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Abstract

Acclimation of leaf photosynthetic traits to fluctuating environments is a key mechanism to maximize
fitness. Constant tracking of light environments is crucial for species with continuously leaf-forming
nature, such as greenhouse cucumber (Cucumis sativus L.). To capture the acclimation dynamics, we
propose that light interception and leaf ontogeny shape the acclimation processes through nitrogen
investment in light capture and utilization functions, which determines the rate-limiting step in the
photosynthetic machinery. Based on this concept, a dynamic model of protein turnover (synthesis and
degradation) was implemented to simulate nitrogen investment in three photosynthetically functional
pools depending on light, nitrogen supply and leaf age, in conjunction with a 1D light model using
multilayer model (MLM) and a 3D light model using a functional-structural model (FSM). The light
dependency of protein synthesis was able to explain the photosynthetic acclimatory response to
fluctuating light, and to predict canopy photosynthesis with comparable accurracy using either the
MLM or the FSM. Using the MLM, the degree of optimality of photosynthetic nitrogen use for
maximizing daily canopy photosynthesis was quantified by manipulating the protein synthesis rates.
Photosynthetic nitrogen distribution between leaves was found optimal in the greenhouse cultivar
Aramon, except that canopy photosynthesis could be improved by enhanced acropetal reallocation
under nitrogen-limiting conditions. Photosynthetic nitrogen partitioning within induvidual leaves was
optimal for the cultivar Aramon but not for the field cultivar SC-50 when grown in a single-stem
structure, probably due to the coordination of function with structure developed during breeding. In
contrast to Aramon, SC-50 has less total photosynthetic nitrogen but a partitioning strategy more
sensitive to light. The proposed modelling framework provides an interpretation for acclimatory
mechanisms under fluctuating light, and enables in silico manipulations and tests of photosynthetic

acclimation in heterogeneous canopies. Possible extensions to the framework are also discussed.

Keywords: Canopy light interception, light fluctuation, modelling, nitrogen distribution, nitrogen

partitioning, photosynthetic acclimation



Kurzzusammenfassung

Die Akklimatisierung der photosynthetischen Eigenschaften der Blatter an schwankende
Umgebungen ist ein Schllsselmechanismus zur Maximierung der Fitness der Pflanze. Die
Wahrnehmung der Lichtumgebung ist entscheidend flr Arten mit kontinuierlicher Blattbildung, wie z.
B. die Gewachshausgurke (Cucumis sativus L.). Um die Akklimatisierungsdynamik zu erfassen, wird
angenommen, dass die Lichtinterzeption und die Ontogenese des Blattes die
Akklimatisierungsprozesse pragen. Durch die Stickstoffinvestition in die Lichtaufnahme- und
Lichtnutzungsfunktionen wird der ratenlimitierende Schritt in der photosynthetischen Maschinerie
bestimmt. Basierend auf diesem Konzept wurde ein dynamisches Modell des Proteinumsatzes
(Synthese und Abbau) implementiert. Die Stickstoffinvestition in drei photosynthetisch funktionelle
Pools wurde in Abh&ngigkeit von Licht, Stickstoffversorgung und Blattalter simuliert mittels eines
1D-Lichtmodells (Multilayer-Modell, MLM) und eines 3D-Lichtmodells (funktionell-strukturelles
Modell, FSM). Mit der Lichtabhéngigkeit der Proteinsynthese war die photosynthetische
Akklimatisationsreaktion auf schwankendes Licht zu erkldaren und die Bestandesphotosynthese mit
vergleichbarer Genauigkeit sowohl mit dem MLM als auch dem FSM vorherzusagen. Unter
Verwendung des MLM wurde die Optimalitat der photosynthetischen Stickstoffnutzung zur
Maximierung der tdglichen Bestandesphotosynthese durch Manipulation der Proteinsyntheseraten
guantifiziert. Die photosynthetische Stickstoffverteilung zwischen den Blattern erwies sich bei der
Gewaéchshaussorte ,,Aramon“ als optimal, mit der Ausnahme, dass die Bestandesphotosynthese durch
eine verstéarkte akropetale Reallokation unter stickstofflimitierenden Bedingungen verbessert werden
konnte. Die photosynthetische Stickstoffpartitionierung innerhalb des einzelnen Blattes war fiir die
Sorte ,,Aramon*“ optimal, aber nicht fiir die Freilandsorte ,,SC-50°, wenn sie in einer
Einzelstammstruktur angebaut wurde, was wahrscheinlich auf die wahrend der Ziichtung entwickelte
Koordination von Funktion und Struktur zurlickzufuhren ist. Im Gegensatz zu ,,Aramon“ hat ,,SC-
50 weniger photosynthetischen Gesamtstickstoff, doch daflir eine lichtempfindlichere
Partitionierungsstrategie. Der vorgeschlagene Modellierungsrahmen liefert eine Interpretation fur
Akklimatisierungsmechanismen unter schwankendem Licht und ermdglicht In-silico-Manipulationen
und -Tests der photosynthetischen Akklimatisierung in heterogenen Pflanzenbestdnden. Mdgliche

Erweiterungen des Modellierungsranmens werden diskutiert.

Schlagworter: Bestandeslichtaufnahme, Lichtschwankung, Modellierung, Stickstoffverteilung,

Stickstoffpartitionierung, photosynthetische Akklimatisierung

il



List of tables

Table 2-1.
Table 2-2.
Table 2-3.
Table 2-4.
Table 2-5.
Table 3-1.
Table 3-2.
Table 3-3.
Table 3-4.

Table 5-1.
Table 5-2.

Table 5-3.

Table 6-1.

Table 6-2.

Labeling of variables in the output file from portable photosynthesis systems «-«---------. 11
Column name, description and unit used in the gas exchange data file -+« ovoeveeennnn 12
Column name, description and unit used in the harvest data file «--«--«-cvovvevvnininnnnn. 13
Column name, description and unit used in the greenhouse environmental data file ------ 16
Column name, description and unit used in the greenhouse plant structural data file ----- 18
List of coefficients used in the protein turnover model -« -« -ovvevernenii, 35
List of model input and OUtPUL Variables «««««+rreererernnmiii 35
List OF MOTE] COBTRICIENTS ««+ v+ e erererernenenenaneneneneneneneneneeneeneneneneaeananananananns 37
Increase in the daily canopy carbon assimilation by optimized photosynthetic nitrogen

distribution or partitioning under various daily photosynthetic photon integrals -------- 53
Overview of climate conditions and growth period in the five greenhouse experiments --74

Canopy configurations of arrangement, plant density and distances between rows and
between plants in the five greenhouse eXPeriments «« -« -« vevererninis 75

Predictive quality of light models using simple Beer-Lambert equation and using ray
tracing in hour|y Steps ........................................................................... 91

Variety-specific coefficients determining architectural characteristics of cucumber
cultivars Aramon and SC-50 «cvrerrmriritii i i e 105

Variety-specific coefficients determining functional acclimation of cucumber cultivars
AramonN AN SC-50 «c v vvrrrenremeataaa et ta s a st e 112

il



List of figures

Figure 2-1. Raising seedlings and setup of growth chamber experiment -« -« ovoeveveriiinnns 10
Figure 2-2. Format of gas exchange data file «««««««« - eeerrrrrrmmmiiii 12
Figure 2-3. Format of harvest data file ««««««««««xxeemmrreeriiiiiiii 13
Figure 2-4. Format of greenhouse environmental data file «««« -« oerverinmmi, 16
Figure 2-5. Format of greenhouse plant structural data file ««-«-voeveveinni, 18
Figure 2-6. Configurations for extracting leaf area and elevation angle from digitized data ---------- 18
Figure 2-7. Overview of R script 1 for data processing «««-««««««seeeerensmeemmmnniie, 20
Figure 2-8. Format of processed data file output from R SCrIpt 1 - «--cveereeremrmmiiiiins 23
Figure 2-9. Overview of R script 2 for model parameterization -« -« -« oevvvviiii 23
Figure 2-10. Format of parameterization result file output from R SCript 2 -+« vvvevevrviinnnninns 25
Figure 2-11. Overview of R script 3 for simulation and in SiliCO test <+« -« «vevvevevierieniiiinss 26
Figure 2-12. Example results of percentage change in daily canopy carbon assimilation during
daytime with various values of photosynthetic nitrogen distribution factor fq ----------- 28
Figure 2-13. Example results of percentage change in daily canopy carbon assimilation during
daytime with various values of photosynthetic nitrogen partitioning factor f,x ---------- 29
Figure 3-1. Simulated effects of daily light interception and nitrogen supply level in the nutrient
solutionon maximum protein SYNthesis rate «««««««« rreeerrrerinrm, 45
Figure 3-2. Comparisons between simulated and observed leaf photosynthetic parameters «--------- 47

Figure 3-3. Comparisons of leaf photosynthetic nitrogen, partitioning fractions between high and low
nitrogen supply and between high and low light conditions ««« -« «veveerienennnnn. 48

Figure 3-4. Leaf photosynthetic nitrogen distributions along the canopy depth characterized by leaf
ALRA TNUEX v v v e e e ettt it ettt e 50

Figure 3-5. Effects of photosynthetic nitrogen distributions with different values of f; on daily canopy
carbon assimilation under different daily photosynthetic photon integrals-«--«--+-------- 51

Figure 3-6. Increase in daily canopy carbon assimilation by optimizing photosynthetic nitrogen
partitioning for different growth conditions under various daily photosynthetic photon
integra|s .......................................................................................... 52

Figure 3-7. Ratio between optimal and control partitioning fractions, and contributions of daily leaf
carbon assimilation to the daily canopy carbon assimilation increase by optimal
partitioning under 200% average daily photon integral during acclimation--------------- 54

Figure 3-8. Ratio between optimal and control partitioning fractions, and contributions of daily leaf
carbon assimilation to the daily canopy carbon assimilation increase by optimal
partitioning under 50% average daily photon integral during acclimation --«--«--v------ 55

Figure 4-1. The response curves of photosynthetic protein synthesis rate to photosynthetically active
FAOTALION v v v v e e e ettt et it a s a e e 61

Figure 4-2. The effects of natural diurnal fluctuation on photosynthetic protein abundance ---------- 63

iv



Figure 5-1.

Figure 5-2.

Figure 5-3.

Figure 5-4.

Figure 5-5.

Figure 5-6.

Figure 5-7.

Figure 5-8.

Figure 5-9.

Figure 6-1.

Figure 6-2.

Figure 6-3.

Figure 6-4.

Figure 6-5.

Figure 6-6.

Figure 6-7.

Figure 6-8.

Figure 7-1.

Diagram of model data flow of the dynamic plant model of greenhouse cucumber using
light models, the Beer-Lambert equation or ray traCing ««««««-«-eoevereveinnnene. 72

Processes of establishing the relationship between light extinction coefficient and leaf
area index using ray tracing, and evaluating this relationship using the Beer-Lambert
equation ............................................................................................ 73

Virtual canopy and light model in the dynamic plant model using ray tracing «---------- 80

Simulated relationship between light extinction coefficient and leaf area index of the
canopies under scenarios of different plant densities and row distances «««-««-««-evenen 84

Simulated minimal light extinction coefficient under various canopy configurations-----86

Comparison of simulated light conditions at leaf level using different light models and
time resolutions. The models compared were the Beer-Lambert equation and ray tracing
in da||y Steps or houriy Steps ................................................................... 87

Comparison of simulated light conditions at leaf level using different light models and
time resolutions. The models compared were the Beer-Lambert equation and ray tracing
in daily Steps OF NOUFIY SEEPS =+ -+vxrrrrrrnnerineei et 89

Model evaluation by comparing simulated shoot dry matter to measured data «----------- 90

Effect of light extinction coefficient on accuracy of predicting leaf photosynthetic
acclimation and plant dry matter by the Beer-Lambert equation «-«--«-« ovoeveeeennnn. 93

Appearance of actual and virtual cucumber plants and reconstructed scene in software
LT 0 ] 1L 102

Leaf area index above a given leaf and its elevation angle as dependent on leaf age of
cucumber cultivars Aramon and SC-50 ««««eeeerrrrererrritareeriiiee i, 110

Relationship between light extinction coefficient and canopy leaf area index of cucumber
cultivars Aramon and SC-50 estimated using static 3D virtual canopies «-:--«-:------- 111

Measured photosynthetic nitrogen and its partitioning fractions in leaves at different ages
of cucumber cultivars Aramon and SC-50 under different daily incident light and
nitrogen Suppiy ................................................................................. 113

Simulated light acclimation of photosynthetic nitrogen in cucumber cultivars Aramon and
L@ 0 115

Simulated optimality and flexibility of functional acclimation strategy of cucumber
cultivars Aramon and SC-50 under various incident daily photon integrals «---«------- 116

Simulated effect of coordination between architecture characteristics and functional
acclimation strategy of cucumber cultivars Aramon and SC-50 on daytime carbon
assimiiation ..................................................................................... 118

Simulated coordination of optimal relative photosynthetic nitrogen synthesis rate with leaf
angie and intercepted daiiy photon integrai ................................................ 120

Structure of the proposed models and extensions for further study considering impact of
Changing CNVITONEIMNNTS « v v v rrrrnrraeaaaaa et eatatataisaaaeatataaaasasneatananssnsneannnns 129



Contents

Contents
N 1L = Tod SO SP PR I
KUFZZUSAMMENTASSUNG ...t bbbt b et nre s I
IS 0] 8 7= 0] T USROS ii
ST OF TIQUIES ..ttt sttt et e e e re e sbeenteeneesreenbeaneenrean iv
(00 011=] 0 KO UPUU PO P UTRTPPPOPRTPPRPS Vi
Chapter 1 INTrOTQUCTION ......c.viieiiiete bbb 1
Nitrogen partitioning and photOSYNTNESIS. .........ccveieiiiiiiiiere e 1
Dynamic canopy architecture and light interception ...........c.ccocvvvririeiiiene i 2
Dynamics of photosynthetic nitrogen during leaf lifespan..........ccccooeveiiiinniiniiinns 3
(@] o =T01 Y= PSSR 4
Chapter 2 Modelling approach...........oovciieiiiie i 5
BACKGIOUNG........cviiiiie et e et a et e e esreesreeresnnesreeneeas 6
Materials and REAGENTS........cviiieie et e e e e e e 6
0 T o] =T USSR 7
SOTEWAIE ... ettt bbbt bbbt rs 8
e 0Tor T (U USSP 8
DAtA ANAIYSIS ... .c.viciiiiieeie ettt re e r e e ae e e rs 20
Chapter 3 Model parameterization and evaluation ...............cccccveiieiiiicie e 30
[ oo [3Tox 1 o] o ISP 31
Materials and METNOUS........cuiiiieie e e 33
RESUIES <.ttt re e re e e reenee e 44
I3 oW 5] o] S 55
Chapter 4 Impact of fluctuating light on photosynthetic acclimation..............cccccvevvvieiivenns 60
Chapter 5 Comparison between multilayer and functional-structural models........................ 67
100 101 o o SR 68
Materials and MELNOMS ...........coveiiiieie e 70
RESUIES <.ttt re e re e e e nreenee e 83
I3 oW 1] o] S 94

vi



Contents

Chapter 6 Dynamic coordination between function and Structure..........cccceeeveeveereniesnenens 98
[ 00 [V od o] o SR TRP 99
Materials and MELNOMS ...........ooiiiiiieee e 101
RESUIES ..ttt b e ns 109
D oW 5] o] PSPPSR 121

CRAPLET 7 DISCUSSION ...veteiiteste ettt b bbbttt n bbb 126
FULUIE reSEAICN NEEUS ......oviiiiiieiieiee ettt 127

Supplementary MaterialS ..........ccoovieiiiiiiiciece e 132

R EIENICES ...ttt bbbttt b bbb e neas 153

ACKNOWIEAGEMENT ...ttt te et e e e s te e reeneesraenaeas 166

CUITICUIUM VITBE ..ttt ettt sttt bbb e ne e 167

PUBIICALIONS. ...ttt b b bbb e e anes 168

vii



Chapter 1 Introduction

Chapter 1
Introduction

Nitrogen is often a limitation to higher plants due to high demand for the construction of the
photosynthetic machinery in the chloroplasts (Evans and Clarke, 2019). In order to
coordinate photosynthetic capacity with light availability in the canopy, nitrogen
concentration on leaf area basis correlates positively with local irradiance (Field, 1983;
Farquhar, 1989; Hikosaka et al., 1994; Le Roux et al.,, 2001; Johnson et al., 2010;
Trouwborst et al., 2010; Wyka et al., 2012; Hikosaka, 2014; Osada et al., 2014). It was
predicted that whole plant carbon gain could be improved by achieving optimal intra-canopy
nitrogen distribution, under the assumptions that (1) leaf photosynthetic capacity scaled
linearly with nitrogen concentration per unit leaf area (Farquhar, 1989) and that (2) the intra-
canopy light distribution follows the Beer-Lambert equation (Hikosaka, 2014). However, the
facts that photosynthetic capacity is not linearly proportional to local light availability under
high light (Buckley et al., 2013) and that photosynthetic capacity at the lower canopy is
predicted higher than optimum (Townsend et al., 2018) imply that higher nitrogen
reallocation to the top of the canopy is required to overcome sub-optimal coordination.
Explanation for this sub-optimality has not yet been delivered satisfactorily, even after three
decades of experimental and theoretical attempts (Hikosaka, 2016). We proposed that this
discrepancy between observation and prediction should be exampled by modelling approach
incorporating more realism in three aspects. First, photosynthetic capacity depends directly
on the partitioning of nitrogen between light capture and utilization functions that determines
the rate-limiting step in the photosynthetic machinery. Second, due to temporal fluctuation in
light and alteration in canopy architecture, dynamic light interception at leaf level leaves a
trace on acclimation history. Third, acclimation is a continuous dynamic process where

ontogenetic status also plays a role in the capacity of acclimation.

Nitrogen partitioning and photosynthesis

The central parameters in the well-established biochemical model for C; photosynthesis
(FvCB model, Farquhar et al., 1980), i.e., maximal carboxylation rate (V¢max, umol CO; m

s™) and maximal electron transport rate (Jma, pmol e m? s?) as well as absorptance (),
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correlate  with  the investment of nitrogen into  Ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco) carboxylation, electron transport, and light capture
functions in the photosynthetic apparatus, respectively (Yamori et al., 2010; Yamori et al.,
2011a). Since photosynthesis rate is limited by the lower of either Rubisco-limited rate
(under saturating light condition) or RuBP-limited rate (under non-saturating light
conditions) of photosynthesis (Farquhar et al., 1980), photosynthetic nitrogen investment
between functions can result in great variation in photosynthesis for a given leaf nitrogen
concentration. Thus, photosynthetic nitrogen partitioning into fractions of carboxylation (py),
electron transport (p;) and light capture (pc), defined as the proportional nitrogen investment
between these functions to total photosynthetic nitrogen (e.g., Buckley et al., 2013), is crucial
in photosynthetic acclimation for coordination between light capture and utilization in
response to light availability (Terashima and Evans, 1988; Evans, 1989a; Evans and Poorter,
2001; Hikosaka, 2004; Trouwborst et al., 2011; Yamori et al., 2011a). Experimental
observation showed increasing nitrogen partitioning to Rubisco (py) relative to thylakoid
components (p;+pc) was induced by either increasing light intensity or nitrogen availability
(Seemann et al., 1987; Evans, 1989b; Makino and Osmond, 1991; Makino et al., 1992;
Haldimann and Feller, 2005; Yamori et al., 2010). Theoretically, optimal py and p; increase
with increasing irradiance whereas pc decreases (Buckley et al., 2013), and partitioning to
the most limiting function regarding light condition is more crucial for whole plant carbon
gain than nitrogen distribution between leaves (Pons and Anten, 2004).

Dynamic canopy architecture and light interception

Acclimation and optimization of intra-canopy photosynthetic nitrogen distribution to light
has been intensively studied in the past decades (e.g., Werger and Hirose, 1991; Evans,
1993b; Anten et al., 1995; Anten et al., 1998; Dreccer et al., 2000; Hikosaka, 2003; Wang et
al., 2012). These studies were based on the assumptions that light intensity decreases with
canopy depth following Beer’s law (Monsi and Saeki, 2005), and that local light at a given
canopy depth is homogeneous. Photosynthetically active radiation, as the energy source for
photosynthetic biochemistry, varies considerably in the vertical profile of a plant canopy (Le
Roux et al., 2001; Monsi and Saeki, 2005; Trouwborst et al., 2010; Wiechers et al., 2011b;
Niinemets et al., 2015), especially for continuously leaf-forming and vertically trained
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species, e.g., cucumber plants in greenhouse cultivation (Wiechers et al., 2011b). In the
canopy, individual leaves experience fluctuating light environments due to (1) self-shading
related to spatial variation in plant architecture by successively developing leaves (Kaiser et
al., 2018a), (2) inter-plant shading related to planting density and orientation and (3)
temporal variation in radiation and solar angle. Recently, the impact of light fluctuation on
photosynthetic acclimation has been experimentally demonstrated, showing a significant
decrease in Jmax and o under fluctuating light in comparison to constant light environment
(Vialet-Chabrand et al., 2017b). Thus, to study interactions between light environment and
light-related physiological processes at canopy level, canopy configuration and dynamics of
plant architecture should be considered. In this regard, functional-structural models (FSM;
review see Vos et al., 2010) can be a powerful and heuristic tool for examining plant-
environment interaction (Louarn and Song, 2020).

Dynamics of photosynthetic nitrogen during leaf lifespan

Steady-state of photosynthetic nitrogen partitioning in the leaf is the result of the complex
interplay between exogenous signals and endogenous processes. The current physiological
properties of a leaf in the canopy should be considered as the consequence of the
environmental history (Anten et al., 1998; Niinemets et al., 2006; Wang et al., 2012; Kaiser
et al., 2018a) and the evolution of leaf traits with age during development (Irving and
Robinson, 2006). The acclimation mechanisms are different throughout leaf lifespan with
respect to structural modification, gene expression and protein metabolism (Murchie et al.,
2005). These age-dependent modifications are often ignored when modelling whole plant
carbon assimilation by scaling up from leaf to canopy level (Niinemets, 2007), which may
result in an overestimation of canopy assimilation by assuming all leaves are at mature stage.
In cereal canopies, the evolution of Rubisco content with leaf age has been empirically
described by a log-normal function (Irving and Robinson, 2006), which agrees with
experimental observations of photosynthetic proteins and capacities during ageing (Hidema
et al., 1991, 1992; Schultz, 2003; Lombardozzi et al., 2012). This empirical model elegantly
depicts not only the dynamic change of the photosynthetic variables during leaf lifespan but
also the turnover of nitrogen components. Protein turnover, the outcome of simultaneous

degradation and synthesis of proteins (Li et al., 2017), is essential during acclimation to
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adjust protein level according to environmental signals. Based on this concept, Thornley
(1998) proposed a mechanistic model describing the dynamics of photosynthetic acclimation
at leaf level. By revising this model, we are able to describe environment-dependent rates of
protein turnover for different photosynthetic components, i.e., Rubisco, electron transport

and chlorophyll during leaf lifespan.

