied as the potting

substrate provided enough to the plants for the duration of the experiments.

In Experiment 2, uniform-sized seedlings were transplanted to 3-I plastic pots (one plant per pot)
filled with soil. Fifteen plants of each cultivar per growth temperature were placed in a five-block
design in two walk-in growth chambers. In both chambers, the air vapor-pressure deficit was
maintained constant at 1.0 kPa. Plants were watered daily and additional nutrients were supplied
by watering with 300-500 ml of Hoagland solution (Hoagland, 1950) three times per week, from 3

weeks after transplanting.

In all experiments, leaf (Tieat) and apex (Tapex) temperatures (°C) were measured with
thermocouples secured on the lower surface of leaf blades or inserted vertically between leaf

sheaths down to the base of the leaves, respectively.

2. Determination of leaf appearance rate
Main stem leaf stages were determined every 2—3 d from the ligulation of the second leaf to the
appearance of the flag-leaf ligule for the spring cultivars or to the ligulation of leaf 10 for the
winter cultivars. The Haun stage (Haun, 1973) was calculated as the ratio of the length of the
youngest visible (expanding) leaf blade to the length of the blade of the youngest ligulated
(mature) leaf. The initial LAR (LARi) was calculated as the slope of the relationship between the
Haun stage and thermal time calculated using the apex temperature for Haun stage <5 to avoid
confounding effects due to the increase in final leaf length after leaf 5 (Martre and Dambreville,
2018). To assess the changes in LAR over plant development, a spline function was fitted to Haun
stage versus thermal time and LAR was calculated by taking the first derivative of the fitted spline

equations.

The daily thermal time (AT, °Cd) was calculated as:

1 =
AT, = ?zlmz?zllﬂ Topt X f(T) (1.2)
With,
R o Na N2
f(T) — maX(OJZ(Tapex Tmin) " Topt—Tmin)” —Tapex—Tmin) . o = In2 (12)
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where f(T) (dimensionless) is the non-linear temperature response of leaf initiation and growth
(Wang et al., 2017), Tapex is the 10-min mean apex temperature, and Tmin, Topt, and Tmax are the
minimum, optimum, and maximum temperatures, respectively. Values of 0, 27.5, and 40 °C were
used for Tmin, Topt, and Tmax, respectively (Parent and Tardieu, 2012; Wang et al., 2017). The

photothermal quotient (mol m=2 °Cd™!) was calculated as the ratio of daily PAR to Tt (Nix, 1976).

3. Gas exchange measurement
In Experiment 1, net carbon assimilation (Anet, pmol CO2 m-2 s-1) was measured for cv. Paragon
on leaf 3 the day after its ligulation using a CIRAS-2 portable photosynthesis system (PP sytems,
Amesbury, MA, USA) equipped with a 25x7-mm bead plate. Measurements were carried out
under ambient temperature (leaf temperature set equal to ambient air temperature), light
intensity (provided by red-white LEDs), and air CO, concentration (400 ppm). The cuvette relative
humidity was set to maintain the ambient air vapor-pressure deficit. Daily carbon assimilation

(Aday, mol CO2 m™2 °Cd™*) was calculated by integrating Anet over the diurnal period.

In Experiment 2, assimilation at saturating light intensity (PAR=1600 umol m™2 s%; Asat) was
measured instead of Anet on leaf 4 with a LI-6400XT portable photosynthesis system (LI-COR,
Lincoln NE, USA) fitted with a 6400-40 Leaf Chamber Fluorometer. Light was provided by a red-
blue LED light source (10% blue light), leaf temperature was maintained near growth temperature
(18 or 24 +1 °C), the CO; concentration of the air was maintained near growth CO; (400 or 800

ppm), and the air—leaf vapor-pressure deficit was maintained below 1.5 kPa.

4. Soluble carbohydrate and starch assays
In Experiment 1, whole shoots of the cultivars Paragon, Renan, and Récital were sampled in
treatments HT.SD.320, HT.LD.170, HT.LD.280, and LT.LD.280 (see Table 1.1) at Haun stage 3.5 at
the end of the light and of dark periods for measurements of soluble sugars (glucose, fructose, and
sucrose) and starch (soluble sugars and starch hereafter collectively referred to as carbohydrates).
Six plants of each cultivar were sampled per treatment. Plants were immediately frozen in liquid
nitrogen and stored at —80°C prior to analysis. Plants were ground in liquid nitrogen using a mixer
mill (MM 200, Retsch). Soluble sugars and starch were extracted and quantified by enzymatic

assays following the procedure described by Hummel et al. (2010). Night consumption of






carbohydrate (CCnight, mg g™* °Cd™!) was calculated as the difference in carbohydrate
concentration between the measurements at the end of the day and the end of the night divided

by the thermal time cumulated during the night.

5. Modeling leaf appearance rate
Our newly developed LAR model (see Results) was implemented in the wheat phenology model
described by He et al. (2012). This new phenology model was developed as an independent
executable component in the BioMA software framework (http://bioma.jrc.ec.europa.eu/). The
BioMA component was integrated in the wheat model SiriusQuality (Martre et al., 2006; Martre
and Dambreville, 2018). The source code and the documentation of the BioMA component of the
LAR model (Manceau and Martre, 2018) and the source code binaries of SiriusQuality and
associated BioMA components (https://github.com/SiriusQuality/Release) are available under the

MIT (X11) free and open-source software license.

Our model of LAR (hereafter referred to as model M3) was compared with two other models. The
first one (referred to as model M1) is a simple model where LAR expressed in thermal time unit is
constant. The second one (referred to as model M2) is the LAR model used in the wheat model
Sirius (Jamieson et al., 2008) and described in detail by He et al. (2012). In model M2, leaf
production follows a segmented linear model in thermal time. The first three leaves appear more
rapidly than the next five, and LAR slows for the subsequent leaves independently of the total
number of leaves produced. As a surrogate for the apex—air temperature correction for winter
sowing (day of the year 1-90 for the Northern hemisphere), the phyllochron decreases linearly
with the sowing date until reaching a minimum in mid-July for the Northern hemisphere (Jamieson
et al., 2008; He et al., 2012). In the three LAR models, thermal time was calculated using Eq 1 with
the apex temperature assumed to be similar to soil temperature near its surface until Haun stage
4 and thereafter similar to the canopy temperature (Jamieson et al., 1995). Soil and canopy
temperatures were calculated from air temperature and the energy balances of soil surface and

canopy, respectively (Jamieson et al., 1995; Martre, 2013).






6. Field experiences for model evaluation

Predictions from the three LAR models were compared against two field experiments with several
sowing dates. The first one was the Hot Serial Cereal (HSC) experiment conducted in Maricopa
(33°4'N, 111°58'W, 358 m elevation), AZ, USA, where the spring wheat cultivar Yecora Rojo was
sown about every 6 weeks for 2 years (Wall et al., 2011; White et al., 2012). The data of the HSC
experiment were obtained from Kimball et al. (2018). This experiment provides a very large range
of temperature (average temperature between crop emergence and appearance of the flag-leaf =
9.6-22.3 °C) and photoperiod (10.1-13.9 h), with mean daily PTQ ranging from 1.2-3.8 mol m™
°Cd~1. Only one year (height sowings) was used here as the results were very similar for the two
years. The two summer sowings were not used as the crops died before they reached the flag-leaf

ligule stage.

The second experiment (hereafter referred to as NZ2020) was conducted over three consecutive
winter growing seasons (2013—-2014 to 2015-2016) in Canterbury, New Zealand, near Leeston
(43°45'S, 172°15'E, 18 m elevation). Each year, the winter wheat cultivar Wakanui was sown at a
density of 150 seeds m-2 at three (2013) or four dates (2014 and 2015) between late-February
and late-April. Fertilizer, irrigation, insecticide, herbicide, and growth regulators were applied
based on local practices. Four plots (replicates) were considered per treatment. Air temperature
and relative humidity were recorded in a ventilated screen at 1.6 m height with a Campbell
Scientific CS500 temperature and relative humidity probe. Solar radiation was measured in the
field in 2013 and 2014 and correlated very closely with solar radiation measured at an automated
weather station located at 65 km from the experimental site, so daily solar radiation data from the
latter station were used for subsequent years. Following emergence, five plants were marked per
plot and the number of ligules that appeared were recorded at 7-14 d intervals until flag-leaf
ligule appearance. Plants produced 13—18 main-stem leaves and had a protracted tillering phase,
so markers were moved up the stem to a recorded position following each measurement to keep

an accurate record of the number of leaves that appeared.

7. Estimation of LAR model parameters
LAR for models M1 and M2, and LARmin for model M3 were estimated using the January 2009
sowing for the HSC experiment (Supplementary Fig. S1.1) and the second sowing date in 2014 and
2015 for the NZ200 experiment (Supplementary Fig. S1.2). In model M3, LARmin and PTQnt were






estimated using Eq 3 (below) and the data we obtained from our experiments (see Results). a was
estimated using the January 2009 sowing of the HSC experiment and the same value was used for
both field experiments (Supplementary Table S1.2). The values of all parameters for the three
models are given in Supplementary Table S1.2. Parameter values were estimated by minimizing
the relative root-mean-squared relative error (RMSRE; Eq. 1.3) for Haun stage >1.0 using a
covariance matrix adaptation—evolutionary strategy (Hansen and Ostermeier, 2001) implemented

in the SiriusQuality software.

_oN2
RMSRE = \/%zgl('y‘y—iyl) (1.3)

8. Data analysis and statistics
All data analyses and graphs were performed using the R statistical software version 3.4.1 (www.r-
project.org). Differences in LARi between treatments and genotypes were determined using
ANOVA. Genetic differences in the intercept and slope of the linear relationship between LARi and
PTQ were analyzed by reduced major-axis regression with the R package smatr3 (Warton et al.,

2012). All statistical differences were judged at P < 0.05.

Depending on the range of PTQ, data for LARi versus PTQ were fitted using either a linear equation

or a three-parameter asymptotic equation given as

(LARmax—LARmin)XPTQ

LARD = LARyy, + =22 m

(1.4)

where, LARmin (leaf °Cd?) is the minimum LAR when PTQ equals zero, LARmax (leaf °Cd™?) is the
maximum LAR when PTQ tends to infinite, and PTQxf (mol PAR m2°Cd-!) is the PTQ at which LAR is
half LARmax + LARmin.

To assess the quality of the LAR models in the wheat model SiriusQuality measured (y:) and
simulated (Vi) Haun stage were compared using ordinary least square regression and the mean

squared error (MSE):
1 ~
MSE = —¥i.(vi —90)° (1.5)

To get a better understanding of the model errors we decomposed the MSE in non-unity slope

(NU), squared bias (SB) and lack of correlation (LC; Gauch et al., 2003):






NU = (1 - bZ)(—@%y”Z) (1.6)
SB = (y, — y,)? (1.7)
LC=(1- rz)(—@?jf”z) (1.8)

Where, b is the slope of the regression of y, on y; and r» is the coefficient of correlation.

The three components of the MSE, which add up to give MSE, represent different aspects of the
overall deviation of the model simulations and have simple geometrical interpretations. NU
reflects the rotation, SB the translation, and LC the scattering (random error) around the 1:1 line.
This analysis was used in complement of the classical least square linear regression. Finally to
assess the model skill the Nash—Sutcliffe modeling efficiency (EF; Nash—Sutcliffe,1970) was

calculated:

4 Zinai-9)* _ ., MSE
EF=1 L i-9)2 MSEy

(1.9)
Where, y is the average over the y; and MSEj; is the MSE for the model that uses ¥ as estimator
in all cases. EF is a skill measure that compares model MSE with the MSE of using the average of
measured values as an estimator. Therefore, EF is useful for making statements about the skill of a
model relative to this simple reference estimator. For a model that simulates perfectly, EF = 1, and
for a model that has the same squared error of simulation as the mean of the measurements, EF =

0. EF is negative for a model that has a larger squared error than the mean of the measurements.

To avoid confounding effects of leaf development and growth, and auto-correlation in the data,
linear regression and MSE, skill (EF) analyses were performed using the observed Haun stage value
closest to five in all treatments. The root mean squared relative error (RMSRE, see Eq. 1.3) was
calculated to compare the models at different leaf stages. RMSRE was calculated using all

observed Haun stage values > 1.0.
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Figure 1.1. Relationship between Haun stage and
thermal time after ligulation of leaf 1 for three wheat
(Triticum aestivum L.) cultivars grown in controlled
conditions with different temperatures, irradiances,
and photoperiods. The photoperiod insensitive spring
wheat cultivar Paragon (A), the photoperiod
insensitive winter wheat cultivar Récital (B) and the
photoperiod sensitive winter cultivar Renan (B) where
grown in growth chambers with 28/24°C (HT.SD.320,
HT. LD.170, HT.LD.280) or 18/14°C (LT.LD.280)
day/night air temperature, 8 h (HT.SD.320) or 16 h
(HT. LD.170, HT.LD.280, LT.LD.280) photoperiod, and
170 (HT. LD.170), 280 (HT.LD.280, LT.LD.280) or 320
(HT.SD.320) umol m2 s PAR. Treatments are detailed
in Table 1.1. Lines are linear regressions calculated for
Haun stage 1.5 to 5 (closed symbols). Insets show the
leaf appearance rate versus thermal time after
ligulation of leaf 1. Lines are non-parametric spline
curves fitted to the data. The thermal time was
calculated using apex temperature and Eq. (1.1). Data
are mean t 1 s.d. for n = 6 independent replicates.



V. Results

1. Leaf appearance rate depends on temperature, irradiance,
photoperiod and leaf stage

The dynamics of leaf appearance was first analyzed for three contrasting cultivars (Fig. 1.1),
Paragon (a photoperiod-insensitive spring wheat), Récital (a photoperiod-insensitive winter
wheat), and Renan (a photoperiod-sensitive winter wheat), grown in four treatments with stable
environmental conditions differing in temperature, photoperiod, and light intensity (Experiment 1;
Table 1.1) in such a way that we could compare treatments differing in temperature only
(LT.LD.280 versus HT.LD.280), irradiance only (HT.LD.280 versus HT.LD.170), or both irradiance and
photoperiod but with a similar daily irradiance (HT.SD.170 versus HT.LD.170).

The initial leaf appearance rate (LARi, calculated for leaves 1-5) differed significantly between
treatments for the three cultivars (Fig. 1.1, Supplementary Table S1.3), although they had a similar
response of LARi to the treatments (i.e. there were no significant treatment x cultivar
interactions). The highest values of LARi were observed for the treatments with longer
photoperiods and higher irradiance (LT.LD.280, HT.LD.280). For plants grown at high temperature,
decreasing either the photoperiod (HT.SD.320) or the irradiance (HT.LD.280) decreased LARi (Fig.
1.1). Remarkably, changing both photoperiod and light intensity for a similar daily radiation and
PTQ resulted in similar values of LAR (HT.SD.320 versus HT.LD.170).

In treatment LT.LD.280 (which showed the highest LARi), LAR decreased with plant age for the
three cultivars (insets in Fig. 1.1), including the winter cultivars (Fig. 1.1B, C), which stayed in the
vegetative stage during the whole experiment. Therefore, the decrease of LAR with plant age in
this treatment was related neither to floral transition nor to the development and formation of
the spike. In the other treatments, LAR was either stable (for Paragon), increased (for Récital), or
decreased (for Renan) with plant age. Overall, the LAR of all cultivar/treatment combinations

converged towards the same value as the plants aged.

2. Changes in leaf appearance rate with environmental conditions is a
dynamic process
We analyzed the dynamic changes in LAR with changes in irradiance. Plants from the two high-

temperature plus long-photoperiod treatments were swapped between irradiance conditions at
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Figure 1.3. Relationship between initial leaf appearance rate (calculated for Haun stage < 5) and
photothermal quotient (A), net photosynthesis (B), and carbohydrate use during the night (C) for the
photoperiod insensitive spring wheat cv. Paragon grown in controlled conditions with different
combinations of temperature, irradiance, and photoperiod. Treatments are as in Figure 1. Data are
mean = 1 s.d. for n = 6 independent replicates. The thermal time was calculated using apex

temperature and Eq. (1.1).