Objectives

This thesis aims at understanding the partitioning of nitrogen associated with photosynthetic
processes within individual leaves (referred to as “photosynthetic nitrogen partitioning”) and
the distribution of photosynthetic nitrogen between leaves in a plant (referred to as
“photosynthetic nitrogen distribution”) as an outcome of acclimation to environments.
Cucumber plants were selected as model crop in this work due to their high degree of
heterogeneity in intra-canopy light distribution. Both multilayer model and FSM of dynamic
canopy architecture combining a mechanistic model for photosynthetic acclimation were

developed to achieve the following objectives:

1) establishing a multilayer modelling approach to upscale from photosynthetic
acclimation at leaf level to carbon assimilation at canopy level for quantifying degree
of optimality of photosynthetic nitrogen distribution and partitioning (chapter 2);

2) parameterizing and evaluating the multilayer model using a greenhouse cucumber
variety and quantifying the effects of light regime and nitrogen supply on the degree
of optimality of photosynthetic nitrogen distribution and partitioning (chapter 3);

3) quantifying the impact of fluctuating light on photosynthetic acclimation
systematically using the multilayer model parameterized in chapter 2 (chapter 4);

4) comparing the predictive power in photosynthetic acclimation and productivity of
applying multilayer model and FSM of canopy architecture (chapter 5).

5) analyzing the coordination of photosynthetic acclimation strategy with architectures
by comparing two cucumber varieties exhibiting contrasting architectural

characteristics following the multilayer model parameterized in chapter 2 (chapter 6);

Each chapter focuses on a step towards the quantification of the interaction between
photosynthetic acclimation and intra-canopy light environment. All of them can also be read
individually.
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Chapter 2
Modelling approach

Experiments for in silico evaluation of optimality of photosynthetic nitrogen
distribution and partitioning in the canopy: an example using greenhouse
cucumber plants

Abstract

Acclimation of leaf traits to fluctuating environments is a key mechanism to maximize
fitness. One of the most important strategies in acclimation to changing light is to maintain
efficient utilization of nitrogen in the photosynthetic apparatus by continuous modifications
of between-leaf distribution along the canopy depth and within-leaf partitioning between
photosynthetic functions according to local light availability. Between-leaf nitrogen
distribution has been intensively studied over the last three decades, where proportional
coordination between nitrogen concentration and light gradient was considered optimal in
terms of maximizing canopy photosynthesis, without taking other canopy structural and
physiological factors into account. We proposed a mechanistic model of protein turnover
dynamics in different photosynthetic functions, which can be parameterized using leaves
grown under different levels of constant light. By integrating this dynamic model into a
multilayer canopy model, constructed using data collected from a greenhouse experiment, it
allowed us to test in silico the degree of optimality of photosynthetic nitrogen use for

maximizing canopy carbon assimilation under given light environments.



Chapter 2 Modelling approach

Background

Intra-canopy nitrogen distribution in response to light has been intensively studied (Hirose
and Werger, 1987; Werger and Hirose, 1991; Anten et al., 1995; Dreccer et al., 2000;
Moreau et al., 2012; Hikosaka, 2016) and many studies demonstrated that, although the
actual nitrogen distribution resulted in higher canopy photosynthesis than uniform nitrogen
distribution, it was still suboptimal (Field, 1983; Evans, 1993b; Hollinger, 1996; Hirose et
al., 1997; Meir et al., 2002; Wright et al., 2006; Hikosaka, 2016). This discrepancy between
optimum and reality could, on one hand, be explained by physiological limitations
(Niinemets, 2012; Hikosaka, 2016). On the other hand, it might result from incorrect
predictions by over-simplified models, where the effects of variations in the structural
characteristics on light interception, age-dependent modifications of leaf biochemistry and
photoacclimation in functional nitrogen partitioning were neglected. To incorporate these
factors into the acclimation processes, a mechanistic model based on the concept of protein
turnover (synthesis and degradation) was proposed to simulate the dynamics of
photosynthetic nitrogen in carboxylation, electron transport and light harvesting functions
along the development and ageing of the leaf. Leaf elevation angle and leaf area distribution
in the canopy was measured to construct a multilayer canopy model for simulating more
realistic intra-canopy light distribution, which is used as input for the protein turnover model.
By manipulating the parameters controlling nitrogen distribution and partitioning, it is
possible to quantify the degree of optimality of photosynthetic nitrogen use for maximizing

canopy carbon assimilation in silico.

Materials and Reagents
1. 25-L plastic boxes, as container for hydroponic system
2. Polystyrene foam boards for fixing plants onto plastic boxes

3. Rockwool cubes (10 cm x 10 cm x 6.5 cm), as growth medium in the hydroponic system
(Grodan Delta; Grodan, Roermond, The Netherlands)

4. Rockwool cubes (3.6 cm x 3.6 cm x 4 cm), as seed sowing medium (Grodan A-OK
Starter Plugs; Grodan, Roermond, The Netherlands)

5. Plastic plant support clips
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6. N-P-K fertilizer (Ferty 2 MEGA, Planta, Regenstauf, Germany)

7. P-K fertilizer (Ferty Basisdiinger 1; Planta, Regenstauf, Germany)

8. N fertilizer (YaraLiva Calcinit; Yara, Oslo, Norway)

9. Paper bags (size should be enough to contain a single cucumber lamina, which is about
15 cm x 20 cm or larger)

10. Rockwool slabs (100 cm x 20 cm x 7.5 cm), as growth medium in the greenhouse
(Grodan GT Expert; Grodan, Roermond, The Netherlands)

11. Seed (Cucumis sativus L. ‘Aramon’, Rijk Zwaan, De Lier, The Netherlands)

12. 1% H,S04 (96% H,SO,, Carl Roth, catalog number: 4623; preparation: 6 ml 96% H,SO,
mix with 1 L H,0)

Equipment

1. Walk-in growth chambers with aeration system and controlled air temperature and
humidity (Votsch Industrietechnik, Balingen, Germany) and light source using metal
halide lamps (HQI-BT 400 W/D PRO; Osram, Munich, Germany)

2. Quantum sensor LI-190R coupled with light meter L1-250A (LI-COR, Lincoln, NE, USA)

3. Light sensor logger (LI-COR, model: L1-1000, LI-1400 or LI-1500)

4. Temperature data logger (Tinytag; Gemini Data Loggers, Chichester, UK)

5. Portable photosynthesis system LI-6400XT (coupled with 6400-40 leaf chamber
fluorometer) or L1-6800 (LI-COR, Lincoln, NE, USA)

6. Chlorophyll meter (Konica Minolta Sensing, model: SPAD-502)

7. Leaf area meter (LI-COR, model: LI-3100C)

8. Laboratory balance with resolution of 0.01 g (Sartorius, model: ED4202S) or with
resolution of 0.1 mg for mass below 1 g (Sartorius, model: ED224S)

9. Vacuum freeze dryer (Alpha 1-4 LSC; Martin Christ Gefriertrocknungsanlagen, Osterode
am Harz, Germany)

10. 3D digitizer (Fastrak; Polhemus, Colchester, USA)
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Software

1. R (ver. 3.3.0 or later; R Foundation for Statistical Computing, https://www.r-project.org/);
R scripts and simulated example data sets are provided to facilitate data analysis
(https://github.com/yichenpao/bio-protocol/)

a. R script 1 [data processing] (see section Data analysis A, B)

b. R script 2 [model parameterization] (see section Data analysis C, D); required
packages are ‘DEoptim’, ‘deSolve’, ‘ggplot2’, ‘reshape2’, ‘xIsx’

c. R script 3 [simulation and in silico test] (see section Data analysis E-H); required
packages are ‘DEoptim’, ‘deSolve’, ‘dplyr’, ‘ggplot2’, ‘magrittr’, ‘xIsx’

2. Digitool (customized software for 3D-digitizer, availability upon request)

Procedure
A. Raising seedlings for experiments

1. Sow one cucumber seed (Cucumis sativus L. ‘Aramon’, Rijk Zwaan, De Lier, The
Netherlands) in each rock-wool cube (3.6 cm x 3.6 cm x 4 cm, Figure 2-1A, B) and
water sufficiently until the cubes are completely wet.

2. Sow 20%-40% more seeds (lower the germination rate and quality, more the
additional amount) than the number of plants required for the experimental design in
order to select for uniform seedlings in 7-10 days.

3. Set environmental conditions to 10-15 mol m? d™* photosynthetically active radiation
(PAR) at the seedling level with a 12-h light period, 24°C day/ 20°C night air
temperature and 70% relative humidity.

4. Eight days after sowing, transfer each rockwool cube into a larger rockwool cube (10
cm x 10 cm x 6.5 cm, Figure 2-1C) and irrigate with nutrient solution of N-P-K
fertilizer (0.5 g L™ Ferty 2 MEGA; Planta, Regenstauf, Germany; 5.7 mM N, 2.7
mM K, 0.35 mM P, 0.45 mM Mg in working solution) once every day.

B. Growth chamber experiment to parameterize the protein turnover model
1. Transplanting and starting experiment

a. Prepare chambers with at least three constant light intensities (one < 5, one
between 10-15 and one > 25 mol photon m? d* PAR for cucumber) at the plant
level, which should cover most variation found in the light environment during
crop production.


https://www.r-project.org/
https://github.com/yichenpao/bio-protocol/
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Prepare nutrient solution with at least three levels of nitrogen (one < 2.8, one
3.5-5 and one > 85 mM NOj for cucumber Aramon) using N fertilizer
(YYaraLiva Calcinit; Yara, Oslo, Norway) and P-K fertilizer (Ferty Basisdlinger 1;
Planta, Regenstauf, Germany; 5.2 mM K, 1.3 mM P, 0.82 mM Mg in working
solution) if the effect of nitrogen is of interest.

Transplant the seedlings when their second true leaves reach a length of 3 cm (ca.
eight days grown in the larger rockwool cubes) into hydroponic system (Figure
2-1D), consisting of a 25-L plastic box and a piece of polystyrene foam board
that fixes a rockwool cube containing a plant.

Fill 25-L boxes with nutrient solution and supply the solution with air from
aeration system (Figure 2-1E).

Prepare polystyrene foam boards for supporting the plants in the hydroponic
system.

i.  Cut polystyrene foam boards to make them fit onto 25-L boxes.
ii. Cuta squared opening (9.5 cm x 9.5 cm) in the middle of the boards.

iii. Fix the plants into the openings in polystyrene foam boards and position
them into the 25-L boxes.

Select the healthy and unshaded leaves within leaf ranks four to eight (counted
acropetally) as sampled leaves in each plant and record their dates of appearance.

Record light condition at the level of the sampled leaves using quantum sensor
LI-190R and light meter LI-250A (LI1-COR, Lincoln, NE, USA).

Plant care and monitoring environmental conditions

Prepare custom-made leaf holders.

i. Make leaf holders using plastic coated metal wires to form a loop structure,
consisting of a circular part which supports the leaf and a stick part which
can be fixed to the stem and petiole (Figure 2-1F).

ii. Combine each holder with two plastic plant support clips at the stick part.

iii. Prepare leaf holders in different sizes and lengths in order to support leaves
at various developmental stages.

Allow plants to establish vegetative growth by removing flowers below the
seventh node.
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Keep plants to single stem by cutting all side shoots and train the rest of the
shoot above the sampled leaves downward to avoid mutual shading (Figure 2-1
G).

Renew the nutrient solution completely and record the nitrogen level in the
nutrient solution once a week, fill the solution once between two times of
solution renewal, and adjust pH value to 6.0-6.5 by 1% H,SO, twice a week.

Place data loggers Tinytag (Gemini Data Loggers, Chichester, UK) around the
sampled leaves and record daily mean air temperature (Tmean, °C).

Measure and record the PAR at the center of the sampled leaves (Figure 1a in
Wiechers et al., 2011) weekly and adjust the angle of the leaves using leaf
holders (Figure 2-1F) to make sure they are horizontally and fully exposed to the
light, not shaded by other leaves (Figure 2-1G), in order to achieve target PAR
level at the leaves.

Figure 2-1. Raising
seedlings and setup
of growth chamber
experiment.  D-E.

Transplanting
seedlings into
hydroponic system.
F.  Custom-made
leaf holders fixed to
a plant on its stem
and petiole with
support  clips. G.

Ty

Cl 1 '
2 "-‘.

Avoiding shading
of the sampled leaf
(marked yellow) by
training rest of the
shoot downward.
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3. Collecting data of the sampled leaves
a. (Gas exchange

i. Conduct measurements for each environmental condition at an interval of
three to four days, starting with the youngest leaves (ca. three days after leaf
appearance) and then the older ones to obtain data from leaves with a wide
range of ages (ca. 40-550°Cd).

i. Estimate age (t, °Cd) of individual leaves days from the day of its
appearance to the day of measurement using daily mean temperature and a
base temperature (Tpase, 10°C for cucumber):
£ = Zday of measurement (Tmean _ Tbase) (Eqn 2-Gl)

day of appearance

iii. Measure net photosynthesis rate (A, pumol CO, m? s Table 2-1),
intercellular CO, concentration (C;, pmol mol™), photosynthetic photon flux
density (PPFD, pmol m? s) and quantum efficiency of photosystem II
electron transport (¢ps;)) using a portable photosynthesis system LI-6400XT
or L1-6800 (Li-Cor Inc., Lincoln, NE, USA)

iv. Collect data to a .csv file (Figure 2-2 and Table 2-2), which will be used in
the data analysis sections A and B for data processing (in this example
‘example _chamber gas exchange data.csv’).

v. Cut the lamina directly after the measurement for further analyses.

Table 2-1. Labeling of variables in the output file from portable photosynthesis systems LI1-6400XT
and LI-6800 (LI-COR, Lincoln, NE, USA). Necessary variables for data processing are net
photosynthesis rate (A, umol CO, m? s), intercellular CO, concentration (C;, pmol mol™),
photosynthetic photon flux density (PPFD, pmol m? s™) and quantum efficiency of photosystem Il
electron transport (¢gpsi).

System A, Ci PPFD Ppsii
LI- . . )
6400XT Photo Ci PARI PhiPS2

LI-6800 Pn Ci Qin PhiPS2

11
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A | e

1 ExplD MeasureDate LeafiD An Ci PPFD  PhiPS2
2 GC1 29.11.2016 N2-12-V1-14 14.538 326.5 1299.89 0.2156
3 GC1 29.11.2016 N2-12-V1-14 12.883 287.9 999.18 0.2841
4 GC1 29.11.2016 N2-12-V1-14 11.596 298.4 499.81 0.4675
5 GC1 29.11.2016 N2-12-V1-14 6.346 3444 200.08 0.6463
6 GC1 29.11.2016 N2-12-V1-14 4.561 352.3 124.04 0.6881
7 |GC1 29.11.2016 N2-12-V1-14 3.098 361.9 98.37 0.7066
8 GC1 29.11.2016 N2-12-V1-14 2.110 368.9 80.36 0.7189
9 GC1 29.11.2016 N2-12-V1-l14 1.041 379.7 58.58 0.7294
10 GC1 29.11.2016 N2-12-V1-l14 0.598 384.8 40.59 0.7360
11 GC1 29.11.2016 N2-12-V1-l14 -0.145 393.1 27.99 0.7410
12 GC1 29.11.2016 N2-12-V1-14 -1.437 410.2 0.54 0.7740

Figure 2-2. Format of gas exchange data file. See Table 2-2 for explanation for column name,
description and unit used.

Table 2-2. Column name, description and unit used in the gas exchange data file.

Column name Description Unit

ExpID ID of the experiment unitless
MeasureDate  Date of measurement unitless

LeaflD ID of the measured leaf unitless

An Net photosynthesis rate pmol CO, m?s™
Ci intercellular CO, concentration pmol CO, mol™
PPFD photosynthetic photon flux density pmol photon m?s™

quantum efficiency of photosystem I1
PhiPS2 electron transport unitless

b. Harvest data

i.  Measure relative chlorophyll content (SPAD value) using chlorophyll meter
SPAD-502 (Minolta Camera, Japan) and leaf area by area meter LI-3100C
(LI-COR, Lincoln, NE, USA) of the harvested lamina.

ii.  Keep each lamina in individual paper bag and freeze them under -20°C for
storage.

iii.  Precool sample shelves in the vacuum freeze dryer (Alpha 1-4 LSC; Martin
Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany) to
10°C and the ice condenser to -50°C. Freeze dry lamina samples for 48 h
under pressure of 1.030 mbar and then measure the mass of freeze-dried

12
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lamina. Please note that most samples can be dried to 1%-5% residual
moisture; therefore, the measured dry mass should be corrected to exclude
the weight of residual moisture.

iv.  Grind the lamina into fine powder and analyze total nitrogen (e.g., Nelson

and Sommers, 1980) and chlorophyll (e.g., Lichtenthaler, 1987) contents.

v.  Collect data to a .csv file (Figure 2-3 and Table 2-3; in this example
‘example chamber harvest data.csv’), which will be used in data analysis
sections A and B for data processing.

c. Quantify the empirical relationship between SPAD value and leaf chlorophyll
concentration per area to facilitate non-destructive estimation in the greenhouse
experiment, using a linear (Chl = a + b x SPAD) or power (Chl = a x SPADP)

function.
A B € D F G H 1 K M
1 ExplD LeafiD NitrogenID LightiD VarietylD AppearanceDate HarvestDate Lightlevel_mol_m2_d NitrogenLevel Mm MeanTemp_oC SPAD LeafArea_cm2 DryMass_g TotalN_mg g Chi_a_mg g Chl_b_mg g
2 GC1 N3-11-V1-L6 3 1 1 30.10.2016 25.11.2016 4.2 10.0 214 458 1029.8 279 53.53 15.19 5.15
3 GC1 N1-11-V1-18 1 ! 1 02.11.2016 15.11.2016 43 25 214 424 493.8 0.96 54.43 16.94 5.67
4 GC1 N2-11-V1-L5 2 1 1 28.10.2016 25.11.2016 4.0 5.0 214 539 788.4 2.42 47.39 133 a4.77
5 GC1 N1-12-v1-18 1 2 1 31.10.2016 22.11.2016 12.0 2.5 223 564 1050.2 6.37 23.85 797 2.99
6 GC1 N1-12-V1-14 1 2 1 25.10.2016 18.11.2016 143 2.5 22.3 503 870.6 5.13 2243 6.44 2.29
7 GC1 N3-11-V1-L7 3 1 1 31.10.2016 22.11.2016 4.2 10.0 214 488 1146.2 253 52.38 16.71 6.09
8 GC1 N1-12-V1-L7 1 2 1 30.10.2016 25.11.2016 12.0 25 223 495 956.9 447 26.85 7.64 2.74
9 GC1 N3-11-V1-16 3 1 1 31.10.2016 11.11.2016 43 10.0 214 403 800.3 1.57 63.83 16.26 5.26
10 GC1 N2-13-V1-L6 2 3 1 27.10.2016 29.11.2016 27.7 5.0 224 66.7 875.7 9.21 32.89 4.26 145
11 GC1 N3-I13-V1-L7 3 3 1 29.10.2016 11.11.2016 26.6 10.0 24 604 1064.6 6.48 46.73 8.78 294
12 GC1 N1-13-V1-18 1 3 1 30.10.2016  29.11.2016 28.6 2.5 224 429 911.8 13.00 23.20 3.20 1.02

Figure 2-3. Format of harvest data file. See Table 2-3 for explanation for column name, description

and unit used.

Table 2-3. Column name, description and unit used in the harvest data file.

Column name Description Unit

ExpID ID of the experiment unitless
LeafID ID of the harvested leaf unitless
VarietylD ID of the variety unitless
LightID ID of the light treatment unitless
NitrogenlD ID of the nitrogen treatment unitless
AppearanceDate Date of appearance of the harvested leaf unitless
HarvestDate Date of harvest unitless

LightLevel_mol_m2_d

NitrogenLevel Mm

Level of the light treatment

Level of the nitrogen treatment

mol photon m? d*

mM N

13
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Column name Description Unit

Mean air temperature during growth of the
MeanTemp_oC harvested leaf °C
SPAD Relative chlorophyll content (SPAD value) unitless
LeafArea_cm2 Leaf area of the harvested leaf cm?
DryMass_g Leaf dry mass of the harvested leaf g
TotalN_mg_g Total nitrogen content of the harvested leaf mg N g™ dry mass
Chl_a_mg_g Chlorophyll a content of the harvested leaf mg Chl a g™ dry mass
Chl_b_mg_g Chlorophyll b content of the harvested leaf mg Chl b g™ dry mass

C. Gas exchange measurement using portable photosynthesis system L1-6400XT or LI-6800

(LI-COR, Lincoln, NE, USA)
1. Allow leaves to adapt for 10-20 min under measurement conditions of:
a.  Photosynthetic photon flux density (PPFD) 1300 pmol m?s?,
b. Sample CO, 400 pmol mol™,
c. Leaf temperature 25°C,
d. Relative humidity 55-65%,

until Rubisco is fully activated and photosynthesis rate, stomatal conductance and
fluorescence (F’) equilibrate to steady states, then read light-saturated net
photosynthesis rate (Asa, pmol CO, m?s™).

2. Measure maximum chlorophyll fluorescence (Fn’) using the multiphase flash (MPF)
approach (Loriaux et al., 2013; Moualeu-Ngangue et al., 2017):

a. Phase 1 with constant maximum irradiance for 320 ms,
b. Phase 2 with irradiance attenuation (30% ramp depth) over 350 ms,
c. Phase 3 with constant maximum irradiance as in phase 1 for 200 ms.

3. Measure light response curves of net photosynthesis rate (A,, pmol CO, m2s™) under
PPFD 900, 500, 250, 150, 100, 85, 70, 60, 50, 40, 0 pmol m?s™,

4. Total duration of this measurement is 30-40 min per leaf; notice that for old leaves or
leaves grown under low light, the time of adaptation is generally longer than for
young and high light-grown leaves.

14
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5. Quantum efficiency of photosystem Il electron transport (gps;) is computed using
fluorescence data (Murchie and Lawson, 2013):

¢psn = (Fn — F)/Fy’ (Eqgn 2-P1)

D. Greenhouse experiment to obtain canopy structural information and data to evaluate the
protein turnover model

1. Transplanting and starting experiment

a.

Record daily mean air temperature (Tmean, °C) near the seedlings using data
logger Tinytag and transplant the seedlings when their third true leaves reach a
length of 3 cm (ca. two weeks grown in the larger rockwool cubes).

Transfer two plants onto one rockwool slab (100 cm x 20 cm x 7.5 cm) with a
distance of 50 cm between them and 150 cm between rows (density of 1.33
plants m? in a greenhouse with 96 m? of cultivation area).

Supply plants with nutrient solution by drip irrigation system with nitrogen levels
of interest.

2. Plant care and monitoring environmental conditions

a.

Train the plants vertically onto wires and remove all side shoots as well as
flowers below the seventh node.

Record daily mean air temperature using data logger Tinytag in the greenhouse
and daily integral of PAR above the canopies using quantum sensor LI1-190R and
light meter LI-250A.

Analyze nitrate (Navone, 1964) and ammonium (following German standard
methods for the examination of water, waste water and sludge, DIN 38406-5) in
the nutrient supply and nitrogen concentration remained in the rockwool slabs
weekly.

d. Collect data to a .csv file (Figure 2-4 and Table 2-4; in this example
‘example _greenhouse environment data.csv’), which will be used in data
analysis sections E-H for simulation and in silico test.

15
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A B C D E F G H I J
1 ExpID Date DPI_L_L DPI_L H Supply N_L Substrate_N_L Supply N_H Substrate N_H Tmean_L L Tmean_L H
2 GH1 04.04.2017 10.1 23.6 2.9 2.9 9.7 7.9 22.9 23.6
3 GH1 05.04.2017 5.5 12.7 2.9 2.9 9.7 7.9 23.9 22.6
4 |GH1 06.04.2017 9.9 23.1 2.9 2.9 9.7 7.9 22.2 22.1
5 GH1 07.04.2017 5.3 12.4 2.9 2.9 9.7 7.9 224 22,5
6 GH1 08.04.2017 6.7 15.6 2.9 2.0 11.9 9.7 22.7 23.2
7 GH1 09.04.2017 6.5 15.0 2.9 2.0 119 9.7 23.8 24.6
8 GH1 10.04.2017 6.5 15.0 2.9 2.0 11.9 9.7 22.7 23.1
9 GH1 11.04.2017 5.8 13.5 2.9 2.0 11.9 9.7 22.2 22.3
10 GH1  12.04.2017 4.3 10.0 2.9 2.0 11.9 9.7 21.8 21.5
11 GH1 13.04.2017 7.1 16.5 2.9 2.0 11.9 9.7 22.3 22.3
12 GH1 14.04.2017 8.5 19.9 3.5 0.1 10.9 7.0 23.0 22.9

Figure 2-4. Format of greenhouse environmental data file. See Table 2-4 for explanation for column
name, description and unit used.

Table 2-4. Column name, description and unit used in the greenhouse environmental data file.

Column name Description Unit

ExpID ID of the experiment unitless

Date Date unitless

DPI_L L Daily photon integral under light teatment ID L* mol photon m? d™*
DPI_L_H Daily photon integral under light teatment ID H* mol photon m? d*

Nitrogen level in the nutrient supply under nitrogen
Supply_N_L treatment ID L* mM N

Nitrogen level in the substrate under nitrogen treatment 1D
Substrate N L L* mM N

Nitrogen level in the nutrient supply under nitrogen

Supply_ N _H treatment ID H* mM N
Nitrogen level in the substrate under nitrogen treatment 1D
Substrate N H H* mM N
Tmean_L_L Daily mean air temperature under light treatment ID L* °C
Tmean_L_H Daily mean air temperature under light treatment ID H* °C

*IDs of light and nitrogen treatments are named by users and should be identical as the treatment IDs in
greenhouse structural data.
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3. Collecting plant data

a. Measure leaf number, leaf elevation angle, leaf area and leaf area index non-
destructively using a 3D digitizer (Chen et al., 2014a) at a weekly interval
(equates to roughly 100°Cd difference between two measurements under the
greenhouse condition described above) to obtain static canopy structures at
various developmental stages.

b. Estimate age (t, °Cd) of individual leaves in the canopy.

i. Calculate total growing degree days (GDDcanopy) from the day of
transplanting into greenhouse (when leaf x appeared; in this example x = 3)
to the day of measurement using Eqn 2-G1.

ii. Divide GDDcanopy by the number of leaves appeared after transplanting
(excluding the first x-1 leaves) to estimate phyllochron (°Cd per leaf, interval
between appearance of successive leaves), assuming constant phyllochron
during the experimental period:

phyllochron = GDD4p0py/[total leaf number — (x — 1)] (Eqn 2-G2)
iii. Estimate the age of leaf n using phyllochron in relation to leaf x:
tieafn = GDDcanopy — (n — x) X phyllochron (Egn 2-G3)

c. Measure gas exchange and relative chlorophyll content (SPAD value, used to
estimate Chl non-destructively) to evaluate the performance of the functional
model of photosynthetic protein turnover in the leaf.

d. Conduct digitization and gas exchange measurement for the same plants within
two to three days.

Collect data to a .csv file (Figure 2-5 and Table 2-5

e. Table 2-5; in this example ‘example greenhouse structure data.csv’), which
will be used in data analysis sections E-H for simulation and in silico test.

17



Chapter 2 Modelling approach

A B C D E F G H I
1 ExplD MeasureDate PlantiD VarietylD LightiD NitrogenID LeafNo LA_cm2 EA_degree
2 GH1 03.05.2017 219 1H H 1 3813 128.9
3 |GH1 03.05.2017 219 1H H 2 6189 77.2
4 GH1 03.05.2017 219 1H H 3 8734 59.5
5 |GH1 03.05.2017 219 1H H 4 94338 24.7
6 GH1 03.05.2017 219 1H H 5 1100.9 10.5
7 GH1 03.05.2017 223 1H H 1  269.2 25.9
8 GH1 03.05.2017 223 1H H 2 6333 70.6
9 GH1 03.05.2017 223 1H H 3 13441 108.5
10 GH1 03.05.2017 223 1H H 4  862.2 13.8
11 GH1 03.05.2017 223 1H H 5 1018.8 7.6
12 GH1 03.05.2017 223 1H H 6 1307.1 28.3

Figure 2-5. Format of greenhouse plant structural data file. See Table 2-5 for explanation for column
name, description and unit used.

Table 2-5. Column name, description and unit used in the greenhouse plant structural data file.

Column name Description Unit
ExpID ID of the experiment unitless
MeasureDate Date of measurement unitless
PlantID ID of the plant digitized unitless
VarietylD ID of the variety digitized unitless
LightID ID of the light treatment unitless
NitrogenID ID of the nitrogen treatment unitless
LeafNo Rank number of the leaf digitized unitless
EA degree Elevation angle of the leaf digitized

LA cm2 Area of the leaf digitized cm?

90°

Horizontal plane

EA

Figure 2-6. Configurations for extracting leaf area and elevation angle from digitized data. A.
Predefined positions of digitized points on the cucumber stem for a node, leaf axil, lamina and
structure of triangles defined on the lamina. B. Leaf elevation angle (EA).
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E. Digitizing plant structure and converting coordinates into structural data

1.

Digitize the structures of at least two representative plants for each treatment using a
3D digitizer (Fastrak; Polhemus, Colchester, USA).

Obtain the structural information as Cartesian coordinates in a standardized sequence
of points on the individual plant organs from bottom to top of a plant (modified from
Kahlen and Stiitzel, 2007; Wiechers et al., 2011b):

a. Digitize ‘node 0’ at the base of the stem at its insertion point to the rockwool
cube.

b. Digitize ‘node 1° opposite to the base of petiole of the first true leaf (‘Node’ in
Figure 2-6A).

c. Digitize ‘axil 1’ at the insertion point of the first true leaf to the stem (‘Axil’ in
Figure 2-6A).

d. Digitize ‘leaf 1’ with a predefined sequence and spatial arrangement of 13 points
on the lamina surface (Figure 2-6).

e. Continue digitizing in the sequence of ‘node n - axil n - leaf n’ until all leaves
are digitized.

f.  Neglect flowers and fruits.
Convert Cartesian coordinates into structural data.
a. Leaf area: area sum of a predefined structure of triangles (Figure 2-6A).

b. Leaf elevation angle (EA, °): the angle between the orientation of the leaf tip
with respect to the base of the leaf (points 1 and 2 in Figure 2-6B) and the
horizontal plane.

Quantify the empirical relationships between leaf area index (LAI), EA and leaf age
(t, °Cd) to simulate the dynamics of canopy structure in the in silico experiment, for
example:

LAI = laiy../{1 + exp[(laiyy — t)/laiseql} (Eqn 2-G4)

EA = 90 — esyyi, X exp{—0.5 X [In(t/esy)/eascal?} (Egn 2-Gb5)
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Data analysis

R script 1 [data processing]

Set working directory to current path
General constants [—J
Load data 3

= O

OFEFORFROOO

Merge harvest and gas exchange data

Data processing (3

Finalizing data processing and estimate photosynthetic nitrogen /—
. Output processed data to file

w
w
O W OHOH W W

RFRRRRRBR

S wwrN

Figure 2-7. Overview of R script 1 for data processing. Input data files for this script are
‘example_chamber_harvest_data.csv’ and ‘example chamber gas_exchange data.csv’ from growth
chamber experiment.

A. Estimate photosynthetic parameters using gas exchange data (Figure 2-7, # 1.3.0)

1. Estimate leaf absorptance («, unitless) using leaf chlorophyll concentration (Chl,
mmol m) given by Evans (1993b):
a = Chl/(Chl + 0.076) (Eqn 2-P2)

2. Estimate electron transport rate (J, pmol ¢ m™ s™) under various photosynthetic
photon flux density (PPFD, pmol m?s™):
] = abs X B X PPFD x ¢PSII (Eqn 2'P3)
where $ (0.5, unitless) is the partitioning fraction of photons between photosystem Il
and |.

3. Estimate maximum electron transport (Jmax) by least squares fitting to a

nonrectangular hyperbola:

J = {Umax + ¢ X PPFD — [(Jjpax + ¢ X PPFD)2 — 40 X Jpax X ¢ X PPFD]O'S}/(ZQ)
(Eqgn 2-P4)

where ¢ (0.425 umol e pmol™ photon; Chen et al., 2014a) is the conversion
efficiency of photons to J, and & (0.7, unitless; Chen et al., 2014a) is a constant
convexity factor describing the response of J to PPFD.

4. Estimate daytime respiration rate (Ry4, pumol CO; m2 s using the linear portion (40
< PPFD < 100 pmol m™ s™) of the light response curve (Kok, 1948) since the light
compensation point in cucumber leaf is observed at ca. 40 pmol photon m?s™.

5. Estimate mesophyll conductance to CO, (gm, mol m?s™) using the variable J method

(Harley et al., 1992a):
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Im = An/{C; = [I" X (J + 84, + 8Ry)/(J — 44, — 4Ry)1} (Egn 2-P5)

where I'™* is CO, compensation point in the absence of mitochondrial respiration
(43.02 pmol mol™ for cucumber; Singsaas et al., 2003) and C; is intercellular CO,
concentration (umol mol™).

6. Estimate chloroplastic CO, concentration (C., pmol mol™):
Cc=C— An/gm (Egn 2-P6)

7. Estimate maximum carboxylation rate (Vemax, tmol CO, m™? s™) using the one-point
method (De Kauwe et al., 2016):

Vemax = (Asat + Rd) X (Cc + Km)/(Cc - F*) (Eqn 2'P7)

where K, (mmol mol™) is given by K. (404 pmol mol™) and K, (278 mmol mol™),
Michaelis-Menten constants of Rubisco for CO, and O, and O (210 mmol mol™) is
the mole fraction of O, at the site of carboxylation:

K, =K.x(1+0./K,) (Eqgn 2-P8)

8. Parameterize empirical relationships between Ry, Om and leaf age (t, °Cd, estimated
using Eqn 2-G1), mean daily photon integral over the last four days of leaf growth
(DPlyg, mol m™? d™) and leaf photosynthetic nitrogen (Npn, mmol m™) using:

R4 = Tinax X DPlyq X exp(—75 X DPlygq X t) + 7y X DPIyg X ¢ (Egn 2-P9)

Im = (gmm X Nph + gmmo) X exp{—O.S X ln[(t/gmto)/gmscal]z} (Eqn 2'P10)

B. Estimate photosynthetic nitrogen pools using photosynthetic parameters (Figure 2-7, #
1.3.1)

1. Estimate nitrogen involved in carboxylation (Nv, mmol N m™), electron transport (N,
mmol N m™) and light harvesting (Nc, mmol N m™) following Buckley et al. (2013):

a. Ny includes Rubisco and represents the nitrogen investment in carboxylation
capacity:

Ny = chax/XV (Eqn Z'Mla)

b. N; includes electron transport chain, photosystem Il core and Calvin cycle
enzymes other than Rubisco:

N] = ]max/X] (Eqn Z'Mlb)

c. Nc includes photosystem I core and light harvesting complexes I and II:
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Nc = (Chl = Ny X x¢5)/xc (Egn 2-M1c)

where yv (umol CO, mmol™ N s?) is the carboxylation capacity per unit Rubisco
nitrogen, and y; (umol ¢ mmol™ N s™) is the electron transport capacity per unit
electron transport nitrogen. yc; (mmol Chl mmol™ N) and yc (mmol Chl mmol™ N)
are the conversion coefficients for chlorophyll per electron transport nitrogen and per
light harvesting component nitrogen, respectively.

Photosynthetic nitrogen (Npn, mmol N m™) is defined as biologically active nitrogen
in the proteins involved in photosynthetic functions, including nitrogen involved in
carboxylation, electron transport and light harvesting:

N,

ph = NV + N] + NC (Eqn 2‘M2)

Photosynthetic nitrogen partitioning fraction of a pool X (px) is determined as the
ratio of nitrogen in the pool X (Nx, mmol N m™) to Nph:

Px = Nx/Npn (Egn 2-M3)

Output processed data to a .csv file (Figure 2-8; in this example
‘chamber _processed data.csv’) (Figure 2-7, # 1.4.0), which will be used in data
analysis sections C and D for model parameterization.
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A B C D E F G X Y 74 AA | AB AC AD

1 LeaflD ExpID.x VarietylD LightID NitrogenIlD AppearanceDate HarvestDate LMA_g _m2 Chl_a_b_mmol_m2 abs J Jmax Jmax_se Jmax_pv
2 NI1-13-V1-L5 GC1 1 3 1 27.10.2016 08.11.2016 66.5 0.639 0.894 201.2 223.9 8.62 1.64E-10
3 NI1-13-V1-L7 GC1 1 3 1 29.10.2016 01.11.2016 54.2 0.448 0.855 162.0 167.2 9.91 1.12E-08
4 N1-13-V1-L5 GC1 1 3 1 27.10.2016 18.11.2016 76.5 0.616 0.890 158.7 174.7 6.64 1.45E-10
5 |N1-13-V1-L7 GC1 1 3 1 29.10.2016 11.11.2016 63.6 0.486 0.865 191.8 218.3 7.29 4.01E-11
6 N1-13-V1-L8 GC1 1 3 1 30.10.2016  29.11.2016 142.6 0.671 0.898 152.1 164.5 5.57 4.63E-11
7 N1-11-V1-I5 GC1 3§ 1 1 29.10.2016 01.11.2016 26.0 0.396 0.839 76.1 76.3 3.99 3.32E-09
8 |N1-12-V1-L5 GC1 1 2 1 27.10.2016  04.11.2016 41.8 0.543 0.877 214.1 247.3 9.73 2.05e-10
9 NI1-12-V1-L6 GC1 1 2 h § 29.10.2016 01.11.2016 37.2 0.433 0.851 142.4 153.2 7.24 1.23E-09
10 N3-12-V1-L8 GC1 1 2 3 31.10.2016  25.11.2016 61.0 0.922 0.924 162.6 184.2 5.71 1.94e-11
11 N2-12-V1-L6 GC1 1 2 2 28.10.2016 01.11.2016 344 0.378 0.833 151.9 158.6 8.49 4.16E-09
12 N3-13-V1-L8 GC1 1 3 3 31.10.2016 09.12.2016 111.0 0.574 0.883 191.7 208.6 9.13 5.79E-10
AE AF AG AH Al AJ AK AL AM AN  AO AP AQ

Rd gm_mol_m2 s Cc_umol_mol Vc  Vemax NV_mmol_m2 NJ_mmol_m2 NC_mmol_m2 Nph_mmol_m2 pV pJ pC  LeafAge_oCd

147 0.343 181.2 167.6 167.6 37.3 23.6 18.6 79.5 0.470 0.297 0.233 148.8

6.18 0.075 155.7 1449 1449 32.3 17.6 13.0 62.9 0.513 0.280 0.207 37.2

0.71 0.162 181.2 132.2 1322 29.4 18.4 17.9 65.8 0.447 0.280 0.273 272.8

2.38 0.473 218.6 146.0 146.0 32.5 23.0 141 69.6 0.467 0.331 0.202 161.2

1.60 0.087 117.5 1544 1544 344 174 19.6 71.3 0.482 0.243 0.275 372.0

2.59 0.069 198.9 60.6 60.6 13.5 8.0 11.6 33.2 0.407 0.243 0.350 34.2

2.59 0.316 238.9 156.1 156.1 34.8 26.1 15.7 76.6 0.454 0.341 0.205 98.4

2.96 0.094 167.5 123.1 123.1 274 16.2 12.6 56.1 0.488 0.288 0.224 36.9

0.98 0.148 180.8 135.5 135.5 30.2 194 27.0 76.6 0.394 0.254 0.352 307.5

4.36 0.112 190.9 1234 1234 27.5 16.7 10.9 55.2 0.498 0.303 0.198 49.2

2.21 0.128 141.2 1794 1794 39.9 22.0 16.7 78.6 0.508 0.280 0.212 483.6

Figure 2-8. Format of processed data file output from R script 1. This file will be used for model
parameterization.

R script 2 [model parameterization]

1| # 2.0.0. set working directory to current path
6 # 2.1.0. Library =
13, # 2.2.0. Load data —
17+ # 2.3.0. Protein turnover model —
34, # 2.4.0. Function for fitting
150 + #fHHm === = m e e e e e i
151 - ####----- Arguments CHANGABLE for parameterization ------ #it##
152 v #HHHf === =======ecccccccccccccmc e e ccceemm e e e s e ce e #it#H
153+ # 2.4.1. Parameterization step 1 fitting =
177 # 2.4.2. Parameterization step 2 fitting 2
215 # 2.4.3. Parameterization step 3 fitting
250+ # 2.5.0. output parameterization result to file ]

Figure 2-9. Overview of R script 2 for model parameterization. Input data file for this script is
‘chamber_processed_data.csv’ from script 1.

C. Description of protein turnover model (Figure 2-9, # 2.3.0)

The rate of change of a functional nitrogen pool Ny is determined by the instantaneous
protein synthesis rate (Sx(t), mmol N m? °Cd™) and degradation rate (Dx(t), mmol N m? °Cd"
1y of the corresponding enzymes and protein complexes at a given leaf age (t, °Cd):

dNy/dt = Sy (t) — Dx(t) (Eqn 2-M4)

Protein synthesis as an age-dependent and zero-order process (Li et al., 2017), is described
by a logistic function and independent of the current Ny state:
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Sx(t) = 2 Smaxx/[1 + exp(t X tqx)] (Egn 2-M5)

where Smaxx (Mmol N m? °Cd™) is the maximum protein synthesis rate of Nx which occurs
at the early stage of leaf development. The constant tyx (°Cd™) describes the relative
decreasing rate of the protein synthesis over time. At age of 1/tyx, Sx reduces to 53.8% of
Smax,X-

The degradation rate Dy is governed by first-order kinetics (Li et al.,, 2017) with a
degradation constant D, x (°Cd™):

Dy(t) = Dy x X Nx(t) (Egn 2-M6)

The variable Smax x is a function of daily leaf PAR interception (DPlinterceptieat, MOl photon m
d™):

Smax,X = Smm,X X kI,X X DPIinterceptLeaf/(Smm,X + kI,X X DPIinterceptLeaf) X 7'N,X (Eqn 2'M7)

where Smmx (mmol N m™ °Cd™) is potential maximum protein synthesis rate and ki x is rate
constant describing the increase of Smaxx With light. The factor ryx increases with nitrogen
level in the nutrient solution (Ns, mM) by a Michaelis-Menten constant, ky x (mMM):

rnx = Ns/(knx + Ns) (Eqn 2-M8)

D. Parameterizing protein turnover model using data from growth chamber experiment
(Figure 2-9)

Solve differential Eqn 2-M4- Egn 2-M6 to obtain Smaxx, taxand Dy x in R using an algorithm
programed with Isoda() function from ‘deSolve’ package and DEoptim() function from
‘DEoptim’ package, which minimizes the sums of squares of the residuals between
observations and simulations (Figure 2-9, # 2.4.0). There are three steps to quantify the
parameters in Eqn 2-M5- Eqgn 2-M8:

1. Quantify tyx (Eqgn 2-M5) and D, x (Eqn 2-M6) for each photosynthetic nitrogen pool
using data of all environmental conditions, assuming D, x and t4 x being species- and
function-specific and not influenced by the light and nitrogen availabilities (Figure 2-
9, #2.4.1).

2. Quantify Smaxx (Eqn 2-M5) with the determined values of tyx, and D;x for each
environmental condition (Figure 2-9, # 2.4.2).

3. Determine Symx, Kix (EQn 2-M7) and kn x (Eqn 2-M8) from Spax x by nonlinear least
squares fitting using nls() function from ‘stats’ package, and the standard errors (se)
and p values (pv) for the estimates are calculated as well (Figure 2-9, # 2.4.3).
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4, OQOutput results (Figure 2-9, # 2.5.0) to a .csv file (Figure 2-10; in this example
‘parameterize_result output.csv’), which will be used in data analysis sections E-H
for simulation and in silico test.

A B C D E F G H | J K L M N
1 ExplD.x VarietylD NX td Dr Smm ki kN Smm_se kl_se  kN_se Smm_pv ki_pv kN_pv
2 GC1 1 NV 0.00153 0.02565 0.8776 0.1847 0.5791 0.06283 0.02895 0.27114 0 0 0.0335
3 GCl1 1 NJ 0.00197 0.01376 0.8776 0.1847 0.5791 0.06283 0.02895 0.27114 0 0 0.0335
4 GC1 1 NC 0.00158 0.02029 0.8776 0.1847 0.5791 0.06283 0.02895 0.27114 0 0 0.0335

Figure 2-10. Format of parameterization result file output from R script 2. This file will be used for
simulation and in silico test.