270 °Cd after ligulation of leaf 1 (treatments 280->170 and 280->170). The environmental
conditions before and after the irradiance swap were similar to treatments HT.LD.170 and
HT.LD.280 in Fig. 1.1, in order to compare LARs at similar thermal time and to avoid confounding
effects of plant age. Moreover, the winter wheat cultivar Récital was used to avoid confounding
effects due to floral transition or spike development because it stayed in the vegetative stage
during the whole experiment. The LAR of plants transferred from 280 pmol m=2s™*to 170 umol
m~2 s~ PAR started to decrease about 250 °Cd (i.e. ~1.3 phyllochrons) after transfer to low
irradiance, and the mean LAR after the transfer was 23% lower than before (Fig. 1.2A). The
opposite behavior was observed when plants were transferred from 170 pmol m=2 s to 280 pumol
m~2 s~ PAR, but LAR responded more rapidly to the change in irradiance (Fig. 1.2B). LAR increased
within less than 140 °Cd (i.e. ~0.8 phyllochrons) after the transfer and the mean LAR was 12%

higher than before.

3. Leaf appearance rate is correlated with photoperiod quotient, net

daily photosynthesis and carbohydrate turnover during the night
LAR was modified by temperature (even when expressed per unit thermal time), photoperiod, and
instantaneous irradiance. To test if whether these effects could be accounted for by the average
mean radiation per thermal- time unit, we calculated the photothermal quotient (PTQ) for all
treatments in the three experiments, under ambient air CO, concentration. The variation of LARi
for cv. Paragon in Experiment 1 was well explained by a unique linear relationship linking LARi to
PTQ independently of the cause of variation of PTQ (r?=0.965, P=0.018; Fig. 1.3A). A similar
correlation was found between LARi and either daily net photosynthesis (r=0.982, P=0.0179; Fig.
3B) or carbohydrate consumption during the night (r=0.985, P=0.0147; Fig. 1.3C, Supplementary
Fig. S1.1, S1.3), supporting the hypothesis that LAR is at least partly limited by carbon availability in

the plant.

The highest PTQ value tested in our experiments was 1.5 mol m=2 °Cd~%, while the range of PTQ
sensed by plants in field conditions could reached up to 4 mol m=2°Cd™! in our database of wheat
field trials. The relationship between LAR and PTQ was therefore further tested on a larger range
of PTQ values using data from the literature where the response of LAR to either temperature
(Cao and Moss, 1989b, 1989c; Bos and Neuteboom, 1998), photoperiod (Cao and Moss, 1989a,

1989c), or irradiance (Rickman et al., 1985; Bos and Neuteboom, 1998) was studied for plants
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grown in growth chambers or green houses (Supplementary Table S1.5, S1.4). These data provide
a very large range of variation of PTQ (up to 15 mol m™ °Cd™) and when our data and those from
the literature were considered together the relationship between LAR and PTQ was well described

well by Eq. (1.4) (Fig. 1.4, Supplementary Table S1.5).

Figure 1.4. Relationship between leaf appearance
rate and photothermal quotient for several wheat
15 cultivars grown in controlled conditions with
o different combinations of temperature, irradiance,
E j’; and photoperiod. Closed symbols are all
% & 10 treatments from experiment 1 to 3 at ambient air
§ ‘1‘3 CO2 concentration (Table 1.1). Open symbols are
&:ﬁj data from the literature (Supplementary Table
a iy
T X L 2 Cao and Moss (1989a) S1.2), solid line is Eq. 1.4 fitted to all data points
ot 5 Cao and Moss (1989¢) _
| 0 Cao and Moss. (1989b) (LAR = 0.004996 [+ 0.000731] + ((0.002364 [+
%/ Rickman et al. (1985) 0.0007] — 0.04996 [+ 0.000731]) x PTQ) / (1.9807
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@ This study [+ 0.5803] + PTQ).
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4. Elevated CO2 increases leaf appearance rate at high temperature
In order to strengthen our hypothesis of carbon limitation for LAR, we tested the effect of
elevated air CO, concentration on LARi (Experiment 2, Table 1.1). Plants of cv. Paragon were
grown under two temperature regimes (18/14 °C and 28/24 °C, day/night) and two atmospheric
CO2 concentrations (400 ppm and 800 ppm). At 18/14 °C, photosynthesis under saturating light
was not significantly different (P=0.064) between the two CO; treatments (Fig. 1.5A), while at
28/24 °C it was 33.7% higher under elevated CO, compared with ambient CO, (P=7.3x1074).
Similarly, LARi was not significantly different between the CO, treatments at 18/14 °C (P=0.019)
but was 29.6% lower at 400 ppm than 800 ppm CO; at 28/24 °C (P=1.54x1073; Fig. 1.5B).

5. Genetic variability of the response of leaf appearance rate to
photothermal quotient
We assessed the genetic variability of the response of LARi to PTQ for 15 spring wheat cultivars

grown under two temperature regimes (18/14 °C and 28/24 °C, day/night) and two photoperiod
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treatments (8 h or 16 h) in factorial combination (Experiment 3, Table 1). The effect of PTQ on LARI
was highly significant, while the effect of cultivar and the interaction between PTQ and cultivar
were not significant (Fig. 1.6; Supplementary Table S1.6). The response of LARi to PTQ was
analyzed by linear regression (Supplementary Table S1.7). The slope of the LARi—PTQ relationship
was not significantly different among cultivars (P=0.77) and was on average 7.83 leaves m? mol™!
PAR (95% confidence interval [CI] 6.90—8.90). However, the intercept of the relationship was
significantly different among cultivars (P = 0.02) and ranged from 2.74x1073 leaves °Cd™* (Cl 0.02—
5.47) for cv. Feeling to 4.69x1073 leaves °Cd™! (Cl 1.98-7.40) for cv. Cadenza.

6. A model of carbon limitation of leaf appearance rate
We showed that differences in LARi due to temperature, light intensity, and photoperiod can be
explained by a unique curvilinear relationship between LAR and PTQ (Fig. 1.4). PTQ reflects the
balance between the incident irradiance available for growth and the potential growth of sinks
driven by temperature. The demand for carbon for respiration scales with plant size and can be
approximated by the green area index [GAI, m~2 (leaf) m~2 (ground)]. The demand for
carbohydrates for leaf growth increases between leaf 3 and terminal spikelet because of the
regular formation and development of axillary tillers and associated roots (Kirby et al., 1985;
Abichou et al., 2018). After terminal spikelet, growing leaves also compete for carbohydrates with
fast-growing internodes and spikes. These changes in the source—sink balance during the plant
growth cycle are at least partially compensated for by the increase in leaf area index. The decrease
in LAR with ontogeny observed in our experiments (Fig. 1.1), as well as in many other studies (see

Introduction), may reflect the decrease of the source—sink ratio with ontogeny.

We propose a simple model of LAR that summarizes the results above, in which (1) LAR depends
on the supply-to-demand ratio for soluble carbohydrate, estimated by the ratio of intercepted
light to thermal time; (2) the demand for soluble carbohydrate is proportional to plant size and
this proportionality can be approximated by the green area index; (3) soluble carbohydrates in the
plant provide a buffering capacity to fluctuating environments in the field; and (4) leaves are able
to maintain a minimum rate of development. The model is given as:

(LARmax—LARmin)xm(d)/T_t( "

PTth )
SC/GAIXGAIeff(d)

LAR pin+(

LAR(d) =

(1.10)






where, I,,,:(d) [MJ PAR m~2 (ground)] is the cumulative PAR intercepted by the canopy during the
period d, T¢(d) (°Cd) is the thermal time accumulated during the period d, GAl,¢¢(d) [m™ (leaf)
m~2 (ground)] is the mean green area fraction over the period d, d (°Cd) is the thermal time over

which intercepted irradiance and thermal time are integrated, and SC/GAI [m? (ground) m~2 (leaf)]

is an empirical parameter that scales carbon demand to GAI. In Egn 1.10, LAR tends to infinite
when GAl tends to 0. Therefore, a minimum value of GAl,fs was considered as the potential GAI

when Haun stage = 3.5, just after the first tiller appears on the main stem. GAl,f is given as:

t
LNesy X AL} X PD, LN < LN,gy

GAl,+(d) = Ly
eI GAlyax(d), LN = LN,

(1.11)

pot

Liwo (cm?) is the potential surface area of juvenile leaves, as defined in the SiriusQuality

where, A

leaf growth model (Martre and Dambreville, 2018), PD (plant m™2) is the plant density, LN (leaf
main stem™), is the number of main stem emerged leaves, and LNeff (leaf), the number of main
stem leaves above which the demand for respiration increases relative to sink formation and
GALyg, (d) is the maximum green area index fraction averaged over the period d since
emergence. The maximum value of GAI(d) is taken so that meff does not decrease if the rate

of senescence of the oldest leaves is higher than the expansion of the growing leaves.

In Eg. 1.10, environmental variables are averaged over several days to account for the buffering
effect of stored soluble carbohydrates. The parameter d was set equal to 70 °Cd (Rickman et al.,
1985; Lattanzi et al., 2005). The fraction of light intercepted by the crop during the period d is

calculated from its exponential relationship with GAIl (Monsi and Saeki, 2005).

7. Prediction of leaf stage and leaf appearance rate for different sowing
date in the field
The three LAR models (M1, M2, and M3) were evaluated against two field experiments conducted
in contrasting environments (HSC and NZ2020). In both experiments, LARi varied significantly with
sowing dates. In the HSC experiment, LARi was constant and maximum for winter and spring
sowings (between January and March, averaging 11.86x1073 leaves °Cd™!) and decreased by 27%
for the late-autumn sowing. In the NZ2020 experiment, crops were sown between late-summer

and mid-autumn and LARi was constant and maximum for the first three sowings (averaging
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circle) and simulated (lines) Haun stage and
thermal time after emergence for the spring
wheat cultivar Yecora Rojo grown in field at
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10.45x1073 leaves °Cd™!) but decreased on average by 25% for the latest sowing. The final number
of leaves on the main stem was very different for the two experiments: 7.0-9.3 leaves main stem™

for HSC and 17.7-12.8 leaves main stem-1 for NZ2020.

In the HSC experiment, the error (MSE) of M3 for thermal time to Haun stage 5 was only 82% and
67% of that of M1 and M2, respectively (Fig. 1.7A). Lack of correlation (LC) contributed to 73% of
the total error of M3, while the error of M1 was dominated by non-unity slope (NU) and that of
M2 by squared bias (SB) and NU. In the NZ2020 experiment, the error for thermal time to Haun
stage 5 was 85% lower for M3 than for M1 but was 41% higher for M3 than for M2 (Fig. 1.7).
Squared bias and LC contributed nearly two-thirds and one-third of the total error of M3,
respectively. Therefore, M3 had a much lower error than M1 for both data sets and outperformed

M2 in Arizona, but in New Zealand both models had comparable and small errors (RRMSE<9.5%).

In the HSC experiment, M3, which is based on biological hypotheses, provided a good simulation
of the dynamics of leaf appearance and the observed changes of LAR with sowing date and plant
ontogeny (Fig. 1.8). Compared with M1 and M2, the relative error (RMSRE) for Haun stage was
reduced by 17% and 22%, respectively (Supplementary Table S1.8). M3 also simulated the
dynamics of leaf appearance in the NZ2020 experiment reasonably well (Fig. 1.9) but the relative
error for Haun stage was 10% higher for M3 than for M2 (Supplementary Table $1.8). Combining
the two experiments, the overall RMSRE for Haun stage was 46% and 13% lower for M3 than for

M1 and M2, respectively.

V. Discussion

In this study, we investigated the effects of temperature, photoperiod, irradiance, CO»
concentration, and cultivars on wheat LAR. We showed that initial LAR (LARi) changed significantly
with all the factors studied excluding genotype (Fig. 1.1 and 1.5). We also showed that the
response of LARi to environmental factors could be accounted for by the photothermal quotient
(PTQ) (Fig. 1.4). LARi was also correlated with net photosynthesis and carbohydrate use at night3.
Our results thus supported our hypothesis that LAR in wheat is carbon-limited. Based on our

results, we developed and evaluated under field conditions a new model of LAR (Eq. 1.10) that
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Figure 1.9. Relationship between observed (close circle) and simulated (lines) Haun stage and
thermal time after emergence for the spring wheat cultivar Wakanui grown in field at Leeston, New
Zeland. Crops were sown from 2013 to 2015 in the end of February, March and April (11 sowings).
Lines are simulations obtained with the wheat model SiriusQuality and using either a constant
phyllochron (Model M1, dotted green lines), a segmented linear model in thermal time corrected for
the sowing date (Model M2, dashed blue lines) or Eq. (4) (Model M3, solid orange lines). Insets show
observed (closed circles) and simulated (lines) leaf appearance rate versus leaf rank. The thermal
time was calculated using canopy temperature and Eq. (1) for the observed values and canopy

temperature for the simulated data (see Material and Method). Data are mean = 1 s.d. for n =15
independent replicates.



accounts for both environmental and ontogenic changes in LAR (Fig. 1.8 and 1.9). The simulation
results supported the modelling hypothesis that changes of LAR with ontogeny are due to changes

in the carbon supply—demand ratio.

1. Leaf appearance rate in wheat is carbon-driven
Relationships between temperature, irradiance, photoperiod, and LAR have been observed in a
range of plant species, including cereals such as maize (Birch et al., 1998), rice (Yin and Kropff,
1996), wheat and barley (Cao and Moss, 1989c; Volk and Bugbee, 1991; Bos and Neuteboom,
1998), and dicots such as quinoa (Bertero, 2001), lucerne (alfalfa, Brown et al., 2005; Teixeira et
al., 2011), and lettuce (Kitaya et al., 1998). However, no physiological explanation for the observed
variations of LAR in relation to environmental factors has yet been proposed. Here, we found a
unique relationship between LAR and PTQ for a large range of environmental conditions (Fig. 4).
The fact that the photoperiod effect could be accounted for by a unique source—sink relationship
for both photoperiod-insensitive and -sensitive spring and winter wheat cultivars was not
expected. The treatments in our experiments allowed us to disentangle the effect of photoperiod
per se and irradiance, and the results strongly suggested that the effect of photoperiod on LAR
was mainly due to the increase of daily irradiance with longer photoperiods. An additional effect
of photoperiod per se is not incompatible with our results, but this effect would be smaller
compared to the effect of irradiance and would bring its own physiological determinisms and
genetic variability. The correlation between LAR and net daily photosynthesis and carbon use
during the night (Fig. 1.3), as well as the increase of LAR at elevated CO; (Fig. 1.5), also supported
the hypothesis that LAR in wheat is carbon-limited. In good agreement with our results,
(McMaster et al. (1999) found that wheat plants grown under elevated CO; (725 ppm) had values
of LAR that were 10-15% higher than under ambient CO; (360 ppm), and leaf photosynthesis and

carbohydrate concentration were positively correlated with LAR.

Leaf appearance rate results from three processes: (1) cell division in the apical meristem of the
expanding leaf primordium; (2) cell division of the intercalary meristem of the expanding leaf
primordium; and (3) expansion of cells derived from the meristem in the leaf lamina and sheath.
Christ and Korner (1995) showed that step-changes in CO, concentration, and thus in carbon
supply, have no effect on leaf elongation rate. This was most likely due to the fact that, in contrast

to our current study, the leaves measured were initiated several plastochrons before the air CO;






concentration was increased. The effect of CO; on wheat leaf growth acts mainly through an
increased number of dividing cells at the base of expanding leaves, which is determined in the
apical meristem before leaf appearance (Masle, 2000). The lack of correlation between soluble
carbohydrate concentration in the elongation zone and leaf expansion rate after their emergence
suggests that after leaves have emerged above the whorl of subtending leaves, their elongation
rate is not limited by carbon availability (Kemp and Blacklow, 1980). This also agrees with studies
showing that the control of leaf growth switches from a metabolic limitation to hydraulic and

mechanical control during the course of leaf ontogeny (Pantin et al., 2011).