R script 3 [simulation and in silico test]
E. Simulating leaf photosynthesis (Figure 2-11, # 3.6.0)

In order to evaluate daily canopy carbon assimilation, net photosynthesis rate (A,, umol CO;
m™s™) of individual leaves in the canopy should be simulated. A, is defined as the minimum
of RuBP carboxylation-limited (Ac, mmol CO, m™ s™) and RuBP regeneration-limited (A,
mmol CO, m? s™) net photosynthesis rate (Farquhar et al., 1980). The steady-state A; can be
solved analytically with Eqns 3-9b, 3-14 and 3-15, and A; with Egns 3-9c, 3-14 and 3-15 in
chapter 3 with given values of leaf-to-air vapor pressure deficit (D, kPa), atmospheric CO,
concentration (C,, pmol mol™), photosynthetic photon flux density (PPFD, umol m? s™) at
leaf level and photosynthetic parameters.

1. Leaf level PPFD is simulated (Figure 2-11, # 3.4.1) following Beer-Lambert’s law
(Monsi and Saeki, 2005) with canopy light extinction coefficient (k) and leaf area
index (LAI) and adjusted by the cosine of leaf elevation angle (EA, °), which are
estimated with leaf age using Eqn 2-G4 and Eqn 2-G5 (Figure 2-11, # 3.3.0):

PPFD = PPFD,povecanopy X €xp(—k X LAI) X cos(EA) (Egn 2-P11)

where diurnal PPFD above the canopy (PPFDapovecanopy> mol m™ s™) at a given time
(thour, h) during the day is calculated by a simple cosine bell function (Kimball and
Bellamy, 1986) with daily PAR integral above the canopy (DPlabovecanopy, Mol m? d™?)
and day length (DL, h):

_ T 106 X (thour—12) )
PPI:'lDaboveCanopy - DPIaboveCanopy X DL X 3600 X cos [—DL (Equ 2 P12)

2. Photosynthetic parameters Jmax, Vemax, @, Rg and gm
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a. Electron transport rate Jnax under a given PPFD is calculated using
Eqn 2-P4.

b. Carboxylation rate (V¢, pmol CO; m? s™?) is calculated based on the
amount of activated Rubisco under a given PPFD (Qian et al., 2012):

0.69
Ve = Vemax X {0'31 + 1+exp[—0.009X(PPFD—500)]} (Ean 2-P13)

c. absis calculated using Eqn 2-P2.

d. Rgand gn, are simulated using empirical relationships Eqn 2-P9 and
Eqgn 2-P10 (Figure 2-11, # 3.3.1).

1» # 3.0.0. Set working directory to current path
6 # 3.1.0. Library
= S — ##
17 - ####---- CHANGABLE Constants and empirical functions ----####
1 | 25 ) S R S ##t
19 # 3.2.0. Constants for simulation process
29 # 3.2.1. General constants
66> # 3.3.0. Empirical functions of LAI and EA, Equations G4 and G5
94 # 3.3.1. Empirical functions of Rd and gm, Equations P9 and P10
TP 2 R S . Bi##
121 - ### HE#E
T T R e B4
123» # 3.4.0. Load data
139» # 3.4.1. Data preparation
177 - ### #HEE
178 - ### #H#E
179 - ### BEEE
180» # 3.5.0. Functions for simulation process
194 # 3.5.1. Functions for phyllochron, Teaf age and 1light extinction, Equations G1, G2, G3 and P11
211+ # 3.6.0. Function for simulating daily canopy carbon assimilation (DCA)
S 1 1T SR S B S T S s
358 - ####-- Defined function to simulate Nph with various fd -####
359 + ####-—————mm oo m oo BEE
360 # 3 Nph) with various fd
537 - ### #it#
538 - ### #H#
539 - ###: #HE
540» # 3.7.1. Simulate Nph with various fd
544, # 3.7.2. Simulate DCA with various fd
556 # 3.7.3. Output DCA comparison with various fd to file
581 # 3.7.4. Plot DCA comparison between various fd
612» # 3.7.5. Output detailed results with various fd to file
615» # 3.7.6. Output control nitrogen partitioning in the canopy
s A S Bt
625 - ####- Defined functions to simulate Nph with various fp -####
= Ry e Bi#E
627 # 3.8.0. Function for s1nm1at1ng photOfyntheUc nitrogen (Nph) with various fp =3
792» # 3.8.1. Function for maximizing DCA with given fp =3
810 # 3.8.2. Function for optimizing Nph partitioning with various fp =3
L R S S T S ——— BH#H
846 -~ ###HE-—-—- IN SILICO TEST simulation with various fp ----- #HH#
RO s e L B A e o B R ey BH8H
848 # 3.8.3. Optimize Nph partitioning with various fp B3
879» # 3.8.4. Output DCA comparison with various fp to file
894 # 3.8.5. Plot DCA comparison with optimal fp
920+ # 3.8.6. Output detailed results with optimal fp to file

Figure 2-11. Overview of R script 3 for simulation and in silico test. Input data files for this script are
‘example_greenhouse_structure_data.csv’ and ‘example_greenhouse_environment_data.csv’ from
greenhouse experiment and ‘parameterize_result_output.csv’ from script 2.
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F. Simulating daily canopy carbon assimilation (Figure 2-11, # 3.6.0)

Daily canopy carbon assimilation during daytime (DCA, mol d™) on day d is simulated with
input data of:

1. environmental information (from the appearance the leaf three until day d): Tmean
(Egn 2-G1), DPlapovecanopy (EGQN 2-P10), and nitrogen concentration in the supply
solution and rockwool slabs;

2. greenhouse canopy characteristics (on day d): leaf area (digitized data, Figure 2-6A)
and leaf age (Eqn 2-G1- 2-G3; Figure 2-11, # 3.5.1).

Each leaf in a canopy is first simulated for its photosynthetic nitrogen pools until day d using
Eqgn 2-M4- Egn 2-M8 (Figure 2-11, # 3.7.0 and # 3.8.0) and photosynthetic parameters using
Eqn 2-Mla- Eqn 2-M1c. DPlinwerceptieat during the growth is simulated using Eqn 2-P11
(Figure 2-11, # 3.5.1). The mean value of DPlayovecanopy during the plant growth (from
transplanting to measurement day) is used as DPlapovecanopy ON day d to simulate DCA.
Nitrogen level in the nutrient solution (Ns) is assumed to be the mean value of nitrogen
concentration in the supply solution and rockwool slabs (Figure 2-11, # 3.4.1). In order to
test the effect of incoming light condition on day d on the optimality of Ny, distribution and
partitioning, DPlapovecanopy 1S multiplied by a factor ‘DPI multiplier’ assigned by users (Figure
2-11,#3.7.2 and # 3.8.3).

Leaf net photosynthesis is simulated for a time step of 0.1 h on day d, and summed up for
every 0.1 h over the daytime to obtain daily leaf carbon assimilation (DLA, mol d™*). DCA is
calculated as the sum of DLA of all leaves in the canopy.

G. Insilico experiment to test the optimality of nitrogen distribution in the canopy (Figure 2-
11)

To evaluate the effects of between-leaf distribution of Ny, on DCA, a distribution factor fy is
introduced into Eqn 2-M5 to create variations in the rate of protein synthesis (Figure 2-11, #
3.7.0):

Sx(t) = 2 Smaxx/[1 + exp(t X tax X fq)] (Egn 2-S1)

A control condition is defined with f; = 1. Increasing fq accelerates the decrease in the rate of
protein synthesis and enhances acropetal Ny, reallocation, but it also reduces total Ny in a
canopy (Ncanopy). TO obtain the leaf photosynthetic nitrogen content (Njeasr,i, mmol N in leaf i)
with comparable Ncanopy, Simulated Nieari With fg = n (denoted as N'eari) IS adjusted
proportionally to the ratio between Ncanopy Obtained with fq = 1 and Ncanopy Obtained with fg =
n:

Nleaf,i(fd =n) = N’leaf,i(fd =n) X [Ncanopy(fd = 1)/Ncanopy (fa = n)] (Egn 2-S2)
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Photosynthetic nitrogen partitioning fraction of a pool X in leaf i (px;) is set equal to the
control value:

Px,i = Nxi(fa = 1D /Npn; (fa = 1) (Egn 2-S3)

These adjustments assure the same amount of Ncanopy While changing the distribution pattern.

The factor fy is varied from 0.5 to 5.0 (Figure 2-11, # 3.7.1), which gives values of Ny,

comparable to those observed in cucumber leaves (< 150 mmol N m?). Values of DCA

produced by various fyq (Figure 2-11, # 3.7.2) are then compared with the control DCA (fq4 = 1)
under a given environmental condition and output (Figure 2-11, # 3.7.3) to a .xlsx file (in this

example ‘Test_fd_result.xIsx’) and plotted (Figure 2-11, # 3.7.4 and Figure 2-12). Detailed

results with Nyn and px at leaf level can be output (Figure 2-11, # 3.7.5) to a .xlsx file (in this

example ‘Test_fd_result_detailed.xlsx’).

GH1 A 2017-05-10 DPI multiplier = 0.25 GH1 A 2017-05-10 DPI multiplier = 1 GH1 A 2017-05-10 DPI multiplier = 2
~ 201 - 20 ~ 201
g A s | B g | C
E 1 04‘ E 10 E 101 LightiD
> > > P H
ﬁ é @ g ‘ F-N & A g A oL
|
18 B = | A e s @ &-------1 o 0t P b 9 ... :
g’ 0 | X z & g‘ 0 s g, 0 A g NitrogenlD
© | «© D ©
< = < ® -
9104 ©_10 ©_101 A
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1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
fd fd fd

Figure 2-12. Example results of percentage change in daily canopy carbon assimilation during
daytime (DCA, mol d™) with various values of photosynthetic nitrogen (N, distribution factor fg
under a given daily photosynthetically active radiation integral above the canopy (DPI, mol m? d™).
A. DPI = mean DPI during plant growth multiplied by 0.25. B. DPI = mean DPI during plant growth.
C. DPI = mean DPI during plant growth multiplied by 2. Positive change in DCA resulted from
varying fq indicates that the control Ny, distribution (fq = 1) is sub-optimal.

H. Insilico experiment to test the optimality of nitrogen partitioning in the leaf (Figure 2-11)

To evaluate the effects of within-leaf partitioning of Ny, on DCA, a partitioning factor f, x is
introduced into Egn 2-M7 to modify maximum protein synthesis Smaxx, in order to create
variations in partitioning pattern between the three photosynthetic nitrogen pools (Figure 2-
11, # 3.8.0):

Smax,X = [Smm,X X fp,X X kI,X X ILd/(Smm,X X fp,X + kI,X X ILd)] X ™, x (Eqn 2'84)
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A control condition is defined by f,x = 1. An increase in f,x results in a higher rate of
synthesis of Nx and increases the partitioning to pool X. The potential maximal protein
synthesis rate for pool X (Smm,x) is modified by a factor f, x, ranging from 0.2 to 2.0, to find
the optimal within-leaf Ny, partitioning between functions which maximizes DCA (Figure 2-
11, # 3.8.3). Partitioning pattern which maximizes DCA under a given environmental
condition is identified as ‘optimal’ and then compared with the control DCA (f,x = 1), and
the results are output (Figure 2-11, # 3.8.4) a .xlsx file (in this example ‘Test_fp_result.xlsx”)
and plotted (Figure 2-11, # 3.8.5 and Figure 2-13). Detailed results with optimal Np,
partitioning at leaf level can be output (Figure 2-11, # 3.8.6) to a .xlsx file (in this example
‘Test_fp_result_detailed.xlIsx”).
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Figure 2-13. Example results of percentage change in daily canopy carbon assimilation during
daytime (DCA, mol d*) with various values of photosynthetic nitrogen (N,,) partitioning factor f, x
under mean incoming daily photosynthetically active radiation integral above the canopy (DPI, mol
m? d™) during plant growth multiplied by DPI multiplier between 0.25 and 2.0. Positive change in
DCA resulted from optimal f,x indicates that the control Ny, partitioning (f,x = 1) is sub-optimal. In
this example, Ny, partitioning of the canopy grown under light treatment H and nitrogen treatment L
is sub-optimal under its growing light environment, and DCA can be improved almost 15% if N
partitioning is optimized.
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Chapter 3
Model parameterization and evaluation

Environmental triggers for photosynthetic protein turnover determine the
optimal nitrogen distribution and partitioning in the canopy

Abstract

Plants acclimatize their photosynthetic functions in leaves constantly to the fluctuating light,
thereby optimizing the use of photosynthetic nitrogen (Npn) at the canopy level. To
investigate the complex interplay between external signals during the acclimation processes,
a mechanistic model based on the concept of protein turnover (synthesis and degradation)
was proposed and parameterized using cucumber grown under nine combinations of nitrogen
and light in growth chambers. Integrating this dynamic model into a multilayer canopy model
provided accurate predictions of photosynthetic acclimation of greenhouse cucumber
canopies grown under high (HN) and low (LN) nitrogen supply in combination with day-to-
day fluctuations in light at two different levels. This allowed us to quantify the degree of
optimality of canopy nitrogen use for maximizing canopy carbon assimilation, which was
influenced by Ny, distribution along canopy depth or Ny, partitioning between functional
pools. Our analyses suggest that Ny distribution is close to optimum and N reallocation is
more important under LN. Ny partitioning is only optimal under the light level similar to the
average light intensity during acclimation, meaning that day-to-day light fluctuations
inevitably result in sub-optimal Ny, partitioning. Our study provides insights into

photoacclimation and can be applied for crop model improvement.
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Introduction

Acclimation of leaf traits to fluctuating environments is a key mechanism to maximize
fitness (Walters, 2005; Athanasiou et al., 2010). To maximize canopy carbon gain, dynamic
modifications of photosynthetic traits to track heterogeneous light distribution within the
canopy are crucial (Retkute et al., 2015), especially for herbaceous species with continuously
leaf-forming nature (Niinemets et al., 2015). One of the most important strategies in
photoacclimation is to maintain efficient utilization of limited resources in the photosynthetic
apparatus, e.g., nitrogen, by continuous modifications of (1) between-leaf distribution along
the canopy depth and (2) within-leaf partitioning between photosynthetic functions according

to local light availability (Evans, 1989a).

Vertical nitrogen distribution in response to light has been intensively studied (Werger and
Hirose, 1991; Anten et al., 1995; Dreccer et al., 2000; Moreau et al., 2012; Hikosaka, 2016).
Nitrogen distribution was reported to closely follow the light gradient and thus approach its
optimum in wheat stands (Dreccer et al., 2000). However, this relationship has not been
found in other studies (Moreau et al., 2012; Hikosaka et al., 2016). In fact, many studies
demonstrated that nitrogen distribution failed to track the within-canopy light gradient
optimally due to a delay in nitrogen reallocation in the lower canopy layer and an
underinvestment in the upper layer (Field, 1983; Evans, 1993b; Hollinger, 1996; Hirose et
al., 1997; Meir et al., 2002; Wright et al., 2006; Hikosaka, 2016). This discrepancy between
optimum and reality could be explained by physiological limitations and the cost of nitrogen
reallocation (Hikosaka, 2016; Kitao et al., 2018) or might result from incorrect predictions.
In some cases (e.g., Hikosaka, 2016; Kitao et al., 2018), the optimal nitrogen distribution
which followed the within-canopy light gradient estimated by Beer-Lambert’s law was
predicted extremely high in the upper canopy which might not be biologically reachable.
This could result from the over-simplification of models in three aspects: (1) neglecting the
effects of variations in the structural characteristics, e.g., leaf elevation angle (Falster and
Westoby, 2003), on light interception of the leaves; (2) neglecting age-dependent
modifications and limitations during leaf development and ageing (Niinemets et al., 2015;
Niinemets, 2016); (3) assuming a linear relationship between photosynthetic capacity and
photosynthetic nitrogen per unit leaf area instead of considering photoacclimation in

functional nitrogen partitioning.
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Optimizing functional partitioning within the leaf is particularly of great importance because
it improves carbon gain by enhancing photosynthetic nitrogen use efficiency (PNUE, Zhu et
al., 2010). Photosynthesis rate is determined by the limited rate of RuBP carboxylation and
RuBP regeneration in the photosynthetic machinery (Farquhar et al., 1980). Besides driving
photosynthesis, light also triggers fine adjustments in nitrogen investment between the (1)
RuBP carboxylation (Rubisco), (2) RuBP regeneration (electron transport) and (3) light
harvesting functions (Yamori et al., 2010; Trouwborst et al., 2011; Vialet-Chabrand et al.,
2017b). The ability and significance of photoacclimation in functional nitrogen partitioning
were empirically addressed in both light-demanding and shade-tolerant species (Evans,
1993Db; Hikosaka and Terashima, 1996; Pons and Anten, 2004; Hikosaka, 2005; Trouwborst
et al., 2011). Recently, with a modelling approach, it was predicted that a decreasing
investment in the light harvesting function can increase canopy PNUE (Song et al., 2017).
However, genetic and physiological controls of photoacclimatory processes by

environmental triggers are still not described mechanistically.

The degree of acclimation under a given environment is limited by the previous
environmental conditions (Walters, 2005; Niinemets et al., 2006) along with continuous age-
dependent modifications in physiological traits (Niinemets, 2016). This emphasizes that
static models which do not consider the dynamics of plant growth and environmental
fluctuations, may not be sufficiently precise in predicting acclimation behavior. Prieto et al.
(2012) proposed an empirical model describing the combined effects of leaf age and light on
leaf nitrogen economics for a grapevine canopy and demonstrated that the mean daily light
integral over the previous ten days explained 73% of the variation in nitrogen per unit leaf
area. Since environmental acclimation and developmental (genetic control of leaf ageing)
acclimation are regulated distinctively (Athanasiou et al., 2010), it is possible to integrate
internal (age) and external (environment) triggers into a mechanistic model for better
understanding of the developmental and environmental effects on photosynthetic

acclimation.

Acclimation processes in leaf functioning are regulated by constant updates of protein
content as a result of protein turnover, driven by the concurrent actions of degradation and
synthesis (Li et al., 2017). In growing leaves, photosynthetic proteins account for the highest

cost in protein turnover (Li et al., 2017). At the expense of energy costs, protein turnover is
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necessary for adjusting protein levels in line with external triggers. It was experimentally
shown that leaf Rubisco content increased with light (Yamori et al., 2010) and nitrogen
supply level (Yamori et al., 2011a) and exhibited an evolution with leaf age which could be
interpreted by Rubisco turnover (Suzuki et al., 2001; Ishimaru et al., 2001; Irving and
Robinson, 2006). Based on the concept of protein turnover, Thornley (1998) proposed a
mechanistic model predicting reasonable dynamics of photosynthetic acclimation at the leaf
level. We refined this model to describe the dynamics of different photosynthetic nitrogen
pools and to quantify the developmental and environmental effects of light and nitrogen
availabilities on leaf acclimation. The optimality of nitrogen distribution and partitioning at
canopy scale was evaluated by integrating this model into a multilayer model considering the
structural characteristics of a cucumber canopy. This aims (1) to test whether the protein
turnover can be a mechanistic explanation of the photosynthetic acclimation under dynamic
environmental conditions; (2) to understand the regulatory mechanism of environmental
triggers on the degree of optimality at the canopy level in terms of maximizing PNUE and
canopy carbon assimilation which can be considered as an indicator of general fitness of the

plants.

Materials and methods

Modelling the dynamics of photosynthetic protein turnover

Photosynthetic nitrogen (Npn, mmol N m) is defined as biologically active nitrogen in the
proteins involved in photosynthetic functions, i.e., carboxylation, electron transport and light
harvesting. Leaf Ny, is calculated as the sum of nitrogen in the carboxylation pool (Nvy),

electron transport pool (N;) and light harvesting pool (Nc, Trouwborst et al., 2011):

Npn = Ny + Ny + N¢ (Egn 3-1)
where Ny includes only Rubisco and represents the nitrogen investment in carboxylation
capacity. N; includes electron transport chain, photosystem Il core and Calvin cycle enzymes
other than Rubisco. N¢ includes photosystem | core and light harvesting complexes | and II.
Functional pools Ny, N; and N¢ are estimated from the maximum carboxylation rate (Vcmax,
umol CO, m? s), maximum electron transport (Jmax, umol e m? s) and leaf chlorophyll
(Chl, mmol Chl m™), respectively (Buckley et al., 2013):
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Ny = Vemax/ Xv (Egn 3-2a)
N] = ]max/X] (Egn 3-2b)
NC = (Chl - N] X Xc])/){c (Eqn 3'20)

where xv (umol CO, mmol™ N s™) is the carboxylation capacity per unit Rubisco nitrogen,
and y, (umol € mmol™ N s?) is the electron transport capacity per unit electron transport
nitrogen. yc; (mmol Chl mmol™ N) and yc (mmol Chl mmol™® N) are the conversion
coefficients for chlorophyll per electron transport nitrogen and per light harvesting
component nitrogen, respectively. Photosynthetic nitrogen partitioning fraction of a pool X

(px) is determined as the ratio of nitrogen in the pool X (Nx, mmol N m™) to Nph:

Px = Nx/Npn (Ean 3-3)
The rate of change of Ny is determined by the instantaneous protein synthesis rate [Sx(t),
mmol N m™ °Cd?] and degradation rate [Dx(t), mmol N m™? °Cd™] of the corresponding

enzymes and protein complexes at a given leaf age (t, °Cd):

Protein synthesis as an age-dependent and zero-order process (Li et al., 2017), is described
by a logistic function and independent of the current Ny state:

Sx(t) = 2 X Smaxx/[1 + exp(t X tax)] (Eqn 3-5)
where Smaxx (Mmol N m? °Cd™) is the maximum protein synthesis rate of Nx which occurs at
the early stage of leaf development (Figure S3-1). The constant tgx (°Cd™) describes the
relative decreasing rate of the protein synthesis over time (see Table 3-1 for the coefficients
used in the protein turnover model). At age of 1/tyx, Sx reduces to 53.8% 0of Syax x-

The degradation rate Dy is governed by first-order kinetics (Verkroost and Wassen, 2005; Li
etal., 2017) with a degradation constant D, x (°Cd™):

Dx(t) = Dy x X Nx(t) (Egn 3-6)
The variable Spax x In Eqn 3-5 is a function of daily light interception (1.4, mol photons m?2d
1):

SmaX,X = [Smm,X X kI,X X ILd/(Smm,X + kI,X X ILd)] X rN,X (Eqn 3'7)
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where Smmx (Mmol N m™ °Cd™) is the potential maximum protein synthesis rate and ki x is
the rate constant describing the increase of Smaxx With I 4. The factor ryx increases with

nitrogen level in the nutrient solution (Ns, mM) by a Michaelis-Menten constant, ky x (mMM):

mnx = Ns/(knx + Ns) (Egn 3-8)

Table 3-1. List of coefficients used in the protein turnover model for photosynthetic nitrogen pools,
carboxylation pool Ny, electron transport pool N; and light harvesting pool Nc. These coefficients
were estimated from the growth chamber experiment. Model variables and other coefficients are
listed in Table 3-2 and Table 3-3.

Description Coefficient Unit Pool Ny, Pool N;  Pool N¢
Degradation constant (Eqn 3-6) D, °Ccd* 0.0195 0.0195  0.0091
mmol N m?

Increase rate constant of Sy. with K, ground d m2 LA 0.173 0.130 0.234

o (Ean 3-7) °Cd™ mol™ photon

Michaelis-Menten constant

relating Ns to Sy (EQN 3-8) Kn mM 0.536 0.420 0.316
Potential maximum synthesis rate S, mmol N m2 °Cd™ 1122 0.852 0248
(Egn 3-7)

Decreasing constant of synthesis t, oCcd? 0.001 0.002 0.001

rate (Egn 3-5)

Table 3-2. List of model input and output variables.

Description Variable  Unit Equation Type

Net photosynthesis rate A umol CO, m?s™ 3-9a output
RUBP carboxylation-limited A Ac umol CO, m?2s™ 3-9b  output
RUBP regeneration-limited A A umol CO, m?2s™ 3-9c  output
Leaf absorptance a - 3-13 output
Atmospheric CO, concentration Ca umol CO, mol™ - input
Chloroplastic CO, concentration Cc umol CO, mol™ 3-14 output
Leaf chlorophyll per unit area Chl mmol m™ 3-2c output
Leaf-to-air vapor pressure deficit D kPa - input
Protein degradation rate of N pool X Dx °cd™ 3-6 output
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Description Variable  Unit Equation Type
Factor for creating variation in N
distribution fo ) 318 Input
Factor fo_r creating variation in N f i 3-19 input
partitioning
Mesophyll conductance to CO, Om mol CO, m?s* 3-16  output
Maximum g Ommax Mol CO, m?s™ 3-17  output
Stomatal conductance to CO, g  molCO;m?s* 3-15  output
-2

PPFD at leaf Iic s.ranl photons m - input
Daily photosynthetic photon integral at I mol photons m™ .

Ld -1 - Input
leaf d

2

Mean I 4 during the last four days I Ldad (T?I photons m - input
Electron transport rate J pmol e m?s? 3-12 output
Maximum electron transport rate Jmax umol ¢ m?s™ 3-2b output
Leaf area LA m? - input
Total leaf photosynthetic N content in
Leaf photosynthetic N content N eaf mmol N - output
Leaf photosynthetic N per unit area Nph mmol N m™ 3-1 output
N concentration of nutrient solution Ns mM - input
Concentration of N pool X Nx  mmol Nm? 3-4  output
Concen_tratlon of N pool of light Ne mmol N m?2 3-4 output
harvesting
Concentration of N pool of electron N mmol N m? 3-4 output
transport
Concentrat_lon of N pool of Ny mmol N m 3-4 output
carboxylation
Partitioning fraction of N pool X Px - 3-3 output
Daytime respiration rate in the absence 2.1
of photorespiration Rd pmol CO, m™s 3-10 output
Reduction factor of protein synthesis
depending on N availability ™ 3-8 output
Maximum protein synthesis rate Smax  mMmolNm?°cd®  3-7  output
Protein synthesis rate of N pool X Sx mmol N m? °Cd™ 3-5  output
Leaf age t °Cd - input
Carboxylation rate Ve pmol CO; m?s? 3-11 output
Maximum carboxylation rate Vemax pmol CO; m2s?t 3-2a output
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Table 3-3. List of model coefficients. Standard errors (SE) are indicated in the parentheses.

Description Coefficient  Unit Value (SE) Reference
Conversion coefficient Bucklev et
of chlorophyll per light Xc mmol Chl mmol™ N 0.03384 Y
. al., 2013
harvesting N
Conversion coefficient Bucklev et
of chlorophyll per xc3 mmol Chl mmol* N 4.64.10™ Y
al., 2013
electron transport N
Conversion coefficient
of electron transport . Ay ol Buckley et
capacity per electron 22 umol e"mmol™N's 9.48 al., 2013
transport N
Conversion coefficient 1
of carboxylation v pmol CO, mmol™ N 4.49 Buckley et
) . S al., 2013
capacity per Rubisco N
. 2 . Chenetal.,
Minimum g 9o mol CO, m?s* 0.009  Jory
Species-specific i 351 Chenetal.,
coefficient of g 91 : 2014a
CO, compensation point X Sinasaas et
in the absence of dark r umol CO, mol™ 43.02 g
o al., 2003
respiration
Michaelis—Menten Chen et al
constant of Rubisco for K umol CO, mol™ 404 K
2014a
CO,
Michaelis—Menten Chen et al
constant of Rubisco for Ko mmol O, mol™ 278 K
0 2014a
2
O, concentration at the 1 Chenetal.,
site of carboxylation © mmol O, mol 210 2014a
Coefficient relating N , mol CO,mmol™* Ns™  1.64-10°
t0 Grmmax gm ! (5.27-10%
.. 2 - 0.140
Coefficient related to 2 4 omal 1 P
the decrease in Ry by Rg mho?onCd mol (jégigf’) -
growth respiration P ’
Coefficient related to o -1 4
: . umol CO, d °Cd 1.88-10"
the increase in Rq by Rm mol™ photons s (1.61:107)
maintenance respiration
Coefficient relating I 4 A pmol CO, pmol™ 0.308
to maximum Ry max photons s (0.028)
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Description Coefficient  Unit Value (SE) Reference
Conversion efficiency & pumol e pumol™ 0.340
of photons to J photons (2.5107)
. .. Chenetal.,
Convexity coefficient 0 - 0.7 2014a
Leaf age When gmmax tgm oCd 121 (81) -
occurs
Standard deviation of 0.860
the dependence of gm—t Vgm (0.063)
curve

Modelling leaf photosynthesis

Photosynthetic parameters, Vcmax, Jmax and Chl, were estimated from functional nitrogen
pools, Ny, Ny and N¢, using Egn 3-2a- Egn 3-2c. The net photosynthesis rate (A,, umol CO;
m?2s™) is defined as the minimum of RuBP carboxylation-limited (A., mmol CO, m?s™) and
RuBP regeneration-limited (A;, mmol CO; m s™) net photosynthesis rate (Farquhar et al.,
1980):

A, = min (4., 4;) (Egn 3-9a)
A=V x (C. — r*)/[cc +K.(1+ O/Ko)] — Ry (Egn 3-9b)
Aj=]x(C.—T")/(4C. +8I'") — Ry (Egn 3-9c¢)

where C. (umol CO, mol™) is the chloroplastic CO, concentration and 7* (umol CO, mol™)
is the CO, compensation point in the absence of dark respiration. K. (umol CO, mol™) and
Ko (mmol O, mol™) are Michaelis-Menten constants of Rubisco for CO, and O,
respectively. O (mmol O, mol™) is the O, concentration at the site of carboxylation. The
variable V. (umol CO, m™ s™) is carboxylation rate and J (umol e m? s™) is electron
transport rate. Daytime respiration rate Ry (umol CO, m?s™) is assumed to vary with t and

the mean I 4 during the previous four days (I, g4q):
Rd(t) = Rpmax X ILdaq X exp(—Rg X I qs4q X t) + Ry X I qaq X ¢ (Eqn 3-10)
where Rpax (umol CO, d mol™ photons s™) relates 1444 to the maximum Ry, Ry (m* d °Cd™

mol™ photon) influences the decrease in the growth respiration, and Ry, (umol CO, d °Cd™

mol™ photon s) affects the increase in the maintenance respiration with t.
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V. and J are calculated from V¢max and Jmax, respectively, depending on the PPFD incident on
the leaf (I, pumol photons m? s™) according to Qian et al. (2012) and Ogren and Evans

(1993), respectively:

0.69
Ve = Vemax X {0'31 + 1+exp[—0.009x(1Lc—500)]} (Egn 3-11)

J={p X a X I+ Jmax = [(¢ X @ X Iic + Jmax)? = 40 X Jmax X ¢ X @ X Ic]°5}/(26)

(Egn 3-12)
where ¢ (umol e pmol photons™) is the conversion efficiency of photons to J, and ¢
(unitless) is a constant convexity factor describing the response of J to I ... Leaf absorptance
(o, unitless) is related to Chl (Evans, 1993b):

a = Chl/(Chl + 0.076) (Eqn 3-13)
Chloroplastic CO, concentration depends on the steady-state of stomatal conductance (g,
mol CO, m™ s™*) and mesophyll conductance (gm, mol CO; m?s™) to CO,:

Cc = Cy — Ap X [(gsc T 9m)/(Gsc X gm)] (Egn 3-14)
where C, (umol CO, mol™) is atmospheric CO, concentration, and gs. is calculated with
species-specific constants of stomatal conductance, go and g; (Chen et al., 2014a), and leaf-

to-air vapor pressure deficit (D, kPa, Medlyn et al., 2011):

Isc = 9o + (1 + gl/\/ﬁ) X An/Ca (Eqn 3'15)
Mesophyll conductance is expressed as a log-normal function of t (Chen et al., 2014a), where
gm first increases during leaf development and decreases during ageing (Flexas et al., 2008):

2
Im = Immax X €Xp {—0.5 X [ln(t/tgm)/vgm] } (Egn 3-16)
where tgn is the t when the maximum gm (Gmmax Mol CO, m? s) occurs and vgn is the
standard deviation of the curve; gmmax is linearly related to Ny, since a similar relationship
has been reported for C; plants (e.g., Yamori et al., 2011a):
Immax = Tgm X Nph *+ Tgmo (Egn 3-17)
where rgm (mol CO, mmol™ N s™) describes the rate of increase of gmmax in relation to Non,

and rgmo (Mol CO, m? s™) is the minimum gmpmax.
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The steady-state A; was solved analytically with Eqn 3-9b, Eqn 3-14 and Eqgn 3-15, and A;
with Egn 3-9¢, Egn 3-14 and Eqn 3-15, following Moualeu-Ngangue et al. (2016). Model
variables and coefficients are listed in Tables 3-1, 3-2 and 3-3.

Growth chamber experiment to investigate the dynamics of photosynthetic protein turnover

Cucumber (Cucumis sativus L. ‘Aramon’, Rijk Zwaan, De Lier, The Netherlands) plants
were grown in two experiments at the Institute of Horticultural Production Systems, Leibniz

Universitat Hannover, Germany (latitude 52.4°N).

One growth chamber experiment was conducted from 21 October to 9 December 2016 with
factorial combinations of three light and three nitrogen supply levels to parameterize the
photosynthetic protein turnover model (see below). Cucumber seeds were sown in rock-wool
cubes (36 x 36 x 40 mm) on 5 October. Eight days later, seedlings were transplanted to larger
rock-wool cubes (10 x 10 x 6.2 cm) for another eight days until the second true leaves
appeared (leaf length > 3 cm). Plants were transferred into 25-L plastic containers (one plant
per container) on 21 October and cultivated hydroponically with a 12-h light period and 24°C
day/ 20°C night air temperature. Three nitrogen levels, 9.6, 4.6 and 2.3 mM, were supplied
using Ca(NOs3), and Ferty Basisdiinger 1 (Planta GmbH, Regenstauf, Germany, 5.2 mM K,
1.3 mM P, 0.82 mM Mg in working solution). Nutrient solution was replaced weekly and
adjusted to pH 6.0-6.5 two times a week. Three constant light conditions with daily
photosynthetic photon integrals (DP1) of 28.9, 14.2 and 4.4 mol photons m? d* were
provided using metal halide lamps. Four plants were grown under each treatment
combination. Three leaves per plant (between leaf ranks four to eight, counted acropetally)
were kept horizontally and well exposed to incoming light using custom-made leaf holders,
while the rest of the shoot was trained downward to avoid mutual shading. Gas exchange (see
below) and relative chlorophyll content (SPAD-502; Minolta Camera, Japan) were measured
at different thermal ages of the leaves, ranging from 45°Cd to 558°Cd, calculated by
subtracting a base temperature of 10°C (Savvides et al., 2016) from mean daily air
temperature around the leaf. Air temperature was recorded continuously using data loggers
(Tinytag; Gemini Data Loggers, Chichester, UK). After gas exchange measurements, leaves

were harvested for leaf area and nitrogen analyses.
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Greenhouse experiment to evaluate optimality of nitrogen distribution and partitioning

One greenhouse experiment was carried out from 4 April to 12 May 2017 under two light
regimes and two nitrogen supply levels to evaluate the model performance and to collect
input data for optimality analyses. Seeds were sown on 14 March and transplanted to larger
rock-wool cubes on 22 March. After the third true leaves had appeared, plants were
transferred onto rock-wool slabs on 4 April with plant density of 1.33 plants m™ and supplied
with two nitrogen concentrations, 10 (HN) and 2.5 (LN) mM, by drip irrigation using the
same fertilizers as described in the growth chamber experiment. During the experimental
period, average nitrogen supply was calculated from the nitrogen concentration in the
nutrient supply and rock-wool slabs, which was 8.2 and 2.0 Mm for HN and LN,
respectively. Plants were grown under either high (HL) or low light (LL) regimes. The
southern half of the greenhouse was unshaded as the HL regime. The lower light regime was
created in the northern half of the greenhouse by shading nets to reduce incoming light from
top and sides, where PPFD was reduced on average to ca. 40% of that under HL (38 + 1.3%
under sunny and 42 * 0.2% under cloudy condition). Average DPI above the canopy was
21.4 and 8.5 mol photons m? d* for HL and LL, respectively, during the experimental
period. DPI during the experimental period was recorded by the weather station located
above the greenhouse. An average light transmittance of 49.8% through the greenhouse
structure was applied (39.2% on a sunny day and 60.4% on a cloudy day). Air temperature in
the middle canopy was recorded continuously using data loggers and was significantly higher
under HL (0.5°Cd per day). Gas exchange measurements and harvests were conducted at
four time points on 21 April, 28 April, 5 May and 12 May at two different canopy layers with
two replications. Leaf age at measurement ranged from 77°Cd to 414°Cd. Leaf elevation
angle was obtained by a 3D digitizer (Fastrak; Polhemus, Colchester, USA) according to
Chen et al. (2014a). Leaves were harvested after gas exchange measurements to determine

leaf area index (LAI, m? m™).

Gas exchange measurements and estimation of photosynthetic parameters

Light-saturated net photosynthesis rate under PPFD of 1300 pmol photons m? s (Assgo,
umol CO, m™ s™) and light response curves were measured using a portable photosynthesis
system (LI-6400XT; Li-Cor Inc., Lincoln, NE, USA). All measurements were carried out
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under sample CO, 400 pumol mol™, leaf temperature 25°C and relative humidity 55-65%. Rg
was estimated from the linear portion of the light response curve (Kok, 1948). V¢max Was
estimated using the one-point method (Wilson et al., 2000; De Kauwe et al., 2016), and Jmax
and ¢ by least squares fitting to a nonrectangular hyperbola (Ogren and Evans, 1993).
Mesophyll conductance was estimated using the variable J method (Harley et al., 1992a).
Chlorophyll fluorescence was measured using the multiphase flash approach (Loriaux et al.,
2013) following Moualeu-Ngangue et al. (2017).

Nitrogen analyses and photosynthetic nitrogen partitioning estimation

Leaf samples obtained in the growth chamber experiment were freeze-dried and ground into
fine powder for nitrogen analyses. Total leaf nitrogen was analyzed using Kjeldahl method
(Nelson and Sommers, 1980). Leaf chlorophyll was extracted with 96% ethanol and analyzed
colorimetrically (Lichtenthaler, 1987). Relationships between relative chlorophyll content
(SPAD) and Chl were determined (Figure S3-2) for estimating Chl in the greenhouse

experiment.

Model parameterization

The differential equations Eqn 3-4- Eqn 3-6 were solved and the coefficients were quantified

using R (version 3.3.0; R Foundation for Statistical Computing, https://www.r-project.org/)

by using packages ‘deSolve’ and ‘DEoptim’, which minimizes the sums of squares of the
residuals between observations and simulations. The data obtained in the growth chamber
experiment were used for the parameterization. D;x and tqx were first quantified for each
pool using data of all treatments. With the determined values of D;x and tyx, Smaxx Was then
quantified for each treatment. Smmx, Kix, Knx were determined from Spaxx (Eqn 3-7 and Egn
3-8) by least squares fitting in Sigmaplot (version 11.0, Systat software GmbH, Erkrath,
Germany) as well as the influences of t and I, 4 on Rq (Eqn 3-10) and g, (Egn 3-16 and Eqn
3-17).
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Dynamic leaf photosynthetic nitrogen simulation and model evaluation

Daily environmental information during the experimental period (Figure S3-3) and the
canopy information obtained at the four harvests, including age and area of each leaf, were
used as input to simulate photosynthetic nitrogen per unit leaf area (Npn, mmol N m),
photosynthetic nitrogen per leaf (Niar, mmol N) and total leaf photosynthetic nitrogen
content of the canopy (Ncanopy, mmol N). First, leaf elevation angle of each leaf and LAI were
simulated empirically depending on t (Figure S3-4). Second, for each time step, the daily
light interception 14 at the leaf was calculated and used in Eqn 3-7 to simulate protein
turnover. Light interception was calculated by Beer-Lambert’s law (Monsi and Saeki, 1953;
Monsi and Saeki, 2005) with a light extinction coefficient of 0.695 and adjusted by the
cosine of leaf elevation angle. For model evaluation, root mean squared deviation (RMSD)
and accuracy (%) were determined for photosynthetic parameters, Ny and px predictions
following Kahlen and Stitzel (2011).

Simulating daily canopy carbon assimilation

Daily canopy carbon assimilation during daytime (DCA, mol CO, d) was simulated using
greenhouse canopy characteristics obtained at the last harvest as input (Table S3-1; Figure
S3-5). Leaf-to-air vapor pressure deficit (D) 1.2 kPa and C, 400 pmol CO, mol™ were used in
all simulations, similar to the environmental conditions during the gas exchange
measurements. Scenarios with different DPI levels were defined for simulating DCA. Up to
six DPI levels were taken as relative to the average DPI during acclimation (aDPI) to
simulate the influence of day-to-day DPI fluctuation on DCA. To simulate DCA, diurnal
PPFD above the canopy was simulated for a given DPI level with a time step of 0.1 h by a

simple cosine bell function (Kimball and Bellamy, 1986) with a 14.4-h day length.

Modifying photosynthetic nitrogen distribution and partitioning

To evaluate the effects of between-leaf distribution and within-leaf partitioning of Ny on
DCA, a distribution factor fy was introduced into Eqn 3-5 to create variations in the rate of
protein synthesis, and a partitioning factor f,x was introduced into Eqn 3-7 to create

variations in the maximum protein synthesis rate of different functional pools:
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Sx(t) = 2 X Smaxx/[1 + exp(t X tax X fa)] (Egn 3-18)

Smaxx = [Smm,X X fpx X kix X ILd/(Smm,X X fox + kix X ILd)] XN, x (Egn 3-19)
A control condition was defined with f; = 1 and fy x = 1, when all coefficients in the synthesis
process (Table 1) remained unmodified. Increasing fyq accelerates the decrease in the rate of
protein synthesis and enhances acropetal Ny, reallocation. An increase in f,x results in a
higher rate of synthesis of Nx and increases the partitioning to pool X. A modified
partitioning pattern which maximized DCA was identified as optimal for several DPI levels,
and the optimal values of f,x were determined using the package ‘DEoptim’ in R. The
change in DCA caused by modified distribution or optimal partitioning of Ny was compared
with the control conditions. The ratios between optimal and control partitioning fractions of
each pool X, as well as the contributions of daily leaf carbon assimilation (DLA) to the DCA

increase were calculated along the canopy depth.

Results

Mechanistic model aims to quantify the environmental effects of light and nitrogen
availabilities and developmental effects on photosynthetic protein turnover

In the model, we assume that photosynthetic protein turnover is under genetic and
environmental control. The genetic control is characterized by the potential maximum protein
synthesis rate Sym, coefficient tq, and the protein degradation constant, D;. The coefficient tq
affects the decrease in the rate of synthesis, and D, contributes to the degradation rate, which
together influence the developmental effect on protein turnover dynamics. The low value of
ty (0.001-0.002°Cd™, Table 3-1) suggests that the influence of ageing appears rather late in
the leaf lifespan under constant light environment. The coefficient D, was found to be the
same for the carboxylation pool (Ny) and the electron transport pool (N;), while the light
harvesting pool (N¢) had a lower D, (Table 3-1). The genotypic sensitivities to light and
nitrogen availabilities are characterized by k; and ky, respectively. Collectively, Smm, ki and
kn determine the maximum protein synthesis rate Smax in Eqn 3-7. When light was increased
2.5-fold (from LL to HL), Smax increased by 50% in Ny and Nj, and by 10% in N¢, while

nitrogen level had less influence on Sy (< 10%), which only occurred under low nitrogen
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concentration (< 3.5 mM) and the higher light intensity (Figure 3-1), showing that light had a
major control of Spax. Nc had the highest k; (Table 3-1); consequently, Smaxc approached
saturation at lower light intensity than Spaxv and Spaxj (Figure 3-1). Smaxv and Smaxy were
well coordinated in response to light and nitrogen level (Figure 3-1A, B), but the higher k,
and ky of Ny (Table 3-1) suggested that Ny synthesis is more sensitive to the variation in

light and nitrogen availabilities than N;.
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Figure 3-1. Simulated effects of daily light interception (l.q4, mol photons m? d*) and nitrogen supply
level in the nutrient solution (Ns, mM) on maximum protein synthesis rate (Smaxx) in Eqn 3-7 using
coefficients from Table 3-1, of (A) the carboxylation, (B) the electron transport and (C) the light
harvesting pools. The colors denote the normalized maximum protein synthesis rate, which iS Spax x
normalized by the potential maximum protein synthesis rate (Smmx) in Eqn 3-7. The data obtained in
the growth chamber experiment were used for the parameterization. The arrows above and beside the
figures indicate the corresponding average environmental conditions in the greenhouse experiment
(high light, HL, 21.4 mol photons m? d*; low light, LL, 8.5 mol photons m? d*; high nitrogen, HN,
8.2 mM; low nitrogen, LN, 2.0 mM).
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Effects of light and nitrogen availabilities on maximal protein synthesis rate explain the
dynamics of photosynthetic acclimation

We evaluated the model using a greenhouse experiment, where leaves grown under
combinations of two light regimes (HL and LL) and two nitrogen levels (HN and LN) were
measured in two canopy layers weekly for four consecutive weeks. The model predicted leaf
photosynthetic characteristics with high accuracy (70%-91%, Figure 3-2) and a trend of
photosynthetic acclimation (Figure S3-6) similar to the experimental observations (Figure 3-
3), except for slight overestimations in photosynthetic nitrogen (Npn, Figure 3-2C),
carboxylation pool (Figure 3-2D, G) and chlorophyll (Figure 3-2F).