2. Changes of LAR with plant age reflect changes in sink-source
relationship

LAR decreases with plant age both in controlled conditions and in the field for wheat (Calderini et
al., 1996; Slafer and Rawson, 1997; Streck et al., 2003; Ochagavia et al., 2017) and also for other
grass species such as sugarcane (Inman-Bamber, 1994) and tall fescue (Skinner and Nelson, 1995).
But to date it has only been included in crop growth models through an empirical effect of leaf
rank on LAR (Jamieson et al., 1995) or through an effect of the distance from the meristem to the
whorl (Streck et al., 2003). In our results, the decrease of LAR with plant age depended on
environmental conditions (Fig. 1.1 and 1.2), which was incompatible with a unique relationship

linking LAR and Haun Stage (Streck et al., 2003).

As LAR depends on plant carbon availability, it is tempting to hypothesize that the decrease of LAR
with plant age is associated with changes in plant source—sink balance and with a lower availability
of carbon. As the wheat plant develops, the formation and development of new tillers increases
the demand for carbon, and after the terminal spikelet stage expanding leaves also compete for
carbon with the growing internodes and spikes. In tall fescue, LAR decreases rapidly after the
appearance of leaf 7, and this can be suppressed if new tillers are trimmed (Skinner and Nelson,
1995). In that study, the decrease in LAR with leaf number was due both to an increase of the
duration of the leaf elongation through the whorl of subtending leaves and to a decrease of the
interval between the initiation of successive leaves, and both may be due to the slowing down of
leaf elongation rate (Skinner and Nelson, 1995). Slafer and Rawson (1997) reported that LAR after

leaf 6 is more sensitive to photoperiod than that of leaves appearing before. This is in good






agreement with a carbon-limitation of LAR, and the results of (Skinner and Nelson, 1995) in tall

fescue.

3. Considering the carbon-limitation of leaf appearance rate improves
the prediction of leaf stages in the field

Many crop growth models calculate leaf appearance assuming a constant LAR and do not consider
the effects of photoperiod, light intensity, or plant age. Where there have been attempts to model
the response of LAR to photoperiod, these have been empirical models (Jamieson et al., 2008;
Abichou et al., 2018; Brown et al., 2018) and they are probably limited in the range of
environmental conditions in which they can be used. Moreover, these models have a large
number of parameters. Here, we present an ecophysiological model (Eq. 1.10) that can easily be
integrated into crop growth models and has 40% fewer parameters than the Sirius LAR model. Our
model was able to simulate the changes in LAR with both sowing date and plant age in two

contrasting environments.

Several crop growth models do not use leaf stages and leaf number to simulate heading or
anthesis date, but instead use a more empirical approach based on the thermal-time requirement
between phenological phases and modifications of thermal time by vernalization and photoperiod
(e.g. Ritchie, 1991; Stockle et al., 2003; Brisson et al., 2009). One of the reasons such phenology
models are used in crop growth models is that the error in leaf-stage prediction with the leaf-
number approach may lead to large errors in the prediction of anthesis date. Although these two
types of approaches may provide very similar results (Jamieson et al., 2007), models based on leaf
number allow for separation of the effect of temperature on development and vernalization
(Allard et al., 2012) and better represent biological processes, and thus can more directly be
related to physiological processes or even genes, for instance those controlling flowering time
(Brown et al., 2013; Sanna et al., 2014). A phenology model based on leaf number also allows the
linking of phenology with leaf growth (Lawless et al., 2005; Martre and Dambreville, 2018). The
improvement of leaf-stage modeling provided by our model is thus an important step to improve
models based on leaf number and to introduce more physiological insights into crop growth

models.
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Table S1. Name, country of origin, registration year, growth habit, and photoperiod sensitivity and genotype at the Vrn and Ppd loci of the 17 wheat genotypes (herein referred as
cultivars) used in this study.

Country of  Registration = Growth Vernalization genesf Photoperiod Photoperiod sensitivity
Name Status origin” year habit” sensitivity genes”
Vrn-A1*  Vrn-B1®* Vrn-D1* VRN-B3¥ Ppd-A1* Ppd-B1® Ppd-D1°
Apache-sp?! Near isogenic line France NA Spring 5 1 1 NA Insensitive  NA b a
Arche? Cultivar France 1989 Spring 5 1 1 2 Sensitive b b b
Baviacora M92  Cultivar Mexico 1992 Spring v v a NA Insensitive a a
Cadenza’ Cultivar England 1993 Spring a 2 1 2 Sensitive c b b
Chinese spring? Landrace China NA Spring 2 1 2 Insensitive b a b
Courtot? Cultivar France 1974 Spring 5 2 1 Sensitive NA b b
Drysdale3 Cultivar Australia 2001 Spring v a a NA Insensitive  NA a a
Feeling Cultivar France 2015 Spring NA NA NA NA NA NA NA NA
Gladius? Cultivar Australia 2007 Spring a a v NA Sensitive NA a b
Paragon Cultivar England 1998 Spring a NA NA NA Sensitive b b b
Récital? Cultivar France 1986 Winter 2 1 1 2 Insensitive a a a
Récital-sp? Near isogenic line France NA Spring a a a NA Insensitive  NA a a
Renan Cultivar France 1989 Winter 2 1 1 2 Sensitive b b c
Seri M823 Cultivar Mexico 1982 Spring v a a NA Insensitive a a a
Specifik Cultivar France 2010 Spring NA 2 1 NA Sensible NA NA b
Yecora Rojo Cultivar USA 1975 Spring 2-3 2 1 NA Insensitive b b a
Yitpi3 Cultivar Australia 2000 Spring a a % NA Insensitive  NA d

! lsogenic line of the winter wheat cultivar Récital and Apache introgressed with the Vrn-Alpr-5 spring allele (Rousset el al, 2011) of Arche.
2 Vernalization and photoperiod genes information given by Rousset et al. (2011).

3 Vernalization and photoperiod genes information given by Zheng et al. (2011).

" Source: http://www.wheatpedigree.net/

* The Vrn spring alleles and Ppd photoperiod insensitive alleles are in bold italic type.

£ Mutant (spring type) is semi-dominant. Mutation of one homeologous gene is sufficient to give a spring growth habit.

¥ Mutant (spring type) is semi-dominant.

# Relative potency of the reduction in flowering time for the photoperiod insensitive variants: Ppd-D1a=Ppd-Ala>Ppd-Bla.



http://www.wheatpedigree.net/




Table S2. Name, definition, value and unit of the parameters of the leaf appearance rate (LAR) models compared in this study. Model M1, constant
LAR; model M2, segmented linear model in thermal time corrected for the sowing date (He et al., 2012); model M3, LAR model proposed in this study

(Eg. 1.10).
A Value Unit
Name Definition Yecora Rojo Wakanui

Model M1

LAR Leaf appearance rate 0.0111 0.00714 leaf °Cd*
Model M2

LAR Leaf appearance rate 0.00833 0.00714 leaf °Cd*

Lincr Haun stage above which LAR is increased by Py cr 8 8 leaf

Lgecr Haun stage up to which LAR is decreased by Pyecr 3 3 leaf

Piner Factor increasing LAR for leaf number higher than or equal to Li,r 1.25 1.25 dimensionless
Pgecr Factor decreasing LAR for leaf number less than Lgecr 0.75 0.75 dimensionless
Rp Rate of decrease of LAR for winter sowing 0.003 0.003  °Cdd?

SDw/s Sowing date for which LAR is maximum 90 90 day of the year
SD;’L/}}‘1 Sowing date for which LAR is minimum in the northern hemisphere 200 - day of the year
SDSS;LA Sowing date for which LAR is minimum in the southern hemisphere - 151 day of the year
Model M3

Sc/Gat Scaling coefficient of carbon demand to green area index 1.26 1.26 m? (ground) m™ (leaf)
d Thermal time over which intercepted irradiance and thermal time are integrated 70 70 °Cd

LAR yin Leaf appearance rate for photothermal quotient equals zero 0.0138 0.005 leaf °Cd?

LAR % Maximum leaf appearance rate when photothermal quotient tends to infinite 0.0264 0.0264 leaf °Cd?
PTQys Photothermal quotient when leaf appearance rate is half LAR ,,x + LAR in 0.46 0.46 MJ (PAR) m? °Cd™*







Table S3. Analysis of variance for the response of initial leaf appearance rate to environmental
treatment (E) and genotype (G) shown in Figure 1.

Degree of

Effect freedom Sum of squares Mean squares F-value P-value
E 1 4.12 x10° 4.12 x10° 177.38 9.65 x10”
G 1 9.96 x10” 9.96 x10”/ 4.29 0.072
GxE 1 2.11x107 2.11x107 0.91 0.368
Residuals 8 12.360 0.281 - -







Table S4. Environmental conditions and initial leaf appearance rate (LARi) from the literature sown in Figure 4. Average daily thermal time
was calculated using Eq. 1.1.

Set point day/night air

Set point

Average daily Average daily

Reference / temperature Set point PAR - Photoperiod day/night air VPD PAR thermal time PTQ
Cultivar
(°C) (umol m2s1) (h) (kPa) @ (mol m2d?) (°C) (molm2°cd) (x 103 leaf °Cd-1)

Cao and Moss (1989a) — Growth chamber, photoperiod

Stephens 15/15 400 8 NA 11.52 8.18 1.41 10.87
15/15 400 10 NA 14.40 8.18 1.76 11.71
15/15 400 12 NA 17.28 8.18 211 12.38
15/15 400 14 NA 20.16 8.18 2.46 12.85
15/15 400 16 NA 23.04 8.18 2.82 13.28
15/15 400 18 NA 25.92 8.18 3.17 13.60
15/15 400 21 NA 30.24 8.18 3.70 14.04
15/15 400 24 NA 34.56 8.18 4.22 14.36

Cao and Moss (1989c) — Growth chamber, temperature

Stephens 7.5/7.5 400 14 NA 20.16 1.29 15.63 16.38
10/10 400 14 NA 20.16 2.84 7.10 14.61
12.5/12.5 400 14 NA 20.16 5.14 3.92 13.91
15/15 400 14 NA 20.16 8.18 2.46 12.64
17.5/17.5 400 14 NA 20.16 11.88 1.70 11.54
20/20 400 14 NA 20.16 16.04 1.26 10.15
22.5/22.5 400 14 NA 20.16 20.34 0.99 9.15
25/25 400 14 NA 20.16 24.35 0.83 8.15

Cao and Moss (1989b) — Growth chamber, photoperiod x temperature interactions

Stephens 20/20 400 6 NA 8.64 16.04 0.54 7.1
15/15 400 6 NA 8.64 8.18 1.06 8.63
10/10 400 6 NA 8.64 2.84 3.04 10.49
20/20 400 10 NA 14.40 16.04 0.90 8.95






Table S4. Continued.

Stephens 15/15 400 10 NA 14.40 8.18 1.76 11.91
10/10 400 10 NA 14.40 2.84 5.07 13.60
20/20 400 14 NA 20.16 16.04 1.26 10.08
15/15 400 14 NA 20.16 8.18 2.46 12.61
10/10 400 14 NA 20.16 2.84 7.10 14.52
20/20 400 18 NA 25.92 16.04 1.62 11.53
15/15 400 18 NA 25.92 8.18 3.17 13.19
10/10 400 18 NA 25.92 2.84 9.13 15.61

Rickman et al., (1985) — Green house, irradiance

Stephens 17/17 500 12 0.82/0.82 10.8 11.10 1.95 7.10
17/17 275 12 0.82/0.82 5.94 11.10 1.07 8.63
17/17 140 12 0.82/0.82 3.02 11.10 0.54 10.49

Bos and Neuteboom (1998) — Growth chamber, irradiance x temperature interactions

Minaret 18/13 111 14 0.61/0.45 5.59 9.76 0.57 8.20
18/13 191 14 0.61/0.45 9.63 9.76 0.99 9.17
18/13 286 14 0.61/0.45 14.41 9.76 1.48 10.99
23/18 111 14 0.84/0.61 5.59 17.64 0.32 7.35
23/18 191 14 0.84/0.61 9.63 17.64 0.55 8.47
23/18 286 14 0.84/0.61 14.41 17.64 0.82 9.52
13/8 111 14 0.45/0.32 5.59 3.96 1.41 7.81
13/8 191 14 0.45/0.32 9.63 3.96 2.43 8.93
13/8 286 14 0.45/0.32 20.16 3.96 5.09 12.61

2 NA, not available.






Table S5. Analysis of variance for the response of initial leaf appearance rate to temperature
(T), air CO; concentration (CO3) and genotype (G) effects shown in Figure 4.

Degree of

Effect freedom Sum of squares Mean squares F-value  P-value
Cco2 1 1.11 x10% 1.11 x10% 246.7 <2.00x10%®
T 1 1.41 x10% 1.41x10% 31.4 1.14 x10%
G 2 6.17 x10% 3.08 x10® 68.7 1.53 x10™*
COxT 1 2.73 x10% 2.73 x10% 60.9 5.80 x10°
CO,xG 2 2.35x10% 1.17 x10% 26.2 2.59 x10°®
TxG 2 1.27 x10% 6.37 x10 14.2 1.59 x10%
COxTxG 2 3.16 x10%° 1.58 x107 3.5 0.0378
Residuals 46 2.07 x10% 4.50 x10’ - -

Table S6. Analysis of variance for the response of initial leaf appearance rate to photothermal
quotient (PTQ) and genotype (G) shown in Figure 6.

Effect Degree of Sum of squares Mean squares F-value P-value
freedom

PTQ 1 63.24 63.24 225.14 <2.00x107®

G 14 7.05 0.50 1.49 0.17

PTQx G 14 2.21 0.16 0.47 0.93

Residuals 30 10.15 0.33 - -

Table S7. Summary statistics of the linear regression analysis of initial leaf appearance rate versus
photothermal quotient for 15 spring wheat cultivars grown in controlled conditions with different temperature
and photoperiod (Experiment 3, Table 1). Cl, confidence intervals.

Slope Intercept
Cultivar r P-value (leaf m2 mol* PAR) (x 1073 leaf °Cd?)
Estimated 95% Cl Estimated 95% Cl
Apache-sp 0.902 0.050 5.13 2.20-12.10 4.62 2.49-6.74
Arche 0.852 0.076 8.02 2.96 - 21.69 3.51 -0.52-7.54
Baviacora M92 0.960 0.020 3.99 2.24- 7.09 5.92 4.87 -6.95
Cadenza 0.881 0.061 6.02 2.41-15.01 4.69 1.98 -7.40
Chinese Spring 0.879 0.063 6.07 2.41-15.29 4.00 1.22-2.77
Courtot 0.965 0.017 7.00 4.09-11.99 4.43 2.73-6.13
Drysdale 0.872 0.066 7.96 3.11-20.42 3.98 0.26-7.71
Feeling 0.943 0.029 8.74 4.46-17.14 2.74 0.02-5.47
Gladius 0.946 0.027 8.63 4.46 - 16.67 3.09 0.46-5.71
Paragon 0.994 0.003 6.71 5.32- 8.45 4.07 3.39-4.74
Recital-sp 0.819 0.094 8.32 2.84-24.33 3.12 -1.51-7.74
Seri M82 0.772 0.121 9.19 2.86 -29.54 3.26 -2.49-9.01
Specifik 0.704 0.161 7.64 2.13-27.42 3.43 -2.03-8.89
Yecora Rojo 0.692 0.167 8.73 2.39-31.87 3.58 -2.78-9.95
Yitpi 0.987 0.006 8.09 5.77-11.34 3.62 2.42-4.81
Overall 0.765 <2x10 6.86 6.90- 8.90 4.07 3.24-4.11
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Table S8. Root mean squared relative error (RMSRE) calculated
for Haun stage > 1.0 for the HSC and NZ2020 experiments, and
for both experiments together (overall). Model M1, constant
LAR; model M2, Sirius LAR model; model M3, LAR model

proposed in this study.