Photosynthetic acclimation in the greenhouse canopies as influenced by the interplay
between light, nitrogen level and leaf age was examined (Figure 3-3). Light had positive
effects on Np, (Figure 3-3A), the partitioning fractions of Ny (py, Figure 3-3C) and N; (ps,
Figure 3-3E) but negative effects on the partitioning fraction of N¢ (pc, Figure 3-3G). This
negative effect of light on pc can be explained by the high k; of N¢ (Table 3-1), which leads
to an saturation of Smaxc under lower light (Figure 3-1). The changes in Npn, pv, p; and pc
with leaf age were similar to those with light (Figure 3-3) due to the association in the
gradients of age and light.

In comparison with HN, Np, under LN was significantly lower in the young leaves but
similar in the old leaves (Figure 3-3A). In the greenhouse, young leaves developed under
high light intensity, which increased the sensitivity of Syax to nitrogen level (Figure 3-1).
During the simultaneous increase in leaf age and mutual shading, the effects of nitrogen
supply on Spax became less prevalent (Figure 3-1). Nitrogen level had less influence on
functional partitioning (Figure 3-3C, E and G) than light (Figure 3-3D, F and H).
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Figure 3-2. Comparisons between simulated and observed leaf photosynthetic parameters. (A) Light-
saturated net photosynthesis rate under PPFD 1300 pumol photons m™? s (A, pmol CO, m? s%);
(B) daytime respiration rate (Ry, umol CO, m?s™); (C) leaf photosynthetic nitrogen (Ny,, mmol N m’
%); (D) maximum carboxylation rate (Vemax, mol CO, m? s™); (E) maximum electron transport rate
(Jmaw Mol € m? s?); (F) chlorophyll (Chl, mmol Chl m?): (G) partitioning fraction of the
carboxylation pool (py); (H) partitioning fraction of the electron transport pool (p;); (1) partitioning
fraction of the light harvesting pool (pc). The observed data were obtained in the greenhouse
experiment. The dotted grey lines denote one-to-one lines. Root mean squared deviation (RMSD) and
accuracy of the predictions are shown.
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Figure 3-3. Comparisons of leaf
photosynthetic nitrogen (Np,, mmol
N m? A and B), partitioning
fractions of the carboxylation pool
(pv, C and D), the electron transport
pool (p,, E and F) and the light
harvesting pool (pc, G and H)
between high and low nitrogen
supply (HN and LN, respectively, A,
C, E and G) and between high and
low light conditions (HL and LL,
respectively, B, D, F and H). Each
point represents the measurements in
the greenhouse experiment obtained
from a comparable canopy layer. The
orange open circles indicate leaves
grown under HL, the black closed
circles indicate LL, the blue open
squares indicate HN and the black
closed squares indicate LN. The size
of the circles increases with leaf age,
ranging 77°Cd to 414°Cd. The solid
lines show the linear regression y =
ax + b. The P values of the slope a
are shown. The values of a are
specified with 95% confidence
intervals when they are significantly
different from one. The dotted grey
lines denote one-to-one lines.



Chapter 3 Model parameterization and evaluation

Photosynthetic nitrogen distribution is close to optimum and the effect of nitrogen
reallocation is more prominent under limited nitrogen availability

The influence of Ny, distribution pattern along the canopy depth on daily canopy carbon
assimilation (DCA, mol CO, d) was evaluated by introducing a distribution factor f to
create variations in the rate of protein synthesis. In our model, protein synthesis and
degradation rates determined simultaneously (1) total leaf photosynthetic nitrogen content of
the canopy (Ncanopy, mmol N), (2) Ny distribution in the canopy and (3) Nyn partitioning
fractions of pools X (px) in the leaf. Thus, it was impossible to modify single elements while
maintaining the other two constant. Increasing fy led to a faster reduction of Ny, during leaf
ageing and more acropetal Ny, reallocation. However, it also reduced Ncanopy and tended to
increase pc (data not shown). Therefore, to obtain the leaf photosynthetic nitrogen content
(Nieari, mmol N in leaf i) with comparable Ncanopy, Simulated Nier; With fg = n (denoted as
Nieari) Was adjusted proportionally to the ratio between Ncanopy Calculated with f; = 1 and

with fq =n:

Nleaf,i(fd =n) = N,leaf,i(fd =n) X [Ncanopy(fd = 1)/Ncanopy (fa= n)] (Egn 3-20a)
px.i was set equal to the control value:

Pxi = Nxi(fa = 1)/Npp; (fa = 1) (Eqgn 3-20b)

These adjustments assured the same amount of Ncanopy among the distribution patterns. The
factor fy was varied between 0.5 to 5.0 at intervals of 0.5 in the simulation, which gave values
of Ny comparable to those measured in cucumber leaves (22-135 mmol N m™, Figure 3-4).
Canopy Np, distributions with enhanced acropetal reallocation were created by increasing fg
(Figure 3-4; Figure S3-7). In general, Np, distributed correspondingly to the vertical light
distribution except in the expanding leaves in the upper canopy, and the Ny, distribution with

light was steeper under LL (Figure S3-7).

To simulate the natural fluctuations in light between days, three light levels representing
200% (aDPl,g), 100% (aDPlyg) and 50% (aDPlsy) of average DPI during acclimation
(aDPI) were used in the DCA simulation. Under aDPl1go and aDPlsg, enhancing acropetal Npn
reallocation did not significantly increase DCA (< 5%), suggesting that Ny distribution was
optimal under constant and decreasing DPI (Figure 3-5B, C). More acropetal reallocation did
not improve the optimality of Ny, distribution in terms of maximizing DCA since a large
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proportion of leaf area was located in the middle-lower to lower canopy (Figure S3-5).
However, enhancing Ny, reallocation resulted in an increase in DCA by 7% under LN at
aDPlyo (Figure 3-5A), indicating that acropetal Ny, reallocation was more important under
LN than HN.

It was observed that Ny, was more overestimated in the older leaves than in the younger ones
(Figure 3-2C), which indicated that our model tended to underestimate the acropetal Npn
reallocation when scaling up from leaf to canopy level. In order to maintain a constant light
environment for the measured leaves in the growth chamber experiment, leaves younger than
the sampled leaves were trained downward and their light interception, together with their
nitrogen demand, was inevitably reduced; therefore, the model coefficients were obtained
from the leaves with limited nitrogen reallocation. However, underestimating acropetal Ny,

reallocation would not affect our result that Ny distribution was close to optimum.

150 150 Figure 3-4. Leaf photosynthetic
a_.A HN+ B HN+LL nitrogen (Np,, mmol N m?)
"33 distributions along the canopy
1001 <23 100 .

fy, &, depth, characterized by leaf area
— ' $ index (LAI, m? m?). Variations
E 50 Ly 50 f\w in nitrogen distribution were
g S I "-..,... created using by a distribution
S 0 - factor fy ranging from 0.5 to 5.0
= 0 1 2 0 1 2 at intervals of 0.5 in Egn 3-18
E 150 1501 under different growth
© C LN+ D et . | conditions. (A) High nitrogen
5 4 and high light (HN+HL); (B)

£ 1001 « 100 3 . . .
= z 2 high nitrogen and low light
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" Wik N nitrogen and low light (LN+LL).
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Figure 3-5. Effects of photosynthetic nitrogen
(Ngn) distributions with different values of fy
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d

Sub-optimal nitrogen partitioning is due to daily light fluctuation

To find the optimal within-leaf Ny, partitioning between functions, the potential maximal
protein synthesis rate for pool X was modified by a factor f,x, ranging from 0.2 to 2.0.
Increasing f, x resulted in higher protein synthesis rates, but it also increased Ncanopy and the
proportion of nitrogen distributed in the upper canopy. After simulating nitrogen partitioning
with a modified fyx, Niear OF each leaf was re-assigned to their control values which were
obtained with f, x = 1. Partitioning patterns with maximal DCA at six DPI levels (25%-400%
aDPI) were identified as optimal and the maximal DCA was compared with control DCA
(Figure 3-6). The increase in DCA by optimal partitioning was insignificant (< 5%) when
DPI1 was close to aDPI (indicated by the arrows in Figure 3-6). This suggested the ability of
plants to maximize DCA by optimizing Ny, partitioning to aDPI. Ny partitioning deviated
further from optimum when DPI diverged from aDPI (Figure 3-6). Therefore, strong day-to-

day light fluctuation induced sub-optimality of Ny partitioning and led to lower PNUE.
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By optimizing Np, partitioning, DCA could be increased by nitrogen reinvestment in the
limited functional pools. Under aDPl,q0, Npn partitioning was sub-optimal under HL (Figure
3-6), and this sub-optimality was less under HN than under LN (Table 3-4). By reinvesting
about half of N¢ into Ny and N; (Figure 3-7A, C), DCA increased by 6% under HN and by
13% under LN (Table 3-4), as a result of increased carbon assimilation in the middle-lower
canopy (Figure 3-7A, C). Under aDPlsp, HN did not reduce the sub-optimality of Np,
partitioning (Table 3-4) due to an underinvestment in the light harvesting function.
Reinvesting Ny into N¢ in the middle or upper canopy (HL, Figure 3-8A; LL, Figure 3-8B,
D) increased DCA by 7%-25% (Table 3-4).

3 60
. @ 50 | HN+HL
G .S 40 LN+HL
2 e 30 | --w- LN+LL Less optimal
£ ®
o &
2 5209\ - v
v < Y
g5 107 -~ -
£ = 0| M\t 7 Optimum
8’ * *_ * i i
10 20 30 40

DPI (mol photons m= d)

Figure 3-6. Increase in daily canopy carbon assimilation (DCA) by optimizing photosynthetic
nitrogen (Npn) partitioning for different growth conditions under various daily photosynthetic photon
integrals (DPI, mol photons m? d™). The increase in DCA was the DCA with the optimal partitioning
under a given DPI in comparison with the control partitioning (f,x = 1 in Eqn 3-19). An increase less
than 5% (grey shade) is considered insignificant. The average DPI during acclimation (aDPI) is
indicated by the orange arrow for HL (21.4 mol photons m™? d™) and by the black arrow for LL (8.5
mol photons m? d™). The asterisks indicate the scenarios compared in Figure 3-7, Figure 3-8 and
Table 3-4 with 50%, 100% and 200% aDPI. The symbols and colors used here are the same as those
in Figure 3-5.
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Table 3-4. Increase in the daily canopy carbon assimilation (DCA) by optimized photosynthetic
nitrogen distribution or partitioning under various daily photosynthetic photon integrals (DPI, mol
photons m? d™) for canopies grown under different conditions. Average DPI during acclimation
(100% aDPI), 200% and 50% aDPI were tested. The increase in DCA for plants grown under the
combinations of high nitrogen (HN), high light (HL), low nitrogen (LN) and low light (LL) was

calculated by comparing the DCA between optimal and control distribution or partitioning.

Growth Light level Control DCA Increase in DCA (%) by optimized
condition EDPI DPI (mol CO, d™) distribution partitioning
evel
200% 42.7 0.5467 <5% 6.3%
HN+HL 100% 21.4 0.3217 <5% <5%
50% 10.7 0.1368 <5% 7.1%
200% 17.1 0.2554 <5% <5%
HN+LL 100% 8.5 0.1195 <5% <5%
50% 4.3 0.0259 <5% 23.6%
200% 42.7 0.4011 7.0% 12.7%
LN+HL 100% 21.4 0.2653 <5% <5%
50% 10.7 0.1221 <5% <5%
200% 17.1 0.2261 6.9% <5%
LN+LL 100% 8.5 0.1108 <5% <5%
50% 4.3 0.0215 <5% 25.0%
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Figure 3-7. Ratio between optimal and control partitioning fractions (optimal pyx / control px) of the
carboxylation pool (py, orange circles), the electron transport pool (p;, red triangles), the light
harvesting pool (pc, green squares), and contributions of daily leaf carbon assimilation (DLA) to the
daily canopy carbon assimilation (DCA) increase by optimal partitioning (grey bars, right y-axis)
along the canopy depth (x-axis, leaf area index, LAI, m®> m?) under 200% average daily photon
integral during acclimation (aDPl,y) for plants grown under (A) high nitrogen and high light
(HN+HL), (B) high nitrogen and low light (HN+LL), (C) low nitrogen and high light (LN+HL), (D)
low nitrogen and low light (LN+LL) condition. Photosynthetic nitrogen partitioning is close to
optimum for HN+LL and LN+LL under aDPl,q, which corresponds to a DPI of 42.7 and 17.1 mol
photons m? d* for HL and LL, respectively. See Table 3-4 for the increase in DCA by the optimal

partitioning.
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Figure 3-8. Ratio between optimal and control partitioning fractions (optimal px / control px), and
contributions of daily leaf carbon assimilation (DLA) to the daily canopy carbon assimilation (DCA)
increase by optimal partitioning (grey bars, right y-axis) along the canopy depth (x-axis, leaf area
index, LAI, m2 m-2) under 50% average daily photon integral during acclimation (aDP150) for plants
grown under (A) high nitrogen and high light (HN+HL), (B) high nitrogen and low light (HN+LL),
(C) low nitrogen and high light (LN+HL), (D) low nitrogen and low light (LN+LL) condition.
Photosynthetic nitrogen partitioning is close to optimum for LN+HL under aDPI50, which
corresponds to a DPI of 10.7 and 4.3 mol photons m-2 d-1 for HL and LL, respectively. The symbols
and colors used here are the same as those in Figure 3-7. See Table 3-4 for the increase in DCA by
the optimal partitioning.

Discussion

This model is the first approach applying dynamic protein turnover mechanism at the leaf
level to assess the optimality and limitation in nitrogen use at the canopy level. Here,
maximized canopy carbon assimilation is considered as a general indicator of maximizing
fitness. The adaptation of protein turnover mechanism gives reasonable predictions of

optimal Nyn and accurate predictions of leaf photosynthetic traits.
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Mechanistic explanation of leaf nitrogen economics under a wide range of light and nitrogen
availabilities

It is well documented that light takes the major control of leaf economics. For example,
specific leaf area, an integrative indicator of leaf structure which co-varies with leaf nitrogen
content (Anten et al., 1998), shows more plastic responses to light than to nutrient
availability (Poorter et al., 2009; Poorter et al., 2010). Mechanistic models can be used to
interpret measured biological data (Chen et al., 2015; Chen et al., 2018), as in our model
here, providing quantitative explanation of the different plastic responses in leaf nitrogen
economics (e.g., photosynthetic nitrogen per unit leaf area, Ny, and photosynthetic
capacities) to light and to nitrogen by their effects on the maximum protein synthesis rate
(Smax, Figure 3-1). A five-fold increase in light (4-20 mol photons m d™) doubled Spax of the
carboxylation pool (Ny) and electron transport pool (N;, Figure 3-1A, B), which is similar to
the published values (Niinemets et al., 2015). In contrast, increasing nitrogen supply from 2
to 10 mM increased Smax 0f Ny and N; only by 20% and 16%, respectively. The effects of
light on photosynthetic nitrogen can be quantitative (on Nyn) or qualitative (on nitrogen
partitioning, px, (Niinemets et al., 2006; Buckley et al., 2013), while nitrogen only affected
Npn by restricting Smax (Figure 3-1 and Figure 3-3). Similar effects of light and nitrogen
availabilities on the partitioning between electron transport and light harvesting functions
were observed in spinach (Terashima and Evans, 1988). Our model of protein turnover
explains the photosynthetic acclimation to light and nitrogen supply and provides a

mechanistic insight into leaf nitrogen economics.

In a growing canopy, leaf age is associated with decreasing light availability (Niinemets et
al., 2006; Chen et al., 2014a). Therefore, leaf photosynthetic acclimation to light occurs
together with leaf ageing, which is characterized by the protein degradation constant D,, and
the constant ty describing the decrease of protein synthesis rate in our model. The D, values
of Ny and N; fall within the range of in vivo quantifications reported by Peterson et al. (1973)
and Li et al. (2017). The low value of t4 (Table 3-1) explains the modest influence of ageing
on leaf photosynthetic capacity observed under constant light conditions (Pettersen et al.,
2010b).

56



Chapter 3 Model parameterization and evaluation

Besides light and nitrogen availability, temperature has effects on photosynthetic nitrogen
content and partitioning (Yamori et al., 2005; Kattge and Knorr, 2007; Yamori et al., 2009).
Temperature dependency of developmental processes and biochemical reactions is often
described by exponential or Arhenius type of functions (Parent et al., 2010; Parent and
Tardieu, 2012; Kahlen and Chen, 2015). In our model, temperature effects are considered
partly by the temperature sum, which assumes a linear relationship between protein synthesis
and leaf temperature. Since the exact temperature dependency of protein synthesis and
degradation is unknown and our data is obtained from controlled environments with
minimized temperature fluctuations, we do apply the linear parsimonious approach to avoid

speculation and over-parameterization (Parent et al., 2016).

Above-optimum Rubisco investment can be a mechanism to adapt canopy photosynthesis to
short-term light fluctuations

Under sufficient nitrogen availability, Rubisco can function as a storage protein, which
means that the amount of Rubisco can exceed the requirements to support photosynthesis
(Carmo-Silva et al., 2015). The Rubisco pool has the highest value of ky (Table 3-1),
indicating that Rubisco synthesis reacts faster to nitrogen availability than the other two
pools. This explains the increase in the ratio between V¢max and Jmax With nitrogen availability
(Hikosaka, 2004; Yamori et al., 2011a), especially under LL (Figure 3-3C, E). Under HN,
Rubisco storage is advantageous since light-induced Rubisco activation, having a time
constant of 3-5 minutes (Portis et al., 1986; Kaiser et al., 2018b), is much faster than Rubisco
synthesis. Therefore, Rubisco storage can be a mechanism for quick adaptation to sudden
increase in light. This explains why the plants grown under HN have wider ranges of DPI, at
which nitrogen partitioning is optimal, than LN (Figure 3-6 and Table 3-4). Furthermore,
excluding Rubisco activation (V¢ = Vcmax in Eqn 3-9b) in the DCA simulation resulted in a
four-fold above-optimum investment in Ny even under aDPI (data not shown). Since Rubisco
is not an especially inefficient catalyst in comparison to other chemically related enzymes
(Bathellier et al., 2018), above-optimum Rubisco investment in the canopy can be rather a
mechanism for adapting to short-term light fluctuation than a mechanism to overcome its

enzymatic inefficiency.
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Implications for crop model improvement and greenhouse management

Using plant models to understand crop performance requires the knowledge of the
physiological mechanisms (Boote et al., 2013; Poorter et al., 2013). By integrating the
known biological mechanism of protein turnover at the leaf level into a multilayer model of
canopy photosynthesis, we demonstrate the explanatory power of a mechanistic model for
the measured biological data. Our simulations suggest that canopy photosynthesis can be
increased by manipulating the functional pools related to photosynthesis. For example,
investment in Rubisco and electron transport (Ishimaru et al., 2001; Yamori et al., 2011b)
should be increased under increasing light (Figure 3-7), and a larger antenna size for light
harvesting (Masuda et al., 2003) is required under decreasing light availability (Figure 3-8).
It is clear that the pattern of optimal nitrogen partitioning depends strongly on light regime,
and biosynthetic regulation is unlikely to keep up with daily light fluctuation (up to four-fold
difference, Figure S3-3).

In greenhouse cultivation, it is possible to achieve a more stable light environment using
supplemental lighting. This can be a plausible solution to improve the vertical light
distribution (Lu and Mitchell, 2016) and to minimize the sub-optimality of nitrogen use
induced by light fluctuation. Since carbon assimilation is the rate-limiting step for yield
production of cucumber plants due to the indeterminate production of vegetative and
generative organs (Wiechers et al., 2011a), canopy carbon gain can be considered as an
approximation for yield. Our simulation suggests that, the sub-optimal nitrogen partitioning
induced by a 50% decrease in DPI can be compensated by reducing the light limitation of the
shaded leaves using inter-row lighting during the high-light season (ca. 7% increase in DCA)
and using top-lighting, possibly in combination with inter-lighting, during the low-light
season (ca. 25% increase in DCA, Table 3-4 and Figure 3-8), similar to the reported increase
in cucumber fruit yield (22%-31%) by inter-lighting in the winter season (Kumar et al.,
2016). In the summer season, sub-optimal nitrogen partitioning induced by sudden doubling
in DPI can be overcome by pre-treatment of increasing nitrogen supply and inter-lighting (ca.
6% increase in DCA, Table 3-4), which maintains the biochemical capacity and reduces the
biochemical limitation of the shaded leaves (Pettersen et al., 2010a; Trouwborst et al., 2010;
Chen et al., 2014a). These results provide a physiological explanation at canopy level for the

observations of supplemental lighting experiments (Hovi et al., 2004; Hovi-Pekkanen and
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Tahvonen, 2008; Pettersen et al., 2010a; Trouwborst et al., 2010). Furthermore, the
relationship between protein synthesis rate and intercepted light intensity is non-linear in our
model (Eqn 3-7), which may offer an explanation why the photoacclimatory responses of a
leaf grown under natural within-day light fluctuation differ from that under constant light, as

shown in a recent experimental study (Vialet-Chabrand et al., 2017b).

Light fluctuations occur particularly in the lower canopy layer, where sunflecks cause strong
and frequent variations in light, thereby increasing variations of Np, and py in the older leaves
(Figure 3-3). Interestingly, leaves under HL seemed to prioritize their nitrogen investment in
N; over Nc under LN with increasing leaf age (Figure 3-3E), which might be explained by the
reduced LAI development under LN+HL and, hence, the higher light interception of the
older leaves (Figure S3-4C and Figure S3-5). Since within-leaf and within-day light
heterogeneity (e.g., sunflecks) was not described in the model, these variations observed in
the greenhouse experiment could not be reproduced in the simulations (Figure S3-6). This
can be improved by coupling the model with a 3D structural plant model and the use of

shorter time steps in the simulations to capture more realistic response of photoacclimation.

In summary, we propose a mechanistic model to quantify the effects of leaf age, nitrogen and
light availabilities on photosynthetic acclimation. The model predicts the observed
photosynthetic acclimation under different combinations of nitrogen supply and light
availability in the greenhouse. Model simulation indicates that photosynthetic nitrogen
distribution is close to optimum and photosynthetic nitrogen partitioning can be optimal
under constant light conditions. However, large fluctuation in light between days under
natural condition inevitably leads to sub-optimal nitrogen partitioning. Our study provides
insights into photosynthetic acclimation and the model can be used for crop model

improvement and provides guidelines for greenhouse management.
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Chapter 4
Impact of fluctuating light on photosynthetic acclimation

A mechanistic view of the reduction in photosynthetic protein abundance under
diurnal light fluctuation

Abstract

Leaves adapted to diurnal light fluctuation (FL) tend to have reduced photosynthetic
parameters in comparison with those grown under constant light but intercepting the same
daily photon integral (DPI). This reduction may result from a non-linear relationship between
photosynthetic protein synthesis rate (PPSR) and incident photosynthetically active radiation
(PAR). Model incorporated the PPSR-PAR relationship quantitatively predicted the effects
of FL reported in the literature. Further simulations suggest that the degree of this reduction

varies with the FL pattern, DPI level and parameters describing the PPSR-PAR relationship.

Understanding the physiological responses of the plant to fluctuating light regime (FL) has
gained increasing interest in the last few years since FL reflects the more realistic situation of
the plants growing under natural conditions (Kaiser et al., 2018b; Burgess et al., 2018;
Matsubara, 2018). By hypothesizing that the determination of the photosynthetic capacity
(Amax) is driven by a mechanism towards maximal carbon assimilation, a higher Ana.x would
be expected under FL (Retkute et al., 2015). However, this hypothesis leads to an
overestimation of Anax by more than 50% under frequent light fluctuation, suggesting a more
complex mechanism behind. Recently, Vialet-Chabrand et al. (2017b) have experimentally
demonstrated that the daily carbon assimilation of the plants grown under FL was lower in
comparison with the plants grown under square wave light regime (SQ) but intercepting the
same daily photon integral (DPI, mol m™? d™*). They highlighted the influence of diurnal light
fluctuations on photosynthetic acclimation and photosynthetic capacity. One of their findings

is that plants grown under FL had reduced photosynthetic parameters, particularly the
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maximal electron transport rate (Jmax) and the leaf absorptance of incident photosynthetically
active radiation (PAR). Biochemically, this reduction is due to the decrease in the
photosynthetic protein abundance by 3-15%. However, the physiological mechanisms
resulting in this difference in the protein abundance between FL and SQ remain unexplained.
Here, we seek explanations for this reduction in photosynthetic proteins under FL by

applying an hourly-based dynamic photosynthetic acclimation model for photosynthetic

acclimation.
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Figure 4-1. (A) The response curves of photosynthetic protein synthesis rate (PPSR) to
photosynthetically active radiation (PAR) are different between Rubisco, electron transport (ET)
proteins, and light harvesting (LH) proteins, depending on the maximum synthesis rate (Sym) and the
curvature (k;) of each functional protein group. The effect of fluctuating light (FL) on the
photosynthetic parameters under different daily PAR integrals (DPI) and a 12-h photoperiod was
simulated with different diurnal FL patterns. (B) Diagrams showing daily PAR distribution (%) per
hour for natural diurnal fluctuation (FLy, adapted from Vialet-Chabrand et al., 2017), large
fluctuation (FL_), small fluctuation (FLs), and square wave (SQ) light regimes. The ratio of (C)
maximum carboxylation rate (Vemax), (D) maximum electron transport rate (Jma) and (E) leaf
absorptance of PAR between FL and SQ under different DPI levels. The solid and dotted green lines
with arrows above (A) indicate the ranges of PAR under FLy pattern at DPI level at 5 and 20 mol m™
d*, respectively.
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Protein abundance is regulated by the orchestration of multiple mechanisms and is the
outcome of protein turnover: the continuous dynamics of protein synthesis and degradation
(Kristensen et al., 2013; Nelson and Millar, 2015). Based on the concept of protein turnover,
we have recently presented a mechanistic model describing photosynthetic acclimation
(chapter 3), where the experimental data suggested a non-linear relationship between the
photosynthetic protein synthesis rate (PPSR) and PAR (Figure S4-1). PPSR increases almost
linearly with PAR under low light conditions (up to 200 umol PAR m™ s™ for Rubisco and
electron transport proteins), and then the slope of the PPSR-PAR curve decreases and the
protein synthesis rate approaches a saturation level at high PAR (around 900 pmol PAR m™
s™). This form of a non-linear relationship is not surprising since it has been observed in the
cause-effect relationships of many other biological phenomena. Noteworthy is its implication
that protein synthesis rate under FL conditions (ranging between 0-1500 pmol PAR m?s™ in
Vialet-Chabrand et al., 2017b) is saturated occasionally during the course of the day and the
protein synthesis per day per unit DPI is consequently less than that under SQ, the non-
saturating condition (constantly at 460 pmol PAR m™ s for 12 h). By applying this PPSR-
PAR relationship (Figure 4-1A), it is possible to assess the differences in photosynthetic
protein abundance between plants grown under FL and SQ. To simulate the effect of the
diurnal light fluctuation, we first converted the parameters in the model in chapter 3 to an
hourly-basis by assuming a 12-h photoperiod and zero protein synthesis in the dark. Then,
three FL patterns (Figure 4-1B) and SQ with DPI between 1-60 mol m? d™ were used as
light input to simulate the abundance of Rubisco, electron transport (ET) and light harvesting
(LH) proteins, which were then converted to maximal Rubisco carboxylation rate (V¢max),
Jmax and leaf PAR absorptance, respectively. Constants converting the amount of nitrogen in
each functional protein pools into the corresponding capacities are used according to Buckley
et al. (2013). Under natural diurnal light fluctuation (FLy in Figure 4-1B) and light intensity
(DPI = 10 and 20 mol PAR m™ d™) similar to the FL-experiment in Vialet-Chabrand et al.
(2017Db), the model predicted the effects of FL on photosynthetic parameters: Vemax and Jmax
were reduced by 21-22% (Figure 4-1C, D) and leaf PAR absorptance by 2-4% (Figure 4-1E).
This prediction is within the range reported for leaf PAR absorptance (3-5%) but is different
from that for the Vemax (8-10%) and Jmax (11-15%) found in Arabidopsis thaliana (Vialet-
Chabrand et al., 2017b). These differences could be due to the lack of protein synthesis in the
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dark assumed in the simulations (see the later section) or due to the fact that the model was
parameterized using greenhouse cucumber (Cucumis sativus), which might have different
PPSR-PAR responses than Arabidopsis. However, both experimental and model studies
suggest that Vemax and Jmax Were more affected by FL than leaf PAR absorptance. This can be
explained by the fact that the synthesis rate of light harvesting proteins reaches saturation at a
lower PAR level than Rubisco and electron transport proteins (Figure 4-1A). Therefore, the

effects of FL on light harvesting proteins under high DPI were almost negligible.
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Figure 4-2. The effects of natural diurnal fluctuation (FLy, Figure 4-1B) on photosynthetic protein
abundance depend on the values of maximum synthesis rate (Smm, equal to 0.1, 0.5 or 2.5) and the
curvature (k;, equal to 0.5 or 5) of the PPSR-PAR response curves. The abbreviations are indicated in
Figure 4-1.

The different effects of FL on Ve¢max, Jmax and leaf absorptance (Figure 4-1C, D, E) imply that
the characteristics of the PPSR-PAR curve determine the impact of light fluctuation on the
abundance of photosynthetic proteins. Hence, we further examined to which extend the
PPSR-PAR curve parameters, the maximum protein synthesis rate (Sym, equal to 0.1, 0.5 or
2.5) and the curvature (k;, equal to 0.5 or 5), affect the photosynthetic acclimation under
natural diurnal light fluctuation (FLy in Figure 4-1B) with DPI levels between 1-60 mol m™
d™ in combinations with nitrogen supply levels (2 < N < 10 mM) and leaf age (5 < age < 45
d). Age and nitrogen levels had no influence (< 1%) on the impact of FLy (data not shown).

The reduction of protein abundance due to fluctuating light was up to 22%, depending on the
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combinations of DPI, Snm and k; (Figure 4-2). Three types of response curves can be
identified: (1) the combination of high k; and low S, results in the strongest reduction under
low light and this reduction decreases with DPI, resembling the light harvesting proteins
(Figure 4-1A); (2) combining high k; and Sym or low k; and Sym shows the strongest
reduction under low-intermediate DPI, resembling Rubisco and electron transport proteins
(Figure 4-1A); (3) combining low k; and high Sym, the reduction in protein abundance
increases with DPI. The third type of these response curves indicates that the PPSR will not
be saturated even under high light conditions, probably an unfavourable strategy under
natural selection. Altogether, these results suggest that variations in the parameters of the
PPSR-PAR curve can be an explanation for the different acclimatory responses to fluctuating

light between plant functional types, as reported by Watling et al. (1997).

Mathematically, the hyperbolic characteristics of the PPSR-PAR response (Figure 4-1A)
suggest that the strongest impact of light fluctuation can be expected if the incident PAR
fluctuates largely across the vertex of the PPSR-PAR curve and the impact of fluctuating
light becomes smaller when it mostly fluctuates within the nearly linear range of the PPSR-
PAR curve. This non-linear characteristic has two biological implications. Firstly, the
influence of FL can be expected to be small under low or saturating PAR levels. In our
simulation, the reductions of V¢max and Jmax increase with DPI under low light level (DPI <
10 mol m? d, Figure 4-1C, D). This result is similar to the observation in Arabidopsis that
the impact of FL on the electron transport rate is stronger under DPI of 5.1 than 3.6 mol m™
d™® (Alter et al., 2012). Also, in Alocasia macrorrhiza, no reduction in Ana Was observed
under FL at a very low DPI level (1.4 mol m™ d; Sims and Pearcy, 1993) while Anmax tended
to be 15% lower than SQ when DPI was 7 mol m? d™ (Watling et al., 1997). Secondly,
photosynthetic protein abundance will be more strongly affected by the large fluctuation
(FL. in Figure 4-1B) than by the small fluctuation (FLs in Figure 4-1B, C, D, E). This agrees
with the observations in Arabidopsis that, in comparison with SQ (85 umol PAR m? s™),
FL. (ranging between 50-1250 pmol PAR m™ s™) reduces electron transport rate by 28%,
while FLs (ranging between 50-650 pmol PAR m? s™) reduces electron transport rate by
only 8% (Alter et al., 2012). Grown under FLs pattern (ranging between 30-525 umol PAR
m? s1), Ama and nitrogen per unit leaf area (Naea, a proxy of photosynthetic protein

abundance) of Shorea leprosula leaves were not different from that of leaves grown under
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SQ (170 pmol PAR m? s*; Leakey et al., 2002), but in their following study Leakey et al.
(2003) showed that Amax and Narea OF the same species grown under FL (ranging between 0-
1700 pmol PAR m™ s™) were 20-30% lower than of their counterparts grown under FLs
(ranging between 0-750 pmol PAR m?s™).

As any other model, this model is a simplification of the real system. For example, it assumes
zero protein synthesis rates under darkness, which is unlikely for Rubisco (Ishihara et al.,
2015). If a low rate of Rubisco synthesis during the dark period under FL and SQ is assumed
(as suggested by Ishihara et al., 2015), the relative impact of FL will be lower than our
prediction and thus closer to the reduction measured by Vialet-Chabrand et al. (2017b). The
current model also assumed the same degradation rate constants for different PAR levels
although this does not hold true in planta especially under high light (Li et al., 2018). The
available information is so far restricted for parameterizing this effect (Nelson et al., 2014; Li
et al., 2017). Theoretically, if the degradation is enhanced under excess light while the
synthesis rate remains stable, it can be expected that the reduction in protein abundance
under FL would be even more severe. However, if the synthesis rate is coordinated with the
degradation rate as reported for photosystem Il subunit D1 protein (Aro et al., 1993), similar
results to our simulation could be expected due to restored balance in the net change rate. In
addition, there are still unknown mechanisms involved in the acclimation to FL which are not
considered in the model. The effects of the frequency of light fluctuations and the length of
individual light events on photo-acclimation, as shown in the previous studies (Yin and
Johnson, 2000; Alter et al., 2012) implying that protein synthesis does not react to a light
signal instantaneously (e.g., Retkute et al., 2015), cannot be reproduced by our model (data
not shown). Besides photosynthetic proteins, many other physiological processes are also
involved in the acclimation mechanism to FL, especially when tackling excess light energy.
Photo-oxidative damage caused by the excess light events under FL may increase the need
for photoprotection, photorespiration, and cyclic electron flow, which altogether alter the
metabolism and partitioning of nitrogen and carbon (Matsubara, 2018; Annunziata et al.,
2018; Schneider et al., 2019). Also, our model does not account for any photoperiodic

regulation, which is also known to affect long-term acclimation (Seaton et al., 2018).

In summary, the hyperbolic PPSR-PAR response provides a mechanistic explanation of the

reported reduction in photosynthetic protein abundances caused by diurnal light fluctuation.
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Our results suggest that the differences in protein abundances between FL and SQ conditions
are determined by three components: the pattern of FL, the DPI level and the species-specific
PPSR-PAR curve parameters. Although a model cannot account for all details of the
acclimation response under all environmental scenarios, our model delivers a systematic
view of this phenomenon and thus can be a useful tool for designing FL scenarios for future
experiments (see Supplementary Materials S1 for the R script of the model,

https://doi.org/10.1093/jxb/erz164). Our analyses point out the avenues for further

investigations in the interspecific and genotypic variations of the PPSR-PAR relationship and
in the response time to the light signal, as well as photoperiodic regulation and the combined

effects of different environmental factors on photosynthetic protein turnover.
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Chapter 5
Comparison between multilayer and functional-structural models

Does structure matter? Comparison of canopy photosynthesis using one- and
three-dimensional light models

Abstract

One-dimensional light models using the Beer-Lambert equation (BL) with the light
extinction coefficient k are simple and robust tools for estimating light interception of
homogeneous canopies. Functional-structural models are powerful to capture light-plant
interactions in heterogeneous canopies, but they are also more complex due to their explicit
descriptions of three-dimensional plant architecture and light models using ray tracing (RT)
algorithms. For choosing an appropriate approach, the trade-offs between simplicity and
accuracy need to be considered when canopies with spatial heterogeneity are concerned. We
compared the two light modelling approaches using a framework of a dynamic model of
greenhouse cucumber. Resolutions of hourly-step (HS) and daily-step (DS) were applied to
simulate light interception, leaf-level photosynthetic acclimation and plant-level dry matter
production over growth periods of two to five weeks. Results showed that BL-HS was
comparable to RT-HS in predicting shoot dry matter and photosynthetic parameters, but
required only ca. 2% of the computational execution time of RT-HS. The k used in the BL
approach was simulated using an empirical relationship between k and leaf area index
established with the assistance of RT, which showed variation up to 0.2 in k depending on
canopy geometry under the same plant density. If a constant k value was used instead, a
difference of 0.2 in the k value resulted in up to 27% loss in accuracy for shoot dry matter.
These results suggested that, with the assistance of RT in k estimation, the simple approach
BL-HS provided efficient estimation for long-term processes.
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Introduction

Light is often a limiting factor for greenhouse crops due to 20%-70% reduction by the
greenhouse construction (Warren Wilson et al., 1992; von Elsner et al., 2000; Cabrera-
Bosquet et al., 2016). As one of the main greenhouse crops, cucumber plants are mostly
trained in high-wire system in a row arrangement (van Henten et al., 2002). A row crop
system facilitates operations such as plant care and fruit harvest, but results in heterogeneous
light distribution in both vertical and horizontal directions (Sarlikioti et al., 2011b). This
condition of limiting and heterogeneous light environment raised the question of suitable
methods for modelling light-plant interaction and predicting productivity (Roupsard et al.,
2008; Sarlikioti et al., 2011b). If the canopy is horizontally uniform (e.g., de Pury and
Farquhar, 1997), the complex processes of light interception at canopy level can be
approximated by one-dimensional (1D) light models with consideration of limited
architectural information such as leaf area index (LAI). In this case, vertical light flux I is
simulated following Beer-Lambert equation (Monsi-Saeki model) with a light extinction
coefficient k (Monsi and Saeki, 2005) depicting an exponential decay of incoming light flux

lo through canopy depth described by LAL:
I = I, X exp(—k x LAI) (Egn 5-1a)

Despite the good approximation of light interception of homogeneous canopies by this 1D
approach, effects of spatial heterogeneity and temporal fluctuation of local light availability
at leaf level cannot be explicitly captured (Vos et al., 2010). Given that canopy light
interception depends strongly on characteristics of plant architecture and canopy spacing
(Maddonni et al., 2001a; Maddonni et al., 2001b; Sarlikioti et al., 2011a; Duursma et al.,
2012), all information describing the specific interaction between light and canopy
architecture is inherently included in k. Observed values of k were between 0.3 and 2 for
different plant functional types depending on leaf angle and clumping index (Monsi and
Saeki, 2005; Zhang et al., 2014) and depending on canopy development (De Costa and
Dennett, 1992; Chen et al., 2014b) and canopy configuration (Flénet et al., 1996; Drouet and
Kiniry, 2008; Evers et al., 2009; Sarlikioti et al., 2011b). Allowing k to vary as a function of
canopy characteristics was reported to result in better estimations of canopy light interception

(Forrester, 2014), light transmission (Aubin et al., 2000) and transpiration (Tahiri et al.,
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2006). To determine the variation of k experimentally, continuous measurements of canopy
light transmission and LAI, ideally conducted under an overcast sky to avoid disturbances
caused by sunflecks under direct sunlight (Monsi and Saeki, 2005), can be rather laborious.
Therefore, a physically based virtual analysis may help better understanding the systematic

variation in k.

Functional-structural plant models (FSPMSs) incorporate three-dimensional (3D) information
of plant structure and light models in addition to plant functionality, making it possible to
capture feedbacks between canopy architecture and light environment by ray tracing
algorithms. Such models are especially important for studies considering spatial
heterogeneity of environmental factors (Louarn and Song, 2020). The heuristic potentials of
FSPMs to quantify the effects of canopy architecture on light interception and biomass
production have been demonstrated (Sarlikioti et al., 2011a; Kang et al., 2012; Chen et al.,
2014b) as well as their capacity to extrapolate and apply knowledge to assist decisions on
crop management and breeding (Vos et al., 2010; Buck-Sorlin et al., 2011; Sarlikioti et al.,
2011a; Perez et al., 2018; Chen et al., 2019; N Zhang et al., 2020). Although the capability of
handling multiple degrees of complexity is an advantage of FSPMs, it can lead to increased
computational requirements and analytical intractability that restrict the range of methods
that can be effectively incorporated for model parameterization and analyses (Louarn and
Song, 2020; Zhang and DeAngelis, 2020). Yet not a major concern nowadays, the
complexity of FSPM can still result in various degrees of limitations depending on the hard-
and software that are available to the model developers and users. Compared to a simpler
model, a more explicit and complex model may better represent the real system up to the
point where errors aggravate over the uncertainty of its large amount of parameters (Vos et
al., 2010).

Therefore, the selection of the degree of simplicity/complexity of an approach to predict
spatial heterogeneity and crop productivity should be based on the balance between model
accuracy and uncertainty (Renton, 2011). In this study, we aimed to examine the trade-offs
between simplicity and accuracy of methods simulating light-plant interaction and its
influence on long-term leaf-level photosynthetic acclimation and plant-level dry matter
accumulation. We compared the two methods, 3D light model using ray tracing (RT) and 1D

light model using Beer-Lambert equation (BL), in a dynamic plant model of greenhouse
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cucumber. Model performance was evaluated and compared by the predictive accuracy in
photosynthetic acclimation and biomass production using both hourly-step (HS) and daily-
step (DS) of time resolutions in order to examine the possible influence of simulation time-
step on the predictions.

Materials and Methods

Overview of model comparison

A dynamic plant model of greenhouse cucumber was implemented in GrolMP (Kniemeyer,
2008) to compare the effect of plant-light interaction methods, recursive ray tracing (RT)
algorithm and simple Beer-Lambert equation (BL), on predictive efficiency in photosynthetic
acclimation and biomass production. The dynamic plant model described functions of leaf-
level photosynthetic acclimation, photosynthesis and plant-level dry matter accumulation,
depending on light intercepted by individual leaves as acclimatory signals and driving force
(Figures 5-1, S5-1). Leaf light interception was either simulated using BL as 1D light model
(red box in Figure 5-1), or using RT in a functional-structural plant model (FSPM) with 3D
descriptions of plant architecture and light model (blue box in Figures 5-1, S5-1). Before
comparing model predictions of RT and BL, the plant structural traits (lamina area, elevation
angle, petiole length and internode length) and light interception efficiency (Eqn S5-1),
predicted using RT, were evaluated. Then, RT was used to simulate artificial scenarios of
canopy configurations in order to establish a function to estimate light extinction coefficient
k for use in method BL (Figure 5-2). The computer code for the model is available from the

corresponding author upon request.

Model inputs were hourly values of photosynthetically active radiation (PARqy:, mol m? h™)
above the greenhouse, temperature sum (°Cd, using 10°C base temperature for cucumber),
nitrogen supply (mM) and relative humidity (%) in the greenhouse. Hourly vapor pressure
deficit (VPD, kPa) was calculated using temperature and relative humidity according to Egn
12 in Moualeu-Ngangue et al. (2016). Simulations were carried out for both hourly-step (HS)
and daily-step (DS) resolutions. When applying daily steps, daytime mean VPD (when

PARy: > 0.1 mol m? h™) and daily temperature sum were calculated from the hourly values.
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Daily mean photosynthetic photon flux density outside of the greenhouse (PPFD,y;, pmol m™
s™) was calculated from PARq by taking day length (h) into account following a function of
Julian day and latitude (°) according to Eqns 1-3 in Forsythe et al. (1995). Sunrise and sunset
was defined as the moment when the top of the sun is apparently even with horizon.

To evaluate model performance, root-mean-square deviation (RMSD), accuracy (%) and
relative bias were determined using measured (x;) and simulated (y;) values (modified by

Kahlen and Stitzel, 2011):

1
RMSD = \/;2?:1(371' —x;)?

Accuracy (%) =(1— 1RI\:SD x 100
EZi:l i
ST )2 T (x)?