RMSRE (%)
Model
HSC NZ2020 Overall
M1 15.04 25.32 20.58
M2 15.77 8.39 12.80
M3 12.49 9.26 11.08
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Figure S1. Relationship between observed (close circle) and
simulated (lines) Haun stage and thermal time after
emergence for the spring wheat cultivar Yecora Rojo sown in
the field at Maricopa, Arizona US on 12 January 2009. Lines
are simulations obtained with the wheat model SiriusQuality
and using either a constant phyllochron (model M1, dotted
green lines), a segmented linear model in thermal time
corrected for the sowing date (model M2, dashed blue lines)
or our new model (model M3, solid orange lines). Inset shows
observed (closed circles) and simulated (lines) leaf appearance
rate versus leaf rank. The thermal time was calculated using
apex temperature and Eq. (1.1) for the observation and using
simulated near-surface soil or canopy temperature and Eq.

(1.1) for the simulated data (see Material and Methods). Data are mean + 1 s.d. for n = 3 independent

replicates.
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Zeland.
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constant phyllochron (model M1,
dotted green lines), a segmented

linear model in thermal time

corrected for the sowing date (model M2, dashed blue lines) or our new model (model M3, solid orange

lines). Inset shows observed (closed circles) and simulated (lines) leaf appearance rate versus leaf rank. The

thermal time was calculated using apex temperature and Eq. (1.1) for the observation and using simulated

near-surface soil or canopy temperature and Eq. (1.1) for the simulated data (see Material and Methods).

Data are mean % 1 s.d. for n = 15 independent replicates.
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Figure S3. Net photosynthesis (A) and carbohydrate
concentration (B) for the spring wheat cv. Paragon grown in
controlled conditions with different combinations of
temperature, irradiance, and photoperiod. Treatments are as in
Figure 1. Data are mean + 1 s.d. for n = 6 independent replicates.
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|.  Abstract

Under a constantly-changing environment, with temperature fluctuating up to 20°C within one
day, plants are able to optimize processes such as photosynthesis in the new growth conditions.
However, very few crop models consider an explicit acclimation of photosynthesis to temperature,
probably due to the lack of ecophysiological studies on the dynamics of photosynthesis as it
acclimates to changes of temperature. In this study, we aim at characterizing and quantifying the
temporal aspects of acclimation of photosynthesis in wheat, in view of improving models of
photosynthesis in crop models. We considered a large number of scenarios of temperature
changes, differing in the range of temperature; the amplitude of temperature variations; and the
direction of temperature variations. The influence of stomatal conductance as putative driver of
such responses was particularly analyzed. Results on fully-acclimated plants showed an ontogenic
effect on leaf assimilation rate and changes of temperature responses of photosynthesis that did
not support the hypothesis that acclimated plants reach their maximum assimilation capacity at
growth temperature. Time courses of assimilation rate for plant subject to changes of growth
temperature showed a rapid acclimation of photosynthesis in all cases. This acclimation was
driven by stomatal conductance and metabolism depending on the direction of temperature
change. Overall, our quantitative description of timing and magnitude of acclimation of wheat
photosynthesis to changes of growth temperature provides a solid basis for photosynthesis model

improvement in crop models.

Keywords: Acclimation, Photosynthesis, Temperature, Wheat.






II. Introduction

Plants are subject to rapid changes of temperature, which can reach up to 20°C of amplitude
within a single day (Rondadini et al., 2006) and affect most plant processes. These variations are
surimposed to temperature differences between days and seasons, which together built the
thermal history of the plant. These variations are likely to rise in a near future with higher
frequency of extreme events such as heat waves due to global changes (Trnka et al., 2014). To
ensure their growth and/or survival under this constantly changing environment, plants are able
to acclimate to changes in temperature, optimizing processes such as photosynthesis in the new
growth conditions (J Berry and Bjorkman, 1980; Yamori et al., 2013). This has been an important
research area in the last decades (e.g. Way and Oren, 2010 for trees; Bunce, 2000 for herbaceous;
Boese and Huner, 1990 for dicots). These studies highlight different acclimation potential between
species, generally related to their climatic origin (Slayter and Morrow, 1977; Yamori et al., 2010,

2013).

Photosynthesis respond to temperature following a bell-shaped curve, defined by a minimum
temperature (Tp,;,) at which photosynthesis starts to occur, an optimal temperature (T,,,) at which
photosynthesis is at its maximum rate, and a maximum temperature (T,,,,) beyond which no
photosynthesis is possible. The ascending phase between T,;, and T, is characterized by the
increase of enzyme activity with temperature (Daniel et al., 2008), while the decreasing phase
between T,,,; and Ty, is generally associated first with the rise of photorespiration and then with
the loss of integrity for molecules and membranes at high temperature (Kim and Portis, 2005;
Upchurch, 2008). Most plant show abilities to adjust their carbon assimilation to their growth
temperature (Tgrowth). This acclimation is characterized by a shift of cardinal temperatures, especially
Topt, and of assimilation capacity, ensuring a better efficiency to face their new growth condition
(Way and Yamori, 2014; Zaka et al., 2016). Photosynthesis acclimation can be due to a change in
biochemical factors such as intracellular CO, concentration, closely related to stomatal
conductance, maximum rate of Rubisco carboxylation (V¢__ ) or maximum rate of photosynthesis
electron transport (Jmax) but the implication of each of these factors in acclimation is still unclear
(Medlyn et al., 2002; Perdomo et al., 2016). Bunce (2000) showed that the temperature dependency
of Jmax is close to that of the assimilation rate at saturating light (Asat) for several species from diverse
environments and Yamasaki et al. (2002) demonstrated the high plasticity of electron transport in

winter wheat when facing a temperature change. Others reported a close correlation between






assimilation rate at saturating light (Ass:) acclimation and Vcmax (Law and Crafts-Brandner, 1999;
Yamori et al.,, 2005; Hikosaka et al., 2006). Some authors suggested that acclimation of
photosynthesis to warmer temperature improves the most limiting biochemical process which
differs between plant types and growth conditions (Sage and Kubien, 2007; Smith and Dukes, 2017)
but the underlying physiological limitation is often unclear. High temperature in natural conditions
often comes with a rise of the air-leaf vapor pressure deficit (VPDair-leaf) triggering a closure of
stomata in order to maintain plant water status (Osonubi and Davies, 1980; Tardieu and Simonneau,

1998).

In parallel to photosynthesis, stomatal conductance (gs) changes with temperature. Since stomatal
opening controls gas exchange potential, assimilation and gs are known to be closely related
(Farguhar and Sharkey, 1982). It is very difficult to determinate which one drives the other in a given
condition and underlying limitation could emerge from this correlation especially at high
temperature (Flexas et al., 2014). Assessing the impact of temperature on photosynthesis would
require a constant stomatal conductance (gs) to ensure measurement of assimilation capacities
only. However, this is often not the case because of the difficulties to control VPDair-leaf at a constant
value over a large range of temperatures in the cuvette of a gas exchange measurement system.
Overall, this correlation and potential limitation of stomatal conductance to photosynthesis needs
to be considered if one aims at better understanding the assimilation response to temperature and

its acclimation to the thermal history of the plant.

While this consensus on the fact that photosynthesis can acclimate to a new thermal environment,
there are very few studies on the dynamics of the response of photosynthesis as it acclimates to
changes of temperature. Such quantitative and dynamic studies are however needed in view of
improving models of photosynthesis. Model simulations under the predicted future climate reveal
that temperature changes would have the bigger negative impact on crop yield (Asseng et al., 2011;
Bassu et al., 2014). However, these models do not consider the impact of thermal history on plant
processes. Acclimation to temperature is not considered in crop models and could make a large

avenue for their improvement (Smith and Dukes, 2013; Li et al., 2015).

To model biomass production crop models use either a photosynthesis-respiration model (e.g.
Wang and Engel, 1998; Yin and van Laar, 2005) or a simplest approach based on the light used
efficiency (LUE) concept (Monteith, 1977). LUE based-models use simple response curves of LUE to

temperature, valid in most conditions, without considering the thermal history of the plant.






However, considering much “flatter” responses than a response of photosynthesis observed in one
environmental scenario (Parent and Tardieu, 2014), they consider implicitly that acclimation of
photosynthesis is total and instantaneous in a large range of temperature. Similarly, crop model that
use a photosynthesis-respiration model consider a unique response of photosynthesis parameters
to temperature such as it could be observed under an average condition and, therefore, consider

implicitly that there is no effect of the thermal history of the plant, and no acclimation.

There are only few studies on physiological modelling of acclimation to temperature in the literature
(Bauerle et al., 2007; Kattge and Knorr, 2007; Perdomo et al., 2016; Smith and Dukes, 2017). Kattge
and Knorr (2007) highlighted the importance of taking into account the responses to growth
temperature (Tgrowth) to model photosynthesis. Their results show that including Tgrowth effect on
Vcmax and Jmax. in @ Farquahr-based model (Farquhar et al., 1980) of photosynthesis modifies
assimilation responses to leaf temperature (Tiear). However, their model only considers steady states
and did not include the time response of photosynthesis acclimation to temperature. Dewar et al.
(1999) proposed a simple model of temperature acclimation of the ratio of photosynthesis to
respiration. This model considered the temporal aspect of the acclimation process but there is no

possibility to decouple respiration from photosynthesis, which can limit its use.

Here, we aim at characterizing and quantifying the temporal aspects of acclimation of
photosynthesis in wheat, in view of improving models of photosynthesis in crop models. We
considered three sources of variation, which could affect the time course of photosynthesis
acclimation to a change Tgrowth: (i) the considered range of temperature; (i) the amplitude of
temperature variations; and (iii) the direction of temperature variation. A large number of
temperature change scenarios was settle to cover the factorial of these variations, with daily
temperature ranging from 8°C to 33°C and with increasing and decreasing temperatures. The

influence of stomatal conductance as putative driver of such responses was particularly analyzed.

Overall, our results drive the discussion toward the implication of gs in photosynthesis acclimation
to temperature. Our quantitative description of timing and magnitude of acclimation of wheat
photosynthesis to changes of Tyowin provides a solid basis for crop model improvement by

considering the effect of thermal history on plant performances.



Table 2.1: Layout and environmental conditions for the three experiments carried out in this study. PAR, photosynthetic active radiation;
PTQ, photothermal quotient; Asat, leaf carbon assimilation rate at saturating light, Tiear, leaf temperature; and Tgrowth, growth temperature.

Set point Measured variable
day/night air Average daily Average daily
Treatment temperature Set point PAR  Average daily PAR thermal time PTQ
Name (°C) (rmol m2s?) (mol m-2d-1) (°C) (mol m2°Cd) Acat Asat/ Tieat
Experiment 1 - Effect of Tgowth 0N Asat and acclimation of As.: to an increase of Tgrowtn
T8 8/4 125 6.27 7.20 0.87 X
T13 13/9 250 11.53 11.65 0.99 X
T18 18/14 320 16.32 16.05 1.02 X
T23 23/19 415 20.65 20.24 1.02 X
T28 28/24 450 22.92 25.33 0.90 X
T33 33/29 610 30.91 31.60 0.98 X
T8->T18 8/4->18/14 125 ->320 6.27 ->16.32 7.20->16.05 0.87 ->1.02 X
T13->T23 13/9->23/19 250 -> 415 11.53 -> 20.65 11.65 ->20.24 0.99 ->1.02 X
T18->T28 18/14->28/24 320 ->450 16.32->21.92 16.05 -> 25.33 1.02->0.90 X
T23->T33 23/19->33/29 415 ->610 20.65 ->30.91 20.24 ->31.60 1.02 ->0.98 X
Experiment 2 — Acclimation of Ag,: and its response to temperature in response to an increase or a decrease of Tgrowth
C 18/14 320 15.33 16.45 0.93 X X
w 28/24 450 21.48 26.23 0.82 X X
CwW 18/14->28/24 320 ->450 16.33->21.48 16.45 -> 26.23 0.93->0.82 X X
wcC 28/24->18/14 450 -> 320 21.48 ->16.33 26.23 ->16.45 0.82->0.93 X X
Experiment 3 - Light X Tgrowth interactions
T13.LL 13/9 250 11.39 11.82 0.96 X X
T23.HL 23/19 400 20.56 21.27 0.97 X X
T23.LL 23/19 250 12.85 21.30 0.60 X X
T13.LL->T23.HL 13/9->23/19 250 -> 400 12.49 -> 20.56 11.26 -> 21.27 0.96 ->0.97 X X
T13.LL->T23.LL 13/9->23/19 250 -> 250 12.49 ->12.85 11.26 ->21.30 0.96 ->0.60 X X
T23.HL->T13.LL 23/19->13/9 400 -> 250 20.56 ->12.49 21.27 ->11.26 0.97 ->0.96 X




IIl.  Material and Methods

1. Plant material and growth conditions
Three independent experiments were carried out in controlled conditions with the spring wheat
(Triticum aestivum L.) cultivar Paragon grown under either stable environmental conditions, or
switching between temperature regimes depending on treatment and experiments. Table 2.1
summarizes the environmental conditions of all treatments of the three experiments carried out in
this study. In the first experiment (hereafter Exp. 1), we studied the effect of growth temperature
(Tgrowth) on leaf carbon assimilation and stomatal conductance and their acclimation to a change in
Terowth in the microcosm platform of the CNRS European Ecotron at Montpellier, France that
comprises 12 identical and independent 2 m3 growth chambers (working area of 1 m?). In the second
experiment (Exp. 2) carried out in the growth chambers facilities of INRA LEPSE comprising four 17
m3 chambers (working area of 1m?), we studied the temperature response of leaf carbon
assimilation and stomatal conductance to an increase or a decrease in Tgowth. In the third
experiment (Exp. 3) carried out at Cadarache CNRS center in 1m3growth chambers (working area of
1m?), we also studied the interaction between irradiance and Tgrowth 0N leaf carbon assimilation and

stomata conductance at a finer time resolution and with control of CO..

In all experiments, seeds were imbibed for 24 h at 4°C on a wet filter paper in Petri dishes, then
placed at room temperature (22°C) for 24 h and transferred back to 4°C until the radicles reached
5-mm long. Seedlings were then transplanted in 1.7 L plastic pots filled with a 30:70 (v:v) mixture of
soil and organic compost. Pots were placed in growth chambers with different temperatures and
irradiances but a day/night air vapor pressure deficit (VPDair) set at 1.3/1.0 kPa in all experiments
and treatments. Plant density was identical in all experiments with 60 plants m™2. Each growth
chamber was associated with one growth temperature, with night temperature 4°C lower than day
temperature, and one irradiance, representing one stable treatment. The temperatures were
chosen to represent the range undergone by wheat during its growing season without triggering
injury. In the treatments with changing conditions, half of the plants were transferred between
growth chambers when they had 3.5 visible leaves (that is, Haun stage [Haun, 1973] 3.5). This stage
was chosen for the transfers because it insures that leaves already present in the seed were fully
developed and that the plant was still at a vegetative stage. In all experiments, the irradiance was
adjusted to ensure a similar photothermal quotient between treatments, and therefore similar

development rate (see Chapter 1).



Table 2.2: Lamina length and maximum width and sheath length for mature leaf 4 of the spring
wheat cultivar Paragon in the three experiments carried out in this study.

Lamina length (cm) Lamina width (cm) Sheath length (cm)
Experiment

23/19°C 28/24°C 23/19°C 28/24°C 23/19°C  28/24°C
Exp. 1 315+18 32.8+20 086+0.05 0.88+0.03 83+05 09.8+0.7

Exp 2 - 347+29 - 0.92+0.06 - 9.7+1.0

Exp 3 20.4+1.6 - 0.82£0.06 - 7.9+0.7 -



Length and width of leaf 4 together with phyllochron were measured in all treatment and compared
between equivalent treatments of each experiment (see Table 2.2). They indicate that the different
growth chamber had no impact on wheat development. Air CO; concentration was not controlled,
except in Exp. 3 were it was controlled at 400 ppm. A minimum of five independent replicates were
used in each treatments. Plants were watered daily to maintain the soil water content near field

capacity.

2. Gas exchange measurements
All gas exchange measurements were performed with CIRAS-2 (PP sytems, Amesbury, MA, USA)
portable photosynthesis systems equipped with a 25 x 7 mm bead plate. Gas exchange
measurement device consists in a block, inside which the incoming air is modified to stick to the set
points (CO2 concentration, humidity level, temperature), connected to a clamp sheltering
measurement cuvette in which the leaf is placed through tubes. In the CIRAS-2, the infrared gas
analyzers (two for CO3, and two for H,0 placed before and after the leaf cuvette.) are located in the
block, so the air out-coming the cuvette pass through the tubes before being measured, which
increases the difficulties to control VPD when difference between the cuvette temperature and the
external temperature (surrounding the tube) is important since condensation can be formed. We
chose this device despite this limit because its cuvette chamber is well adapted to wheat leaf shape
and size and also because we needed up to four devices to ensure all the measurements and we
could borrow them from partners’ Laboratory. They CIRAS-2 systems were calibrated before every
measurement campaign by comparing carbon assimilation and stomatal conductance in similar
climate conditions (temperature, humidity and light intensity) for at least two different leaves of
three wheat plants. A coefficient was applied to measurements of each device to correct for any
differences. For all measurements, the device clamp was placed inside the growth chamber while

the connected block was outside, under constant environmental conditions.

In all experiments, leaf carbon assimilation (Asat, pmol CO> m2 st) and stomatal conductance (gs,
umol H20 m2 st) were measured at saturating light and ambient temperature and atmospheric CO;
concentration. Measurements were performed on the youngest ligulated leaf between Haun stage

3 and 5.

The response of Ast to leaf temperature (Tiear; hereafter A/T) was measured in experiments 2 and

3. Plants were maintained at their growth temperature while the temperature in the leaf cuvette






was changed from 8°C to 38°C by steps of 5°C. Relative humidity in the leaf cuvette was changed to
maintain a target air-leaf VPD (VPDairieaf) Of 1.5 kPa. Because of the apparatus limitations, all Tieqs
cannot be reached for all treatments and measured VPDgir-eaf ranged from 0.5 kPa at 8°C to 6.4 kPa
at 38°C in experiment 1 and from 0.5 kPa at 8°C to 3.2 kPa at 38°C in experiment 2 and 3 and.
Preliminary measurements showed no hysteresis when temperature was increased or decreased
between 8°C and 38°C (data not shown). Preliminary measurements also showed that As.:: and gs
reached a constant value in less than 7 mn after a change in Ti.ar. Data were therefore recorded
every 10 s during 90 s starting 7 min after Tiear reached the set value. Response curves were obtained

by fitting the data to a three parameters beta function (Wang and Engel, 1998):

Asar(T) = 7{1(:; 2.1
with,
2(T-Tmin)*(Topt—Tmin o(_(T—Tmin)zm In2
f(T) = max (O, ((Topt_T - ))m ); o= #‘Tmin (2.2)
opt~/'min ln(iTopt—Tmin)

where T (°C) is Tiesr measured in the leaf cuvette, and Tiin, Topt, and Ty are the fitted minimum,

optimum, and maximum temperatures, respectively.

3. Measurements of leaf and apex temperature and thermal time
calculation
In all growth chambers, Tie,¢ and apex temperature (T,pex, °C) were measured with thermocouples
secured on the lower surface of leaf blades or inserted vertically between leaf sheaths down to the

base of the leaves, respectively. The daily thermal time was calculated as:

1 =
AT, = ?zlm ?:1144 Topt x f(T) (2.3)

where f(T) (dimensionless) is the nonlinear temperature response of leaf initiation and growth

given by Eq. (2.2), where T is the 10 min average Ti.4. Values of 0, 27.5 and 40°C were used for

Tmin, Topt, and Tyay, respectively (Parent and Tardieu, 2012).

4. Data analysis and statistics
All data analyses and graphs were made using the R statistical software version 3.4.1 (R Core Team,

2017).
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Figure 2.2. Leaf assimilation rate at saturating light
(Asat) versus thermal time after plant emergence. (A)
Asat normalized by Asa at 450°Cd after emergence. The
solid line is the linear regression calculated for all
treatment. (B) Asat detrended using the linear
regression shown in (A). Treatments are detailed in
Table 1 (Experiment 1). Measurements were taken on
the last ligulated leaf (squares, leaf 3; circles, leaf 4;
and triangles, leaf 5). Data are mean + 1s.d. forn =5
independent replicates
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Figure 2.1. Ontogenic changes in carbon assimilation
and stomatal conductance at saturating light for the
spring wheat (Triticun aestivum L.) cultivar Paragon
grown in controlled conditions at different
temperatures. (A) Leaf assimilation rate at saturating
light (Asat) versus thermal time after plant emergence.
(B) Stomatal conductance (gs) versus thermal time
after plant emergence. Measurements were taken on
| the youngest ligulated leaf (squares, leaf 3; circles,
B leaf 4; and triangles, leaf 5). Treatments are detailed
in Table 1 (Experiment 1). Data are mean = 1 s.d. forn
=5 independent replicates.
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1 Figure 2.3. Leaf assimilation rate at saturating light (As.t) for the spring
wheat (Triticun aestivum L.) cultivar Paragon grown in controlled
conditions at two irradiances (LL, 250 umol m?2 st; HM, 400 umol m?2 s
1) and two temperatures (13, 13/9 °C day/night; 23, 23/19°C). Asa is
the average of At measured several time on leaf 4 from its ligulation
to the ligulation of leaf 5. Environmental conditions are detailed in
Table 1 (Experiment 3). Data are mean + 1 s.d. for n = 5 independent




V. Results

1. Leaf carbon assimilation capacity depends on growth temperature
and changes with ontogeny
Asat measured on the youngest ligulated leaf differed between stable thermal treatments from 8°C
to 33°C, but increased during plant development in all thermal scenarios (Fig. 2.1A). A similar trend
of Asat was found when focusing on measurements carried out on the same leaf (e.g. leaf 3 in
Fig.2.1A) and when it was measured on different leaves, which suggested that the increase in Asat
was related to plant age rather than to leaf age (Fig.2.1.A). Similar differences at a given time after
emergence were observed on gs between thermal scenarios. However, the increasing trend with
plant age was not observed on gs (Fig.2.1B). Indeed, gs was stable when comparing values measured
on different leaves just after their appearance, while a bell-shaped trend was observed on leaf 3

over time, suggesting an effect of leaf age rather than plant age (Fig. 2.1B).

As g did not show a trend similar to that of Asat, the increase of Asat with plant age might indicate
an increase in photosynthetic capacity with plant age. This will be discussed when nitrogen leaf-
content will be available. The ontogenic trend of Asa: was similar for all temperature treatments and
was well represented by a linear relationship between Asat normalized by Ass: at 450°Cd for each
treatment and thermal time after plant emergence (r?=0.72; P = 3.54 x10°°; Fig. 2.2A). In the results
presented hereafter, the slope of this relationship (1.69 x10~2 pmol m2 s °Cd-!) was used to detrend
Asat, SO that Asat of plants of different ages could be compared (Fig. 2.2B).Asat increased as Tgrowth
changed from 8°C/4°C to 23°C/19°C and decreased for Tgrowth higher than 23°C/19°C (Fig. 2.1A and
Fig. 2.2B). Because the irradiance was adjusted at each Tgowth to have a similar photothermal
guotient (see Chapter 1), it avoided confounding effects of development when analyzing the
response of Asst to temperature. We checked that changes in Asat with Tgrowth Were not due to
differences in irradiance, by growing plants at similar temperatures (23°C/19°C) and contrasted light
(250 and 400 pom m?2 s, treatments 23LL and 23HL, respectively). Asat was not modified by

irradiance (Fig. 2.3) and so Asq: could be compared at similar values of photothermal quotient.
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2. Optimal temperature of leaf carbon assimilation rate and maximal
assimilation capacities depend on growth temperature
The effects of Tieat 0N Asat showed a similar bell-shaped pattern in all treatments with stable thermal

conditions (Fig.2.4.A), but values differed between treatments (Table 2.3).

Table 2.3: Values of the parameters of the Asqt/ Tiesrmodeled with Eq. 2.2.
Measurements were made on leaf 5 of stable treatments of Exp. 1 (see

table 2.1).
t
Treatment Topt T Tmar A: Zt
(*C) (°C) (°C) (umol cm? ™)
T8 21.1+0.2 -4.1+0.8 36.1+3.4 25.7+0.1
T13 26.5+0.1 -3.2+28 45.3+5.0 32.5+0.5
T18 27.0+0.3 -49+14 444+1.4 31.9+0.1
T23 299+0.4 -42+15 43.0+£1.6 33.5+0.2
T28 30.3+0.9 -14+33 44.8+5.6 34.8+0.6
T33 31.8+13 3.8+3.6 449+11.0 345+1.2

Asat measured at Tgrowth increased with Tgrowth (Fig. 2.6A), reaching at 33°C/29°C twice the value

measured at 8°C/4°C. To the opposite, stomatal conductance decreased for above 25°C (Fig. 2.6A).

The temperature at which Asa: was maximum (Topt), calculated from curve fitting, differed between
treatments and increased with Tgrowth. Indeed, Topt Was maximum in the warmest thermal scenarios
(33°C/29°C), with Top: value very close to the growth temperature. Topt decreased at lower growth
temperature but stayed higher than Tgrowth SO that the difference between Topt and Tgrowth increased

at lower temperature (Fig.2.6.B).

opt

sat) increased when Tgrowth increased (Fig. 2.4A, Table

The value of Asa: at Topt (here after termed A

2.3) but less than the increase of Asat with Tgrowes. It resulted that the distance between assimilation

Agrowth

cat ) and maximal assimilation that plants are capable of

that plant actually does at its Tgrowth (

(A:ftt) with the same machinery is smaller with higher Tgrowth (Fig 2.6C). Therefore, plants seemed to

limit their carbon assimilation at low Tgrowth, probably because of a lower sink demand. The relation

between Agftt and Topt Was well represented by a linear regression (r?=0.85; P =9.38 x10°3; Fig 2.7A).

By contrast, gs decreased almost linearly when Tiear increased (Fig 2.4B). This response of gs to Tieaf
could be due to the increase in VPDair-leaf in the leaf cuvette (Fig. 2.5). However, the response of
VPDair-leaf tO Tieat Was independent of Tgrowth (Fig. 2.4D). Ci/Ca (intern to extern CO2 concentration)

also shows a decrease with Tieaf, proving that gs could limit the assimilation rate a high Tieat (Fig
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Figure 2.6. Effect of growth temperature on
carbon assimilation, stomatal conductance, and
carbon assimilation at optimum temperature
measured at saturating light for the spring wheat
cultivar Paragon grown at different temperatures.
(A) Leaf assimilation rate and stomatal
conductance at saturating light (Ast) at growth
temperature (Tgrowth) Versus Tgowth. (B) Optimum
temperature of Ast (Topt) versus Tgrowtn. (C) Leaf
assimilation at saturating light at Top: versus leaf
assimilation at saturating light at Tgrowtn. Topt and
assimilation at Top: were estimated by fitting
Asat/ Tiear data using Eq. 2. Treatments are detailed
in Table 1 (Experiment 1). Measurements were
taken on leaf 5 15°Cd to 50°Cd after its ligulation
(Fig. 2.2B). Solid lines in (A) and (B) are non-
parametric spline curves fitted to the data. Solid
line in (C) is linear fitted to the data. Dotted lines
in (B) and (C) are the 1:1 line. Data are mean + 1
s.d. for n = 3 independent replicates.

Figure 2.5. Stomatal conductance (gs) versus air-leaf
vapor pressure deficit (VPDaireaf) in the leaf cuvette of
the gas exchange measurement system for the spring
wheat cultivar Paragon grown at six different growth
temperatures. Treatments are detailed in Table 1
(Experiment 1). Measurements were taken on leaf 5
15°Cd to 50°Cd °Cd after its ligulation. Data are mean +
1 s.d. for n = 3 independent replicates.
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2.4C). Again this decrease is independent from Tgrowth, Suggesting that the increase of Topt and A‘S)gf

with Tgrowth are not due to gs.

3. Achange in growth temperature results in an acclimation of the
short-term response of photosynthesis to temperature
The response of Asat to Tieat Was determined before and after changes of Tgrowth for plants transferred
from 13°C/9°C to 23°C/19°C (Fig 2.8A; treatment 13LL.23HL) or from 18°C/14°C to 28°C/24°C (Fig
2.8B, Treatment CW). Response curves were measured before transfer and 100°Cd after transfer
and compared to that of plants grown under stable growth conditions. Asa: of plants transferred
from 13°C/9°C to 23°C/19°C reached the same values as plant growing at 23°C/19°C from
emergence (Fig. 2.9A). Similarly, Topt calculated from curves of Asat vs Tiear (Figure 2.8) for plants
transferred from 13°C/9°C to 23°C/19°C reached similar values as plant grown at 23°C/19°C (Fig
2.9A). The same behavior was observed for plants transferred from 18°C/14°C to 28°C/24°C. We

observed this acclimation here after 100 °Cd and on leaf produced at the new Tgrowth.

3 - A-13LL.23HL B

30 -

(L

10 --&- before transfert
—— aftertransfert
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Figure 2.8. Leaf assimilation rate at saturating light (Asa, A and B) and stomatal conductance (gs, C
and D) versus leaf temperature (Tieaf) for the spring wheat cultivar Paragon grown in controlled
conditions at different temperatures and irradiances. Plants were transferred from 13°C/9°C
(day/night) to 23°C/19°C (treatment 13LL.23HL, A) or from 18°C/14°C to 28°C/24°C (treatment
CW, B). Treatment detailed are given in Table 2.1 (experiments 2 and 3). Measurements were
taken on leaf 3 the day before (open circles, dashed lines) or on leaf 5 between 150°Cd and
250°Cd after (closed circles, solid lines) the change in temperature. In (A) and (B) lines are non-
linear regression fitted to data using Eq. 2Data are mean £ 1 s.d. for n = 3 independent replicates.
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Figure 2.7. Relation between carbon
assimilation, stomatal conductance and Ci/Ca
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temperature at saturating light for the spring
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saturating light (Asat) at Topr versus Topt. (B)
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Figure 2.9. Effect of growth temperature on
leaf carbon assimilation at saturating light
and its optimal temperature for the spring
wheat cultivar Paragon grown in controlled
conditions. (A) Leaf assimilation rate at
saturating light (Asat) at growth temperature
(Tgrowth) versus  Tgrowth. (B)  Optimum
temperature of Asat (Topt) versus Tgrowth.
Treatments are detailed in Table 1
(Experiments 2 and 3). Topt Was estimated by
fitting Asat/Tieaf data using Eq. 2. Open circles
are treatments without temperature
transfer and closed circles are treatments
with temperature transfer at Haun stage 3.5.
The treatments with temperature transfer
(13LL.23HL and CW) measurements were
taken 100°Cd to 150°Cd after transfer.
Arrows indicate changes in Asat at Tgrowth O



The change of Tgrowth Was accompanied by a change of growth irradiance as the photothermal
guotient was kept constant. The effect of this change in irradiance was investigated by comparing
Asat of plants growing at 23/19°C under two different irradiance (Fig.2.10) and for plants
transferred from 13°C/9°C to 23°C/19°C at these two irradiances. In all cases (stable treatment vs
after transfer to low vs high irradiance) Asa: reached similar values (Fig.2.10). Therefore,

acclimation observed in Figure 2.8 and 2.9 were not due to changes in irradiance.

4. Assimilation capacities change rapidly with a change of growth
temperature
The dynamic of the response of Asat to changes in Tgrowth Was first investigated by monitoring the
time course of Asa: after increasing Tgrowth by 10°C starting from four different Tgrowth (Fig.2.11). In all
treatments Asac changed resulting in a new Aga: similar to the one of plants grown from emergene in
the new condition but the time to reach this new value depended on the treatment (Fig. 2.11A to
D). Because the values of acclimated Asq: (values of plants growing under stable temperature) were
more different between Tgrowth of 8/4°C and 18/14°C than 13/9°C and 2/19°C or 18/14°C and
28/24°C (Fig.2.6), Asar had to change more between 8/4°C and 18/14°C compared to between
18/14°C and 28/24°C to reach acclimated value. This could explain why the time to reach acclimated
values shorter for plants transferred from 18/14°C to 28/14°C compared to plants transferred from

8/4°C to 18/14°C.

5. Correlation between assimilation capacities and stomatal
conductance varies with temperature
Because a complete acclimation of As.: was observed in less than 100°Cd in these four treatments
shown in Figure 2.11, the time course of acclimation of As.;t and gs were recorder at higher time

resolution for plants transferred from 13°C to 23°C and from 23°C to 13°C (Figure 2.12).

For plants transferred from 13/9°C to 23/19°C, acclimation of Asxx was almost instantaneous,
increasing just after transfer, with even higher values than plant constantly grown at 23/19°C. gs
and Ci/C, also increased after transfer but not as fast as Asqt, indicating an acclimation process of Asqt

which would be at least partly independent from gs.
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treatment 13LL to 23HL and from 13LL to 23LL at
Haun stage 3.5. Treatment detailed are given in
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Figure 2.11. Time course of leaf carbon assimilation and stomatal conductance at saturating light
before and after changes in growth temperature for the spring wheat cultivar Paragon grown in
controlled conditions. Plants were transferred at Haun stage 3.5 from 8°C/4°C (day/night) to 18°C/14°C
(A and E); from 13°C/9°C to 23°C/19°C (B and F), from 18°C/14°C to 28°C/24°C (C and G); or from
23°C/19°C to 33°C/29°C (D and H). Treatments are detailed in Table 1 (Experiment 1). Measurements
were taken on the last ligulated leaf (squares, leaf 3; circles, leaf 4; and triangles, leaf 5). Data are
mean + 1 s.d. for n =5 independent replicates.



To the contrary, in plants transferred from 23/19°C to 13/9°C, As.: was reduced rapidly, to values
even lower than plants constantly grown at 13/9°C. gs decreased also very rapidly to values even
lower than plants constantly grown at 13/9°C and then increased again slowly. Ci/C; decreased
together with gs and increased again when gs increased. It indicated a probable limitation of

photosynthesis by gs.

Overall, these results seem to indicate that two mechanisms act together at different time step,

depending if temperature decreases or increases.

V. Discussion

1. Are assimilation capacities adjusted during early development?
Leaf carbon assimilation capacity, determined as the leaf carbon assimilation rate at saturating light,
ambient CO, and ambient temperature, increased with plant age in all thermal treatments tested in
this study. To our knowledge, this is the first time that this effect of ontogeny on wheat
photosynthesis is observed. Sestdk (1985) reported increases of photosynthetic capacities with leaf
age through modification of electron transport and carboxylation rates capacities, but it was mostly
happening when leaf was not fully mature yet. Here the increase of Asax was observed on
measurements performed on fully developed leaves after ligule appearance, and with the same
effect on one leaf or successive leaves so that it is not due to leaf development but rather to plant
development. At whole plant or canopy scale, an increase of plant carbon assimilation rate with
crop development has already been observed for wheat in the field (Gerbaud and André, 1980) but
the increase was linked to the increasing number of photosynthetic leaves in the canopy. Overall,
we found only one study on black cherry (Prunus serotina) reporting ontogenic effects such as those

observed in our stud (Horsley and Gottschalk, 1993).

This ontogenic effect could result from morphologic or metabolic adjustments to growth conditions
to ensure better carbon assimilation. This could be due to some modifications of leaf cell
organization (Sharkey, 1985; Oguchi et al., 2005), chloroplasts number or position in the mesophyll
cells, or by adjusting Rubisco activation rate (Krapp and Stitt, 1995; Salvucci and Crafts-Brandner,
2004) or isotomers (Dean et al., 1985; Galili et al., 1998). Such adjustments could be observed
through leaf nitrogen content (Evans, 1983; Martre et al., 2006). More experiments are needed to

confirm or not this effect at the leaf and whole plant levels.
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Figure 2.12. Time course of leaf carbon assimilation and stomatal conductance at saturating light for
after changes in growth temperature for the spring wheat cultivar Paragon grown in controlled
conditions. (A and B) Leaf assimilation rate at saturating light (As.t) versus thermal time after
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2. How different are the responses pf assimilation to long and short-
term changes of temperature
We measured Asa: response to short-term and long-term changes in temperature. In regards to the
time spend by plants at the measurement temperature, the whole growth period versus a few
minutes, we considered that they represent the fully acclimated and the non-acclimated responses

to temperature, respectively. For both responses, Asa: followed a bell shape curve. Different Tgrowth

opt . .
b as observed in the literature

(Berry and Bjorkman, 1980; Yamori et al., 2013; Way and Yamori, 2014), with Top: between 20°C and

triggered an acclimation of A/T through a modification of Top: and A

30°C and A%P" between 25 and 35 umol m2 stdepending on Tgrowth. FOr Asat response to Tgrowth, Topt
sat g g p

varied from 23°Cto 28°Cand Agftt

was not modified by Tgrowth and averaged 32 umol m2 s, Overall,
the A/T response curves were much closer for different Tgrowth than in previous studies (Yamasaki et
al., 2002; Nagai and Makino, 2009). Differencing short- and long-term As.: response to temperature
would probably improve crop model predictions, but regarding our results, a unique response to
temperature might be good enough to describe wheat assimilation response to temperature.
Comparing simulation of a model with a unique response or with a more precise consideration of

time effect on assimilation response to temperature may help understanding the impact of

accounting for acclimation in crop models.

3. At low temperature fully acclimated plants do not reach their
maximum assimilation capacities
In order to maximize carbon uptake, we could hypothesize that carbon assimilation is maximum
under current environmental conditions when plants are fully acclimated. However A/T curves
revealed that Top: for wheat could be far from Tgrowth. Topt Was the closest to Tgrowth for Tgrowth between
28°C/24°C and 33°C/29°C. For lower Tgrowth, Topt Was always higher than Tgrowth. Some studies have
already shown that the relationship between Topt and Tgrowth is Not a 1 to 1 relation (Yamasaki et al.,
2002; Yamori et al., 2013; Zaka et al., 2016). Yamori et al. (2013) also highlighted a divergence
between Topt and Tgrowth for many C3 plants, with Top: being closer to Tgrowth around 25°C and an
increase in Topt Of 0.49 °C! per degree-Celsius increase in Tgrowth ON average across C3 species for

Terowth between 5°C and 45°C. Here the increase of Topt was 0.38°C? (Topt = 0.38 X Tgrowth + 19.9; r? =






0.86) per degree-Celsius increase in Tgrowth fOr Tgrowth ranging from 8°C/4°C to 33°C/29°C. Overall, at
low temperature, even fully acclimated wheat plants do not reach their maximum photosynthetic

capacities.

4. The acclimation of short-term response of assimilation capacity to
temperature in not due to a regulation through stomatal
conductance

Many cross-regulations exist between gs and Asa;, which makes it difficult to disentangle the
regulatory mechanisms (Wong et al., 1979). In our study, gs varied with both Tgrowth and Tieat, they
increased when Tgrowth increased from 8°C/4°C to 28°C/24°C and decreasing for higher Tgrowth. This
raises the question of a stomatal-driven response of Asat to Tgrowth. Overall, the values of gs reached
here were in a usual range, as well as Ci/Ca ratio (from 0.54 ppm ppm-1 for T8 to 0.78 for T33),

showing no constraint of the stomata on Asat (Farquhar and Sharkey, 1982; Flexas et al., 2014).

However, in the A/T curves, an increase of Tieaf always resulted in a decrease of gs, probably
triggered by the increase of VPDair-leaf (Morison and Gifford, 1983; Streck, 2003). Leaf internal CO;
was therefore reduced, which, coupled with a temperature-enhanced metabolism, could result in
a limitation of As.: by gs (Long and Bernacchi, 2003; Flexas et al., 2008). The Ci/C, ratio decreased
when Tieaf increased, indicating a decrease of CO; availability (Farquhar and Sharkey, 1982).
However, the Ci/C, decrease was essentially the same among the different Tgrowth; therefore the
acclimation of A/T did not result from a limitation of Aset by gs. In Chapter 3, we used a coupled
photosynthesis-stomatal conductance model to analyze the impact of gs on A/T response curves

and confirm this conclusion.

5. Two process driving acclimation to temperature
Our results showed a rapid acclimation of Asq: to a change of Tgrowth for a wide range of temperatures
and in both directions of Tgrowth Variation. Asa: of transferred plants reached the Asat of plant fully-
grown in the new conditions in less than 150°Cd in all tested changes of Tgrowth. Changes of Asat were
observed a few hours only after the change of Tgrowth from 13°C/9°c to 23°C/19°C. The acclimation
of gs and G/C, was slower and the lower G/C, and gs compared to that of wheat plants fully-grown

in the new condition could highlight a transient limitation of At by CO; diffusion into the leaf. We






can therefore conclude that neither gs nor CO; diffusion limited Asa: and Asa acclimation in this case

was probably due to assimilation metabolism.

Different patterns of changes of Asa:, gs and Ci/Cs were observed in response when Tgrowth Was
decreased. Asa: of plants transferred from 23°C/19°C to 13°C/9°C reached values lower than those
of plants grown at 13°C/9°C from emergence in less than 4 h. Changes in gs and C/C, paralleled
those of Asat to lower values than those of plant grown at 13°C/9°C from emergence and then
increased. This sharp decrease of in C/C; reflected a limitation of As.t by CO; diffusion during the
initial response of Asat to the decrease in Tgrowth. Only 15 °Cd (20 h) after Tgrowth change, Asat increased
faster than gs and Ci/C,, indicating that assimilation was not limited by CO; diffusion after the initial

response and an acclimation of metabolism occurred.

Metabolism-driven acclimation of photosynthesis to temperature have often been reported in the
literature (Medlyn et al., 2002; Makela et al., 2004; Hikosaka et al., 2006; Kattge and Knorr, 2007;
Perdomo et al., 2016; Scafaro et al., 2017), with altered activation state of Rubisco or
carboxylation capacities. The potential role of CO; diffusion in the response of photosynthesis to
temperature have already been mentioned (Flexas et al., 2014). However, to our knowledge, no
study have highlighted its potential role in assimilation response to a change of temperature,

probably because of the difficulties to decorrelate Asat and gs.

VI. Conclusion

Our study shows that assimilation responds quickly to a change of temperature. Two processes
might be implicated in the response of assimilation to short and long-term temperature changes,
with a dominant effect of metabolism in response to an increased temperature, and a limitation by
the CO; diffusion in the other case. Our quantitative description of timing and magnitude of
acclimation of wheat photosynthesis to changes of growth temperature provides a solid basis for

crop models improvement.
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|. Introduction

In the previous chapter, we studied the responses of photosynthesis to long and short-term changes
in temperature. We concluded in : i) an acclimation of the response to temperature (A/T) to a new
growth temperature (Tgrowth), through a modification of the optimal temperature (Topt) and a

modification of assimilation capacities at Topt (A2%}); ii) a rapid acclimation of the assimilation

A growth

cat ) to a change of Tgrowth, independently from the

capacities at the growth temperature (

temperature range and/or from the direction of temperature variations.

However, stomatal conductance (gs) largely varied with temperature changes, possibly affecting A/T
curves. If it was the case, it would mean that these responses will not be robust but could change
due to any condition affecting stomatal conductance. We also observed a possible effect of gs on
Asat acclimation to a change of Tgrowth. Uncoupling gs and Asa: could allow to better understand the
underlying mechanisms of As: acclimation to temperature, possibly linked to gs or other metabolic
processes. However, the close relation between Asat and gs makes difficult to uncorrelate one from

another in experimental conditions.

A strategy could be to use a photosynthesis model to test the impact of stomatal conductance on
the observed responses to temperature and their acclimation. Most photosynthesis models are
derived from the Farquahr-von Cammerer-Berry model (thereafter called the FvCB model). They are
generally used to simulated carbon assimilation at leaf level at short time step. The FvCB model
simulates the response of carbon assimilation to temperature through the individual responses of
the different underlying processes implied in carbon assimilation. Currently, the responses of these
different processes are considered as independent from growth temperature in FvCB-derived
models (Bernacchi et al., 2001). However, most processes response to temperature depend on
growth temperature, especially the variables linked to CO; carboxylation (Medlyn et al., 2002;
Yamori et al., 2005; Kattge and Knorr, 2007; Perdomo et al., 2016). Successful modelling of these
responses at different Tgowth have already been achieved using sink-based models, in which the
response of assimilation to temperature can be easily included (Zaka et al., 2016). Another method
to model the impact of Tgowth ON the response of assimilation to temperature is to modify the
parameters of an empirical response of assimilation to temperature as function of Tgrowth. FoOr
example, using the response of Yan and Hunt (1999) and changing Topt and Tmax regarding Tgrowth.

This approach supposes to determine the parameters of carbon assimilation Topt and Tmax for various






Tgrowth, as we have done in Chapter 2. FvCB models were preferred here because of their mechanistic
approach that allows combining a diffusional model to the photosynthesis model (Yin and Struik,
2009). A combined carbon assimilation and CO; diffusion model presented the opportunity to
uncorellate Asst from gs in various temperature conditions, and to answer the questions raised in

the previous chapter.

Here in Chapter 3, a carbon assimilation model has been used to simulate photosynthesis
independently or not from g, allowing to test the hypothesis of g--dependent or independent
acclimation. We used a gas exchange model derived from the Farquahr-von Cammerer-Berry model
and developed by Yin and Struik 2009. Its particularity is that two equations able to predict carbon
assimilation can be used: one using the measured gs as an input, and another in which gs is not part
of the input and is calculated afterward from the simulated Asat. It was used to i) simulate the short-
term and long-term temperature effect on assimilation capacities; ii) test the interaction between
gs and Asay; ii) discuss the properties and limits of the existing model to deal with acclimation of

assimilation to temperature.

Il.  Model description

In this part, | describe the Farquarh-von Cammerer-Berry model. The specific options / parameter

values / hypotheses used in this study are detailed in bold / italics

1. The Farquarh-von Cammerer-Berry model (Farquhar et al., 1980)

The gas exchange model used here is the one developed in the crop model GECROS (Xinyou and
Laar, 2005). It is derived from the Farquarh-von Cammerer-Berry model (here after referred as the
FvCB model), which considers that photosynthesis (A) is the minimum of the Rubisco carboxylation
limited assimilation rate (Ac), and the electron transport limited assimilation rate (4;) (Farquhar et

al., 1980; von Caemmerer, 2000; Bernacchi et al., 2013):
A =min(4. 4;) (3.1)

Ajand Ac are calculated as a function of Jmax (the maximal rate of electron transport) and Vcmex (the

maximal rate of carboxylation) with respectively:






_ (CC_ F*)] _
4; = 4C.+8T, d (3:2)
¢ e~ Ry (33)

CetRmc(1+0/g )

Where C, is the Rubisco-carboxylation site CO2 concentration (ppm), K,,,c and K,,,, are respectively
the Rubisco CO; and O; Michaelis-Menten constant, and T, is the CO, compensation point without
mitochondrial respiration (Ry). J is the electron transport rate (umol de photons m=2 s?) for the
incoming light intensity. Measurements carried out here were all obtained at saturating light, we

then considered | = ] 0x-

R, and variables linked to the kinetic properties of Rubisco (Kmc and Kmo) depend on temperature

and are estimated with an Arrhenius equation normalized in regards to their values at 25°C:

(T-25)E
Parameter = Parameter,s; X el298R(T+273)] (3.4)

Where T is the temperature expressed in °C (here, the leaf temperature), E is the activation energy
defining the responsiveness of the target parameter to temperature, and R is the universal gas
constant. J;nqx and Ve, are obtained through a modified Arrhenius equation (accounting for a

decrease from a given temperature T) with:

(T-25)E (298.S;D)
_— 1+e 298.
Parameter = Parameter,s X e[298RT+273)] X —mrsrs (3.5)

1+e R(T+273)

Where S is the entropy, D is the energy of deactivation, defining the responsive shape of the supra-
optimal temperature range. The S, E, D and parameter values at 25°C used here for each parameter
are given in table 3.1. The used values were the one considered constant for every C3 species,

according to Bernacchi et al. (2003).

I, depends on the O; air concentration (O) and on the Rubisco CO2/0: specificity factor (S, ,) with:

0.50

r, = (3.6)

Sc/o

Where the factor 0.5 is the fraction of mole of released CO; when Rubisco catalyzes 1 mole of O;

during photorespiration. S/, also depends on temperature following equation 3.4.



Table 3.1: Layout and environmental conditions for the three experiments carried out in this study. PAR, photosynthetic active radiation;
PTQ, photothermal quotient; Asat, leaf carbon assimilation rate at saturating light, Te.r, leaf temperature; and Tgrowth, growth temperature.

Set point day/night Average daily
Treatment Name air temperature  Set point PAR Average daily PAR thermal time Average daily PTQ Measured variable
(°C) (umol m2s7) (mol m-2 d-1) (°c) (mol m™2°cd) At AsatfTieat
T8 8/4 125 6.27 7.20 0.87 X
T13 13/9 250 11.53 11.65 0.99 X
T18 18/14 320 16.32 16.05 1.02 X
T23 23/19 415 20.65 20.24 1.02 X
T28 28/24 450 22.92 25.33 0.90 X
T33 33/29 610 30.91 31.60 0.98 X
13LL 13/9 250 11.39 11.82 0.96 X X
23HL 23/19 400 20.56 21.27 0.97 X X
13LL-> 23HL 13/9->23/19 250 -> 400 12.49 -> 20.56 11.26 -> 21.27 0.96 ->0.97 X X

23HL->13LL 23/19->13/9 400 -> 250 20.56 ->12.49 21.27->11.26 0.97 ->0.96 X




Since Jimax and Vcyq depends on the enzyme concentration, Jax2s and Vepaxas are defined in
the model through the leaf-nitrogen content (Niqs in g leaf?), each one following a specific linear

relationship:
Jmaxzs = 99.38 X Nigqr + 5.75 (3.7)
Vemaxzs = 30.40 X Nypqr + 4.36 (3.8)
The constant values used here are issued from Yin et al. (2009).

The Ac and A part of the FvCB model can be written in a common way with:

_ (Cc—T)xq _
A= Teotm, Ry (3.9)
Where, for the Rubisco-limited part:
X1 = Vemax and xp, = Ko (1 + O/Kmo) (3.10)

And for the electron transport-limited part:
x;=J/4 and x, =2L, (3.11)

The original FvCB model initially used the intercellular CO> level (Ci) in place of the C, in equation
3.9. In the leaf, CO2 needs to pass through several layers of resistances (these resistances are
estimated with their numerical inverse, giving the conductance) to reach the site of carboxylation
located in the chloroplasts in the mesophyll cells. From ambient air to the chloroplasts, there is first
the boundary layer diffusional conductance (g»), then the stomatal conductance (gs) and the
mesophyll-component conductance (gm). The two first components give the drawdown of C;
relatively to C; (ambient CO; level). gs was for long considered as the most important component
limiting CO; diffusion in the leaf and C. and C; were considered equal; but gm is now known to be
important enough to trigger a significant drawdown of C. relative to C; (Flexas et al., 2014). Gn,
responds to temperature and probably to irradiance and CO; air concentration (Bernacchi, 2002;
Terashima et al., 2006; Flexas et al., 2008). Because of the lack of knowledge on the two last
variables (irradiance and CO; air concentration), gm is estimated through temperature only with
equation 3.5. C, is then calculated according to the Fick’s first law of CO; diffusion along the leaf
layer, which indicates that the molar flux due to diffusion is proportional to the concentration

gradient:



Table 3.2: Parameters values used in the photosynthesis models

Parameter Unit Value Comments
Vcmax Ea Jmol? 87700
DEa Jmol? 203500
S JK*mol? 6550
Jmax Ea Jmol? 87700
DEa Jmol™ 203500
S JK* mol™ 6550
Gm Ea Jmol? 49600
DEa Jmol? 437400
S JK* mol™ 1400

Gm25 umol m2st | 180

Mesophyll conductance at 25°C

Gb umol m2s? | 1500 Combined boundary and turbulence layer conductance
0] mbar 210 Oxygen partial pressure of the air
KmC KmC25 pbar 272.38 Values of the Michaelis-Menten constant for C at 25°C
Ea Jmol™ 80990
KmO KmO25 | pbar 165.82 Values of the Michaelis-Menten constant for C at 25°C
Ea Jmol™ 23720
Sco25 ubar pbar?! | 2.8 Relative CO2/02 specific factor for Rubisco at 25°C
f(VPD) a - 0.85
b kPa 0.14

Table 3.3: Optimized leaf nitrogen

conten for each growth temperature

Treatment

Leaf nitrogen

content (mg g?)

T8
T13
T18
T23
T28
T33

2.72
2.72
2.49
2.62
2.73
2.38




C.=C,———— (3.12)

Yin and Struik, 2009 developed an analytic solution to Eq. 3.9:
A3 +pA2+qA+1r=0 (3.13)

Solution of this equation can be found in Yin and Struik (2009).Two solutions to this equation are
possible. The first one is using gs as an input, while the second one combined a diffusion model to

the photosynthesis model, allowing a simulation of gs without inquiring gs.

2. Coupled modelling of photosynthesis and diffusional conductance (Yin
and Struik, 2009)

The diffusional conductance model is based on the Fick’s first law of diffusion, allowing calculation

of the different conductance and CO; concentration. Combining equation 3.9 to 3.12 gives:

xl.F*+x2(A+Rd)

C. = Sy (3.14)
Where x1 and x; are determined according to the limiting process (Ac or Aj). Then:
. A
Ci=C,+ o (3.15)
And finally:
(A+Rq)xf(VPD)
gs=got+—2—— (3.16)

Ci— Ci,

Where g, is the residual stomatal conductance at extremely low light, Ci, is the Ci compensation

point in the absence of R; (Ci, =T, — Rd/g ), and f(VPD) is a function translating the effect of
m

VPD on g;. This effect of VPD on gs is not yet fully understood and is described empirically through:

f(VDP) = —+— (3.17)

a-bVPD

In this Chapter, we used the FvCB model combined with the diffusional model in order to test our
hypotheses of gs-limited / gs-non-limiting response of assimilation to temperature in regard to

acclimation.






IIl.  Material and Methods:

1. Growth conditions

Experimental data are issued from the experimentations described in Chapter 2. We used only a
few treatments among the numerous ones described in the last chapter, here reported in table 3.1.
For details of the growing conditions, gas exchange measurements and thermal time calculation,

please refer to the Chapter 2 Material and Methods.

2. Model parametrization

a. Constant parameters

The parameters used in the model were all coming from previous studies of Yin XY working group.
The energies of activation, deactivation and entropy terms associated to the gm, Kmc, Kmo and Rd
calculation, as well as the values of some parameters at 25°C, can be considered constant for C3-
species (Bernacci et al.,, 2002) and these constants were therefore used here. Values of other
parameters specific to the species were issued from previous studies by Yin working group on wheat

(Yin et al., 2009). All these constant parameters are resumed in table 3.2.

b. Nitrogen leaf content optimization

At the time of the writing of this manuscript, Njess data were not available for the data used in this
study. We considered that Nieos acclimated to the growth temperature. Nieor content was optimized
so that the simulated A could fit A/T data measured on leaf 5 of treatments T8, T13, T18, T23, T28
and T33 (see table 3.1). Njeor values for each treatment are exposed in Table 3.3. Njeqs Was considered

stable regardless of the leaf rank and the plant age.

3. Model use and evaluation

To test our hypothesis, the model was used to simulate At in our experimental conditions. Asat was
either simulated with our measured variables as input (C,, light intensity, growth and leaf

temperature, VPD; as well as gs and Cj); or without gs and C;j as input, and they were then calculated
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6 different growth temperature. Simulations were made with the measured gs as an input.
Dotted lines are the 1:1 linear relation. Data are mean £ 1 s.d for n = 3 independent replicates.




afterward according to equation 3.14 to 3.16; or with a constant imposed gs. The simulated Asat
values were then compared to the measured As.i. The model performances were evaluated by
calculating the mean squared error. If ¥ is a vector of n predictions generated on a data set of n

observation, and Yis a vector of observed values of the variable being predicted:

MSE = — 3, (Y; — %)? (3.18)

V. Results:

1. The different acclimated responses to temperature observed in
Chapter 2 could not be simulated by the model without including
specific acclimation processes.

The responses of assimilation to temperature (A/T) for plants grown at various growth temperatures
have shown different Top: and Aopt, as well as different Tmin and Tmax (see chapter 2, and Fig 3.1A),
indicating an acclimation of A/T to Tgrowth. We first tried to simulate these different responses of
assimilation to temperature with the model, in order to test if these differences could come from

different assimilation capacities trigger by different Njeqr only.

Simulation of these A/T curves with the model showed changes of Aggtt depending on growth
temperature but no change of Topt (Fig. 3.1B; and Fig. 3.2 A and B). The predicted Topt Were similar
regardless of Tgrowth, resulting in over-estimated Top: for all treatments excepted for plants grown at

23°C (T23), for which simulated Topt was similar to the measured value (Fig. 3.2A). Simulations

opt

sat With Tgrowth, with an increase of ACP? from T8 to T28 and then a decrease

showed changes of A sat

opt

(Fig 3.1B), in the same way as observed response curves. However, the estimated A,

were always
higher than observed values (Fig. 3.2B). Simulated Asa: at growth temperature was under-estimated

for Tgrowth from 8/4°C (T8) to 23/19°C (T23), and was well predicted for T28 and T33 (Fig. 3.2C).

opt

sqr 0 growth temperature was due to the optimization of Nieqr in

The predicted acclimation of A
each treatment. Indeed, prediction of A/T without optimization of Nss resulted in similar response

curves in all treatments (Fig. 3.1C).
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Aopt

Overall, the model was not able to predict the observed acclimation of Topt and Ag,

to Tgrowth
indicating that acclimation was not due to the changes of Vcmaxzs only (trigger in the model through

changes in Nieqf), tested here by optimizing Nieqf.

2. The model indicated that the observed responses to temperature
were not due to a limiting stomatal conductance

The model was used to simulate the response of As:t to leaf temperature (A/T) for wheat plants
grown at 28/24°C (treatment T28, see Table 3.1) either using the measured gs as an input, or gs
calculated afterward (see Model description). Both equations resulted in similar response curves
(Fig 3.3A). Despite a slight underestimation of Asa: for the lower and higher Tiear, both models were

able to simulate the observed pattern for this treatment.

The measured gs showed values up to 1000 pmol m2 s%, and the calculated gs values were almost
always lower (Fig 3.3B). This indicates that for such range of values, stomatal conductance did not

influence the assimilation response to temperature observed at this Tgrowth.

This result was verified for the other thermal treatments. We simulated A/T curves with or without
the measured gs as an input, for wheat plants grown at several Tgrowth; 13/9°C (T13), 23/19°C (T23)
or 33/29°C (T33). These data showed large variations of gs. However, the predicted A/T did not
describe well the experimental responses for all Tgrowth (Fig 3.4A to C). For T33, the model fitted well
the experimental observations with only an underestimation of Asat at the higher Tiear (Fig 3.4C). For

T23, the model also underestimated Asat at the lower and higher Tear, and over-estimated

assimilation at optimal temperature (A°P!) (Fig. 3.4B). For T13, A%} was also over-estimated and
predicted values at low Tiear Were underestimated, but the higher discrepancy between simulated

and observed values was the over-estimation of Top: (Fig 3.4A).

For all growth temperatures, the predictions using or not the measured gs as an input did not differ.
Even for larger range of measured stomatal conductance (from 50 pumol m=2 s in T13 to more than
1000 umol m2 s in T28) (Fig 3.4D and 3.3B), the model predicted that stomata did not limit the
assimilation responses to temperature. Calculated gs response to temperature followed a bell shape
curve for every Tgrowth, Similarly to the responses of assimilation. The calculated gs was always lower

than the measured values for all treatments at low Tiear, but reached the observed values for 723
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and T33 at higher Tiear (Fig 3.4 E to F). At T13, Simulated gs values were largely above the measured
values at higher Tieaf (Fig 3.4 D).

Overall, the fact that the predicted Asat values did not differ between the two options, despite this
large difference between calculated and measured gs indicated that gs was probably not limiting in

these conditions.

3. The model does not simulate the rise of assimilation capacities with
plant development

Assimilation capacities increased with plant development in all tested environmental conditions
(see chapter 2). We compared the observations of As.t for treatment 23HL (Tgrowth = 23/19°C) with
simulations of the model. Njeos was optimized for each Tgrowth based on the response of Asa: of leaf 5
to temperature and was considered constant regardless of leaf number or plant age. The model
predicted a constant As:: regardless of plant age and was therefore not able to describe the

ontogenic changes of Ag: (Fig 3.5).

It resulted that simulated Asat values were closer to the detrended Asat values (see chapter 2 for
more detail) than to the raw values (Fig. 3.5). Hereafter, for comparing simulated and observed time

courses of assimilation, we use therefore the detrended Asst values.

4. The current model is able to simulate the quick change of assimilation
capacities to a rapid change of growth temperature but not the long
term acclimation to growth temperature.

Results from Chapter 2 highlighted a quick acclimation of As: to a change of Tgrowth, regardless the
considered change of temperature, from 8/4°C to 33/29°C, and the direction of variation. We tested
if the model was able to simulate these observed rapid changes. Here, we used only the results from
the third experiment presented in Chapter 2 since it presented the most important number of
measurements over time, with the two directions of temperature variation. In this experiment,
plants were grown at either 13/9°C (treatment 13LL) or 23/19°C (23HL). Half of the plants of each

treatment were swapped between the two Tgrowth at Haun Stage = 3.5 (leaf 4 reaching half of the
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length of the leaf 3), resulting in treatment 13LL.23HL and 23HL.13LL. We hypothesized that Nieqs
acclimated to Tgowth for leaf at least partially developed at the new Tgowth. Therefore, for
simulations, Nieqs values of transferred plants were considered unchanged for leaf 3 (i.e the value
was the one optimized for the Tgrowth before the transfer). For leaf 4 and 5, the considered Njeos Was

the one optimized for the new Tgrowth.

The observed values of Ast acclimated in less than a few hours, regardless the direction of variation.
The model was able to predict this quick change of Asat, with Asat immediately reaching Asat predicted
for plants fully grown in the new Tgrowth (Fig. 3.6A and B). However, as seen in figure 3.2C, the
simulated Asat at Tgrowth Was under-estimated, especially for Tgrowth = 13/9°C. Thus, the model was
predicting a quick acclimation of Asat, but values diverged from observed Asat values (Fig. 3.6A and

B).

Overall, the model simulated a rapid change of assimilation capacity with a change of temperature,
as that observed in Chapter 2. Since no effect of Tgrowth is accounted in the used model except
through Nieg, and considering that the quick change was predicted immediately after the change
(so when Niegr was still considered unchanged), we can say that this quick change of assimilation was
due to the direct effect of temperature on metabolism and was not due to acclimation. But long
term predicted values were far from those observed. As observed with A/T curves at different
Terowth, this model is not able to simulate the real acclimation process, i.e, a long-term change in Asat
due to new growth temperature. The model simulate the quick change of assimilation, but do not

simulate acclimation to long-term temperature.

5. Simulation of assimilation capacities shows that stomatal conductance
does not drive the acclimation of assimilation capacities to a change
of growth temperature

Our measured data also showed different responses of gs to a change of Tgrowth, With gs of plants
transferred from cold to warm slowly acclimating to reach the value of plant fully grown in the new
growth condition (more than 100°Cd) (Fig 3.6C), while gs of plants transferred from warm to cold
immediately dropped to a lower value than plants fully grown in the new growth condition (Fig

3.6D). We hypothesized that two processes drive the changes of Asat with a change of Tgrowth; One






driven by the response of photosynthesis metabolism to temperature, and another by the response
of stomatal conductance to temperature. This hypothesis was tested by simulating As: first with the
measured gs, then with an imposed gs of 500 pmol m2 s, and finally without inquiring gs as input
of the model. All three sets of simulations resulted in similar Asa: values (Fig. 3.6A and B). Calculated
gs were lower than the observation, especially for Tgrowth = 23/19°C (Fig 3.6C and D) in which the
calculated gs was more than two times lower than the measured gs. It indicated that gs probably did

not limit Asa: after these changes of temperature.

V. Discussion

1. Using a photosynthesis model allowed to test hypotheses about
assimilation capacities response to temperature

a. Stomatal conductance did not drive the response of assimilation capacities to leaf
temperature

The close correlation between gs and Asa: makes difficult to uncorrelate one from another in
experimental conditions (Nijs et al., 1997; Del Pozo et al., 2005). However, to be able to understand
the mechanisms driving the responses of assimilation capacities to temperature and to temperature
change, it was important to estimate the impact of gs on assimilation. Ecophysiological models are
a great tool to estimate the impact of a processes or an environmental condition on other processes
(Ball et al., 1987; Bernacchi et al., 2013). Here, using a photosynthesis model combined with a
diffusional model developed by Yin and Struik (2009), we showed that the observed changes of A/T
with Tgrowth Were probably not constrained by gs. The observed results are therefore probably the
result of the direct effect of temperature on enzyme activity, especially Rubisco (Medlyn et al., 2002;

Bernacchi et al., 2003; Hikosaka et al., 2006).

b. Quick acclimation to a change in growth temperature is due to the effect of
temperature on metabolism

Results from Chapter 2 on the responses of assimilation capacities to a change of Tgrowth revealed

two possible underlying processes of acclimation of photosynthesis to temperature: a control of Agat

when temperature decreased triggered by a decrease of gs, and an increase of Asat with increasing

temperature controlled by the temperature-enhanced metabolism. Here we first show that this






quick acclimation can be described by the current model, independently from the stomatal
conductance. Since these results were obtained at saturating light, this indicates that the response
of assimilation capacities to a change of Tgrowth Was here again a result of the effect of temperature
on the metabolism. However, it also indicated that the model could not explain the effects of long-
term temperature, and that a probable acclimation of Vcmax to growth temperature needs to be

taken into account.

Overall, these results confirm that the temperature-driven metabolism is the major underlying
process of photosynthesis response to temperature, as it was already exposed by Law and Crafts-

Brandner (1999); or Hikosaka et al. (2006).

2. Improving model simulation of the response of assimilation capacities
to the temperature

The simulation of the response of Asat to leaf temperature for wheat plants grown at different Tgrowth
did not reflect the observed acclimation of Tept. Thus, this acclimation of A/T to Tgrowth is a well-
recognized behavior among plant species (Yamori et al., 2013; Zaka et al., 2016). Models need to

better take into account this acclimation to be more performant.

In the model used here, the only effect of Tgrowth On assimilation capacities prediction was through
the optimization of Nieas to Tgrowth. Adapting Nieqs allowed modifying Jmaxzs and Vcmaxes according to
the growth temperature. But the general shape of the Vcmax and Jmax response to temperature were
not modified. However, Vcmax response to temperature has already been shown to depend on Tgrowth
especially through a modification of the curvature of the Kmc and Kmo relation to temperature
(Kattge and Knorr, 2007). Including an effect of Tgowth On the estimation of this variable could help

improving the A/T acclimation to Tgrowth.

Another solution was recently proposed by Yin et al., (2018) with a more mechanistic approach. This
study is based on the reallocation of leaf nitrogen among photosynthetic protein (chlorophyll,
electron transport system, Rubisco...) in response to an environmental change. They found that the
optimal nitrogen partitioning involves a great investment in Rubisco under environment limiting the
metabolism (e.g. low temperature), and to the opposite, the nitrogen partitioning was more
directed to the chlorophyll when the energy supply was limiting (low light). This method allows

predicting the rise of Topt With Tgrowth.






3. The considered time scale reveals different needs on the
consideration of acclimation assimilation capacities to temperature

When assimilation response to temperature is studied at the minute time scale, it presents different
Toptand A;’;’f according to the growth temperature. The model was not able to predict such changes.
However, the model predicted that assimilation capacities reached final values in a few hours only,
as observed experimentally. This indicated that even if the model was not able to predict the
responses of assimilation capacities to temperature change at a minute time-scale, it was sufficient
to predict the observed change in assimilation capacities response to temperature changes at a
several hours’ time-scale. Thus, considering acclimation in models might not necessarily improve
their predictions. We make the conclusion here that the higher the considered time-scale is, the less
photosynthesis models need to be precise on their differentiation between leaf and growth
temperature. The importance of choosing an appropriate time step for the prediction of assimilation
capacities response to environment changes was also raised by Yin et al. (2018). Kirschbaum et al.
(1997) showed a Rubisco-related activity change of 40 min, which could be a good basis to consider

the full acclimation of assimilation capacities to temperature.

VI. Conclusion

The use of a FvCB —derived model combine with a diffusional model allows us to answer the question
rise in Chapter 2. We thus determined that: i) gs is not limiting the assimilation response to short-
and long-term change in temperature; ii) metabolism-related response to temperature is the
underlying processes of assimilation capacities response to temperature. It also allow to highlight
the need of considering several time scale of temperature in assimilation and its underlying

processes response to temperature to improve photosynthesis model predictions.






General discussion







The aim of my thesis was to improve crop model predictions by relying on less-empirical equations
and by incorporating the effect of thermal history on plant processes. For both the effects of
temperature changes on leaf appearance rate and carbon assimilation, we first used an
experimental approach to build an ecophysiological hypothesis. Then this hypothesis was
challenged with the use of a model. Overall, this work brings new knowledges on plant responses
to short and long-term changes of temperature. The hypothesis of carbon-driven leaf appearance
rate was experimentally studied in Chapter 1 and used to improve a crop model evaluated in
various field conditions. In Chapter 2, an experimental approach was built to study carbon
assimilation response to long and short term changes of temperature. Based on this experimental
work, several hypotheses were formulated and tested by simulation using a Farquahr-von
Cammerer-Berry (FvCB) type model (Chapter 3). In this last chapter of this thesis, | summarize the

main findings of this work and then propose some perspectives for crop model improvement.

|. Leaf appearance rate is carbon limited

One of the major results of this thesis is the demonstration of a carbon limitation of leaf
appearance rate in wheat. Since the source and sink processes linked to the hypothesis of carbon-
limited development rate are common to all plants, we could hypothesize that this model can be
generalized to other species. For instance, evidences of the effect of irradiance, temperature and
plant density on leaf appearance rate have been reported for maize (Birch et al., 1998; Bos et al.,

2000) and sorghum (Clerget et al., 2008).

The hypothesis of a carbon limitation may also apply for other plant development processes,
which could be modelled with a formalism similar to that proposed in Chapter 2 for leaf
appearance rate. For instance, tillering in sorghum has been shown to depend on internal plant
competition for assimilates (Kim et al., 2010). The experimental approach used in this work with a
factorial of environmental constraints to analyze leaf appearance rate could be adapted to analyze
the environmental, developmental and trophic controls of the timing and rate of tiller appearance

or senescence.

Our model of leaf appearance rate is closer to the underlying biological processes compared with

simplistic linear models or models that consider empirical relationships between Haun stages






and/or the latitude and sowing date and the rate of leaf appearance (such as the model
SiriusQuality before my thesis). Among the 15 wheat genotypes studied here, the intercept of the
relationship between leaf appearance rate and photothermal coefficient was significantly different but
not the slope. In our study, the other parameters of the model were considered constant and the
values determined in control conditions were used to model leaf appearance rate in the field for both
winter and spring cultivars. Further work is required to quantify the genetic variability of all
parameters of the model. This step will be important to study the genetic mechanisms of leaf

appearance rate but also to parametrize the model for new genotypes.

Il.  The fast change of photosynthesis after a change of
growth temperature is driven by metabolism

This work precisely describes several responses of carbon assimilation to temperature. We
distinguished several time-steps for the response of carbon assimilation to temperature. The first
one is the response of assimilation to instantaneous temperature. The change of temperature is
here at a minute time-scale, and the response is considered non-acclimated. Another response
follows a change of growth temperature. Our results show that a change in growth temperature
triggers a change of assimilation capacities within a few hours, with the new assimilation
immediately reaching values of plants fully grown at the new temperature. This response to an
hour time-step change in temperature are so not considered as acclimation per se, but as a direct
effect of temperature on the underlying processes. Finally, there is an acclimation of assimilation
to longer term changes of temperature, meaning the assimilation of plant fully grown or grown

after long-term changes at contrasted temperature.

We confirmed the existence of an acclimation of the short-term response of assimilation to
temperature, with a modification of optimum temperature (Topt) and assimilation at this
temperature (Af,%tt) over a large range of growth temperature (Tgrowth). The relation between Topt
and Tgrowth was linear but the increase of Topt When Tgrowth increased was less important than
previously reported for other C3 species (Yamori et al., 2003). Finally, we showed that the

response of wheat plants to changes of temperature changed within a few hours.






Our experimental data and simulations using a FvCB-type model demonstrated that the short-term
(non-acclimated) response of Asatto temperature is not constrained by gs, nor is Asat response to a
change of Tgrowth. We concluded that Asat response to temperature is mainly driven by the direct effect
of temperature on metabolism. These results thus indicate that including acclimation response of Asat
response to temperature to Tgrowth could improve photosynthesis model predictions (Thornley, 1998;

Smith and Dukes, 2013; Perdomo et al., 2016; Stinziano et al., 2018; Yin et al., 2018).

In the model used in Chapter 3, the only considered impact of Tgrowth was through a modification of
Nieaf with Tgrowth, resulting in an insufficient acclimation of Asatopt. Yin et al (2018) proposed that Niear
allocation between underlying processes of photosynthesis was modified by an environmental change.
The proposed model was able to predict the acclimation of Asat response to temperature to Tgrowth.
Another solution has been proposed by Kaggde and Knorr (2007) with an empirical modification of
Vcmax and Jmax response to temperature with Tgrowth. A further work would be to evaluate the
acclimation of Vcmaxand Jmax proposed by Kaggde and Knorr (2007) in the model used in this work.
However, these authors considered Tgrowth as the mean temperature over the last 30 days, while our
work highlights an acclimation of Asatto Tgrowth within a few hours. Overall, the time step to consider in

order to represent changes of Tgrowth needs to be tested in further model simulations.

IIl.  The time scale to consider when studying responses to
temperature depends on the studied process

Including acclimation responses to temperature in crop growth models implies a memory of the
previous temperatures as well as a consideration of the immediate temperature to modulate plant
responses, especially carbon assimilation. Indeed, a distinction needs to be made between the growth
temperature and the instantaneous temperature. In control conditions, the growth temperature is
generally stable over time, with usually a unique variation of temperature between day and night
(Bunce, 1985). Thus, Tgrowth is considered as the mean day time temperature, and the instantaneous
temperature is the temperature recorded during specific measurements (e.g. recorded temperature
during Asat/Tieaf measurements). This distinction becomes more complex when working in field
conditions, where the temperature naturally varies within hours and between days. Thus, a unique

value for Tgrowth is perhaps not relevant and a more complex approach is probably needed.






In the case of leaf appearance rate, we observed a modification of the leaf appearance rate to a
change of growth condition within 70°Cd (see Chapter 1). This experimentally observed time-window
was successfully used to model LAR in field conditions. By contrast, when studying the response of
assimilation to a change of Tgrowth, acclimation was observed within a few hours only. A shorter time
window seems to be needed here. Since this acclimation seems to be a direct response of the
metabolism, a 40 min time window based on the Rubisco-related activity could be used as suggested
by Yin et al., (2018). However, crop models generally calculate photosynthesis at an hour time-step.
Considering that a change of Asetin response to a change of Tgrowth happens within this time step,
including a differentiation of the growth and the instantaneous temperature in crop models may not
improve their prediction. In this case, considering a unique fully acclimated assimilation response to
Tgrowth may be enough. However, when working at a finer time-scale, mean temperature over a 40 min
time window could be assimilated to Tgrowth, while changes of temperature over a few minutes could
be considered as the instantaneous temperature. This distinction could allow incorporating the
acclimation of Asat/Tieaf to Tgrowth and thus include a finer estimation of carbon assimilation in crop

models (Smith and Dukes, 2013).

Overall, differencing growth temperature from instantaneous temperature presents a good solution to
model acclimation of Asat/Tieafto Tgrowth that could improve small time-step model predictions.
However, when working with hour time-scaled models, the differentiation might not be useful, and a
general fully acclimated response of assimilation to Tgrowth might be enough to ensure good

predictions.

IV. From empiric to mechanistic models through
improvement of biological knowledge

Empirical models directly translate observed relations in equations while mechanistic models are
based on the underlying mechanisms driving the observed relations. In various domains, both types of
models have been shown to have similar results in some situations (Amphlett et al., 1995 in cellular
modelling; Strayer et al., 2003 in ecosystem modeling; Dunne et al., 2005 in ocean biology modelling).
However, empiricism often constrains the range of situations for which models can be used. For
instance, the use of thermal time to model leaf appearance rate only accounts for the effect of

temperature (Jamieson et al., 1995). Effects of other environmental variables such as photoperiod,






plant density or irradiance can be added by combining empirical models, but this results in complex
models difficult to parametrize (Miglietta, 1991; Bindi et al., 1995; Gauch et al., 2003). By representing
the underlying mechanisms, parameters of mechanistic models have a much clearer biological
meaning and can often be measured. Mechanistic models are thus often easier to calibrate than
empirical models. In this work, the parameters of the leaf appearance rate model measured in
controlled conditions were used to model wheat crops in fluctuating conditions in the field in Arizona,
USA and in Canterbury, New-Zealand. Such an understanding of mechanisms also allows using the
model for complex questions such as the prediction of plant behavior in contrasted climates, non
reproducible in experimental conditions, or to uncorrelate two linked plant processes as it was done in

Chapter 2 with a coupled mechanistic photosynthesis-diffusional model.

For all these reasons, we need to build models closer to our understanding of biological processes. This
implies a better understanding of these processes, going through an analysis of experimental results in
various conditions. A special attention must be paid to build protocols specific to the question asked.
These protocols should be reproducible to be able to go deeper or to cross-analyze different
researches to improve our knowledge (Way and Yamori, 2014). For example, in this study we
developed a standardized protocol to study acclimation response to temperature and a special
attention has been paid to leaf appearance rate to get rid of potential confounding effects. This
protocol is based on easily measurable traits and can be applied in many growth conditions and was
used in different types of growth chambers. The produced data provided results on the underlying

processes that can be used to improve crop growth models.

V. Further questions to improve temperature responses in
crop growth models

Many questions are still remaining to understand plant processes response and acclimation to
temperature. Future experiments should consider the impact of the development stage at which
temperature is modified. Indeed, temperature was reported to have different impact on crop
performances depending on the development stage (Al-Khatib and Paulsen, 1990; Asseng et al., 2011).
This, combined with the modified source/sink relation during plant development highlighted in
Chapter 1, support the importance of the development stage on responses to temperature. Another

major acclimating process that need to be considered in model is the respiration(Atkin and Tjoelker,






2003; Crous et al., 2011; Peraudeau et al., 2015). Studying respiration acclimation and response to
temperature following the protocol exposed in this work could reveal new clues for modelling

respiration acclimation.

In conclusion, this work provides a new vision for working on acclimation of plant processes to
temperature. It gave new insights for including Asat acclimation to temperature in models. It also
presents a new mechanistic and robust model to simulate wheat development rate in a large range of
conditions. Crop model consideration of responses to temperature still needs to be improved to
ensure the goodness of their prediction. To achieve this, a better understanding of underlying plant

processes is needed, and crop modelling needs to more rely on biological knowledge.
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