SR (x)?

Relative bias =
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Figure 5-1. Diagram of model data flow of the dynamic plant model of greenhouse cucumber using
light models, the Beer-Lambert equation (BL, red box) or ray tracing (RT, blue box). Environmental
input data (dashed box) given into the model are outside photosynthetically active radiation (PAR)
(mol m™ per unit time), temperature sum (°Cd per unit time), nitrogen supply (mM) and vapor
pressure deficit (kPa). Details of Light model / Plant structure are shown in Figure S5-1.
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Ray tracing
(RT)

v

Light transmitted to
ground (below canopy)

using RT

Leaf area index
(LAl

Scenarios simulation

A

Simulated &
(Fig. 4) Input canopy configuration

'

Relationship between k and LAl depending
on canopy configuration (Eq. 2, Fig. )

Parameterization

| Actual scenarios
v i (Table 2: Exps 1b, 2a, 2b)

Beer-Lambert equation
(BL)

v

Leaf-level light interception
(Figs 6, 7, Table S3)

.

Plant function
(Fig 8, S4)

Evaluation using BL

Figure 5-2. Processes of establishing the relationship between light extinction coefficient k and leaf
area index (LAI) using ray tracing (RT), and evaluating this relationship using the Beer-Lambert
equation (BL). Inputs are indicated in dashed boxes. The relationship between k and LAI was
described by Egn 5-2a with a minimal k (kmi,), which was found to be dependent on canopy
configuration, and distances between plants and between rows (Egn 5-2b and Figure 5-5). Simulated
scenarios of canopy configuration are listed in Table S5-2, and the simulated k is shown in Figure 5-4.
The canopy configuration of the greenhouse experiments 1b, 2a and 2b (Table 5-2) was used in the
evaluation.
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Greenhouse experiments for model evaluation

To obtain measured data of intra-canopy light distribution, architectural traits, leaf
photosynthetic parameters and plant dry matter, five experiments (Table 5-1) were conducted
in Venlo-type greenhouses at the Institute of Horticultural Production Systems, Leibniz
Universitat Hannover, Germany (latitude 52.4°N). Experiments la, 1b and 1c were
conducted in August 2006, May 2007 and August 2007, respectively. Experiments 2a and 2b
were conducted in April and July 2017, respectively. In all experiments, cucumber (Cucumis
sativus L.) ‘Aramon’ (Rijk Zwaan, De Lier, the Netherlands) plants were cultivated under a
high-wire (up to 4 m) single-stem system in greenhouses oriented from north to south. Three
weeks after sowing, five-leaf-stage seedlings in rockwool cubes (10 cm x 10 cm x 6.5 cm)
were transferred onto rockwool slaps in the greenhouses and were drip-irrigated with nutrient

solution.

Table 5-1. Overview of climate conditions and growth period in the five greenhouse experiments

Experiment la 1b 1c 2a 2b
Time Aug 2006 May 2007  Aug 2007  Apr 2017 Jul 2017

Mean Temperature (°C) 24.8+29 232%+11 23716 231+09 239+14

Daily PAR integral 249467 209+79 205+76 224%96 268+104
(mol m™d™)
Growth duration in 29 30 23 38 38
greenhouse (d)

Julian days 206-227 127-156 211-233 94-131 192-229

The light flux incident on leaves was measured via PAR sensors on 14 leaves per plant (see
Figure 1a in Wiechers et al. 2011b) at the 3™ week after transplanting in experiments 1a, 1b
and 1c. In experiments 1b, 2a and 2b, dry matter of leaves, petioles, internodes and fruits per
plant was determined destructively with three replications between the 2™ and the 5" weeks
after transplanting. Leaf photosynthetic parameters were measured at two leaves per plant
with two replications in experiment 2a at the 2™, 3" 4™ and 5™ weeks after transplanting

(described as in chapter 3). Plant architecture was digitized according to Wiechers et al.
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(2011b) to obtain organ sizes non-destructively in four experiments (1a, 1b, 1c and 2a for

lamina size and angle, internode length and petiole length).

In experiments 2a and 2b, plants were grown in rows at a density of 1.33 plants m? (Table 5-
2). Plants were subjected to treatments of either high light (HL, non-shaded) or low light (LL,
reduced by shading to 50% of HL condition) in combination with either high nitrogen (HN,
10 mM) or low nitrogen (LN, 2.5 mM) supply (details see chapter 2).

In experiments la, 1b and 1c, four canopy arrangements (Table 5-2) of either row (R) or
isometric (1) patterns in combination with a density of either one (R1 and I1) or two (R2 and
12) plants m™? were applied (details see Wiechers et al., 2011b), under similar growing
conditions as HLHN in experiments 2a and 2b. Plants in experiments la and 1c were
decapitated above leaf rank 23. The ground in the greenhouses was covered by a white
plastic film during experiments 1a-1c.

Table 5-2. Canopy configurations of arrangement, plant density and distances between rows and
between plants in the five greenhouse experiments

Experiment la/1b/1c 2a/2b
Canopy arrangement  Row (R1) Row (R2) Isometric (11) Isometric (12) Row
Plant density per m” 1 2 1 2 1.33
Row distance (m) 1.86 1.86 0.93 0.93 1.5
Plant distance (m) 0.53 0.27 1.08 0.53 0.5

Model description - plant development

Virtual plants developed with the appearance of new phytomers. When a meristem reached
the thermal age of a phyllochron (°Cd per leaf), the meristem produced a new phytomer
consisting of a meristem, an internode, a petiole and a leaf when using RT. When using BL,
leaf area index increased with newly appearing leaves. Thermal age of an organ was counted
from 0°Cd starting from the moment of appearance. From phytomer rank seven on, a flower
was also developed and its ovary reached a length of 5 cm (assumed as starting point of fruit
growth) at thermal age of 150°Cd (ca. ten days after the appearance of the respective

phytomer). Phyllochron needed for a phytomer to appear was described by a logistic function
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of leaf rank (Eqn S5-2) with an initial phyllochron of 125.4°Cd at the beginning of plant
growth (8-10 days for the first true leaf to appear) and then decreased with increasing rank to
stable level of phylly,;, (Table S5-1). Values of phyllmin were derived for each treatment using
measured data obtained in experiment 2a, and experiments 1a-1c were assumed to have the

same constants as under treatment HLHN.

Model description - plant function

Photosynthetic acclimation of leaves to light was described by the light response of
photosynthetic protein turnover (see Egn 3-4- Eqn 3-7), the outcome of simultaneous
processes of protein synthesis and degradation. Protein synthesis rate was adjusted to an
hourly response to photosynthetic photon flux density (PPFD, umol m™ s) by assuming that
daily protein synthesis only occurred during the light period. Nitrogen per m? leaf area
involved in photosynthetic functions (N,) of carboxylation (Ny), electron transport (N;) and
light harvesting (Nc) was simulated separately, with initial values of 0.33 mmol m™ each. Ny
includes only Rubisco, N; includes electron transport chain, photosystem Il core and Calvin
cycle enzymes other than Rubisco, and N¢ includes photosystem | core and light harvesting
complexes | and 11 (Buckley et al., 2013).

Leaf photosynthetic parameters were estimated from Ny, N; and N¢, namely maximum
carboxylation rate (Vemax, pmol CO, m™? s), maximum electron transport (Jmax, pmol e m™
s and leaf chlorophyll (Chl, mmol m?), respectively (see Appendix ‘Computing
photosynthetic parameters from N pools’ by Buckley et al., 2013). Electron transport (J,
umol e m? s™) and carboxylation rate (V., pmol CO, m? s™') were calculated depending on
incident light according to Egqn 4 and Egn 5 in Qian et al. (2012), respectively. Leaf
absorptance («, unitless) was calculated in relation to Chl using Eqn 1 in Evans (1993).
Newly appeared leaves had a minimum values of « = 0.13 due to the initial values of N¢ and
N;. Leaf reflectance and transmittance of photosynthetically active radiation (PAR) and red
light were calculated as (1—a)/2. Respiration rates Ry (umol CO, m? s?) of leaves were
simulated depending on leaf age and incident light following Egn 3-10. Mesophyll
conductance (gm, mol CO, m? s™) was simulated depending on leaf thermal age and N, (Egn
S5-3).

76



Chapter 5 Comparison between multilayer and functional-structural models

Leaf net photosynthesis rate A, (umol CO, m?s™) was determined as the minimum of RuBP
carboxylation-limited (A, pmol CO, m? s™) and RuBP regeneration-limited (A, pmol CO,
m s™) net photosynthesis rate following the biochemical photosynthesis model of Farquhar
et al. (1980). For details and constants used in this study please see Eqgns 3-9, 3-14 and 3-15.
To calculate dry matter production, CO, uptake was converted to plant dry matter by a factor
of 0.68 (Warren Wilson et al., 1992).

Dry matter distribution between organs was implemented according to Wiechers et al.
(2011a). In brief, a common pool of photoassimilates was assumed, which was augmented
daily by dry matter production plus excess reserves from the previous day. Dry matter was
distributed according to a priority scheme for meeting demands of different organs. Meeting
maintenance costs (2% reduction; Marcelis, 1994) was the first priority, followed by root,

reproductive growth and then vegetative growth.

Dry matter distributed to individual fruits followed the proportion of a fruit’s potential
growth rate to the total demand of fruits, which was the sum of potential growth rate of all
growing fruits in a plant (Wiechers et al., 2011a). Fruit abortion and dominance might occur,
if the ratio rap between total supply and total demand of fruits was lower than certain
thresholds. When rap < 0.3, fruits with thermal age between 150°Cd-220°Cd were aborted
(within 5-6 days after fruit length reached 5 cm). When rap < 0.8, dry matter partitioning to
individual fruit exhibited dominance favoring earlier initiated fruits. The potential growth
rate of a fruit i (Reri, g DM d™) was estimated equivalent to its potential dry matter,
depending on the length of the fruit (Lg;, cm) at the previous day (Eqn S5-4). Actual fruit
length Lg; was calculated inversely depending on its actual dry matter using Eqn S4. The
growth duration of a fruit was accumulated from the time when its length had reached 5 cm

until harvest (fruit length > 30 cm).

Model description - plant structure

Lamina expansion and elevation angles were used in both RT and BL methods (Figure S5-1).
Lamina expansion was described for individual leaves depending on their thermal age (°Cd)
using a logistic function (see Eqn 5 in Kahlen, 2006) with a minimum of 5 cm? and a specific
growth rate of 0.0524°Cd™. The maximum area of a leaf depended on its rank following a
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log-normal curve (see Eqgn 1 in Irving and Robinson, 2006) with a maximum leaf area A_max
(cm?) occurring at rank raimax and constant ka. determining the shape of the curve (Table S5-
1). Lamina elevation angle (range from —90° to 90°) was defined as the angle between the
line connecting the base to the tip of the lamina and the horizontal plane. Newly appearing
leaves oriented vertically upwards and thus had a maximal elevation angle of 90°, which then
decreased with expansion in its lamina size (cm?) followed Eqn S5-5 by a rate constant of
0.0116 cm™ to an asymptote of —68.4°. The constants used in lamina expansion and elevation
angle were derived from measured data obtained in experiment 2a for each treatment, and

experiments la-1c were assumed to have the same constants as under treatment HLHN.

Other plant structural characteristics described below were only implemented when RT was
used, namely lamina shape, petiole elongation, petiole zenith angle, leaf tropism and fruit
radius (Figure S5-1).

Four templates of lamina shape were reconstructed using digitizing data of cucumber leaves
(Figure 2-6A) of various developmental stages (size ranging 0.01-0.11 m?) in experiment 2a
to capture the change of shape along leaf expansion. A template was chosen for a given leaf
according to its current size, with arbitrary thresholds set at 0.01 m? 0.05 m? and 0.07 m?.
We chose a shape template depending on lamina size due to the topological dependency of
growing leaves on their position and size rather than simple isometric scaling (Schmidt and
Kahlen, 2019). The chosen template was then scaled to the size of the leaf by a factor,
calculated as square root of the ratio between leaf size and template leaf size, to adjust the

length of the lines constructing the template.

Leaf petiole elongation was described similar to leaf expansion, with a minimum of 1 cm and
a specific growth rate of 0.0312°Cd™. The maximum length depended on its rank following a
log-normal curve with a maximum length Lpmax (€M) occurring at rank ripmax, and a constant
kip determining the shape of the curve (Table S5-1). Petiole zenith angle was only thermal
age-dependent, starting with 0° (vertically upwards), and then turning downwards at a rate of

0.3° per °Cd until a maximum of 100° was reached. Leaf petiole radius was set to 0.45 cm.

Phototropism of leaves was simulated as differential growth of the petiole at its base that
caused horizontal movement (Kahlen et al., 2008), with initial phyllotaxis set to 137.5°.

Virtual leaves were constructed with two halves along the midrib, so that PAR absorbed by
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the left (PAR)) and the right (PAR;) leaf halves could be simulated separately. A leaf moved
towards left when PAR/PAR; > 1 until PAR/PAR; = 1, and vice versa. The maximum tropism
was assumed to be 30° per day, with a speed of 2° per °Cd, and it stopped when the thermal
age of the petiole exceeded 153°Cd (Kahlen et al., 2008).

Internode elongation was influenced by daily mean temperature and light signals, i.e.,
incoming photosynthetic photon flux density (PPFD, pmol m? s™) above the canopy and
red/far-red ratio perceived by the internode according to Eqns 1, 3 and 4 in Kahlen and Chen
(2015). The red/far-red signal was assumed to be sensed at the time of maximum growth rate
(around internode length of 3 cm). Signals of temperature and incoming PPFD sensed were
their four-day mean values, calculated from day six to day three before the internode reached
3 cm. Until reaching 3 cm, internode length was described depending on its thermal age
(°Cd) using a logistic function (see Egn 5 in Kahlen, 2006) with a minimum of 1 cm, a
specific growth rate of 0.104°Cd™ and a maximum of 6 cm. Angles between two adjacent

internodes were set randomly to 15°-25°. Internode radii were set to 0.48 cm.

Fruit radius (rg;, cm) was calculated depending on current fruit length Lg; (Eqn S5-6, Kahlen
and Statzel, 2007; Kuwar, 2007). Ratio between fruit length and its petiole length was set to

3 with a minimum petiole length of 2 cm. The radius of the fruit petiole was set to 0.25 cm.

Simulation of light-plant interaction

To test the performance of the simplest form of 1D light model following the Beer-Lambert
equation (BL), the solar angle was not taken into account in simulations in both hourly and
daily steps, meaning that the incident light was assumed to be cast perpendicularly to the
ground. To simulate light-plant interaction with the simple BL, perpendicular light
transmission to a leaf layer i was calculated as light transmitted through all leaf area index
above leaf i (LAIli+1) by Egn 1la. However, since not all the leaves are horizontally oriented,
Eqgn 1a had to be adjusted for individual leaves. Three adjustment methods were compared
for light incident I; on leaf rank i, either by the cosine of the lamina elevation angle p; (°) for
each leaf i, by k. (constant within a canopy, Charles-Edwards et al., 1986), or by a rank-

specific ki, for each leaf i:

I; = I, X exp(—k. X LAl;; ;) X cosp; (Egn 5-1b)
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I; = Iy X exp(—k. X LAl; ;1) X k. (Eqn 5-1c)
I; = Iy X exp(—ke X LAl; ;1) X ki1 (Eqn 5-1d)

The value of k. in both Eqns 5-1b and 5-1c was constant within a given canopy for all ranks
of leaves, while kj.; in Eqn 5-1d depended on LAl;:;. The cosine correction in Eqn 5-1b had
a significant effect on PPFD incident on the leaf and could lead to a reduction to 0% or
42.6% of the PPFD perpendicularly transmitted to the leaf with an elevation angle of 90°
(newly appeared leaves) or —64.8° (matured old leaves), respectively. The k correction in
Egns 5-1c and 5-1d on the other hand could restrict PPFD incident on the leaf up to 90%
reduction (if k = 0.1) depending on the value of k.

Figure 5-3. Virtual canopy and light model in the dynamic plant model using ray tracing. (A)
Appearance of virtual cucumber canopy at a plant density of 1.33 plants m™? (B) Location of
rockwool cubes (white squares, height 6.5 cm), from which single virtual plants were grown to form a
virtual canopy. A light sensor (yellow square) covering a ground area of three plants was positioned
under the canopy 3.5 cm above the rockwool cubes (thus the middle three rockwool cubes are
covered). (C) Light model consisting of one direct and 72 diffuse light sources. Blue y-axis indicates
south in the 3D scene. (D) Positions of eight light sensors (each had a size of 1 m? red squares) for
adjusting incident light, viewed from the top and (E) viewed from a side perspective. These eight
sensors had 0% reflectance and 99.9% transmittance of light and thus negligible interaction with the
virtual scene.
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To simulate light-plant interactions with the more complex method of the 3D light model, ray
tracing (RT), construction of 3D virtual canopies and light sources were required. Virtual
canopies were created in the middle on a square ground (60 m x 60 m), which blocked the
light cast from below the horizontal plane during simulations in hourly steps. With defined
number of rows, number of plants per row and distances between rows and between plants
(Table 5-2), virtual canopies were constructed as mock-up of the actual canopies. In this
study, canopies consisting of 21 plants (Figure 5-3A) arranged in three north-south oriented
rows and seven plants per row were tested. During each simulation, every plant was rotated
randomly between —30° to 30° on the horizontal plane to take into account the variation
resulting from manual transplanting. The three middle plants in the central row of the canopy
were sampled for leaf and plant parameters. A light sensor (blue square in Figure 5-3B) was
placed 0.1 m above ground (3.5 cm above the virtual rockwool cubes of the three plants in
the middle row, white squares in Figure 5-3B), covering area of a width of one row distance
and length of three plant distances in a row. This sensor sampled light transmission to the
ground at 1200h to calculate light extinction coefficients k (Eqn 5-1a) with leaf area index
(LATI) of the canopy. It should be noted that, the definition of LAI used here was not the
projected leaf area (e.g., Lizaso et al., 2005) but the actual leaf area of a canopy. In the
scenario simulations of k under various canopy configurations (Figure 5-2), the light sensor
below the canopy (Figure 5-3B) had light reflectance and transmittance of 0%, so that it
absorbed 100% of the light incident on it and would not interfere with the 3D scene.

The 3D incoming light was simulated using a light model (Figure 5-3C) according to Buck-
Sorlin et al. (2011) with 72 diffuse light sources (sky objects) arranged in a hemisphere and
one directional light source (sun object). The light objects cast rays onto the 3D scene, and a
ray tracer was integrated to compute light distribution with ten million rays and a recursion
depth of ten reflections. The virtual rays consisted of three user-defined channels, which
interacted independently with the virtual objects. Due to the light signals concerned in the
model, we defined the three channels as PAR, red and far-red light. Optical properties of
objects were described according to their absorptance, transmittance and reflectance for each
light channel. Optical properties of leaves for PAR and red light depended on Chl as
described in the plant function section. For simplicity, leaves were assumed to reflect 38%

and transmit 45% of far-red light (Kahlen et al., 2008), whereas internodes, petioles and
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fruits reflect 6% PAR and red light, and 38% far-red light with 0% transmittance of light.
After a fruit was harvested, its reflectance was set to 0% and transmittance to 100%. The
ground under the virtual canopy did not reflect nor transmit light, thus no reflected light that
would affect the light adjustment by the eight light sensors above the ground (Figure 5-3D,
E). During simulations run for evaluation, the light sensor below the canopy (Figure 5-3B)
did not transmit any light but reflected PAR and red light similarly to the ground in the
greenhouse experiments 1 and 2, 80% and 10%, respectively.

According to the optical properties of the greenhouse construction, photosynthetic photon
flux density above the canopy (PPFDi,, umol m? s™) was calculated as 75% of the PPFD
outside the greenhouse (PPFDqy;, kmol m™ s™). PPFD;, was then separated into light power
emitted from sky objects (Psky) or from the sun object (Psun) by a proportion of diffuse light
(paiss, ranging 0-1):

Psxy = paitr X PPFDjp X 3 X fp

Peun = (1 — paier) X PPFD;, X 3 X fr

where the multiplier 3 accounted for the three light channels. The proportion of diffuse light
paitr Was calculated following Eqgn 3 in Reindl et al. (1990), with a clearness index estimated
using Eqns 1 and2 in Hofmann and Seckmeyer (2017). Global radiation Ry (W m?) was
estimated by dividing outside PPFDg by 2.07 (PPFD = Ry % 0.45 x 4.6, assuming 45% PAR
in the global radiation and a conversion factor of 1 W m™? PAR = 4.6 umol m? s™; Ludlow,
1983). Since the actual light rays reaching the ground in the 3D scene varied with many
factors, such as the angle of the sun object, the proportion of diffuse light and the properties
of the ground, a scaling factor fp was applied to adjust the incoming total light power
automatically at every step before simulation according to the amount of light reaching the
3D scene (PPFDsim). PPFDsim Wwas measured by eight one-m? sensor objects (around the
canopy, Figure 5-3D) located at 7 m above the ground (Figure 5-3E). These sensor objects
were set to have 0% reflectance and 99.9% transmittance of light. The maximal value of
PPFDsim from the eight positions was used to compute fp = PPFDj,/max(PPFDsin). After the
correction using fp, the deviation of actual PPFD in the 3D scene (at heights up to 5 m above

ground) from PPFD;, was within 5%.

82



Chapter 5 Comparison between multilayer and functional-structural models

Virtual objects absorbed rays that came from all directions into contact according to their
optical properties. Light power absorbed by objects was multiplied by 0.33 for red light
(assuming one third of PAR) and by 0.275 for far-red light, shaping a red/far-red ratio of 1.15
in sunlight. Light flux incident at an object was determined by dividing the absorbed power

of a given light by its absorptance.

Results

Evaluation of plant structure and light interception predicted by the dynamic plant model
using ray tracing

The plant structural traits simulated by the ray tracing model in hourly steps were first
compared to digitized data obtained in experiments la-1c between ranks 5-20 (total of 191
measured data points from three experiments, four canopy configurations and ca. 16 leaves
per plant). The accuracies were 74%, 73%, 87% and 77% for lamina area, elevation angle,
petiole length and internode length, respectively (data not shown). Simulated canopy light
interception efficiency (ranging 0-1, Eqn S5-1) showed an accuracy of 73% with a RMSD of
7.5% (Figure S5-2), which can be considered a reasonable approximation of the 3D plant

structure and light interception.

Simulations of light extinction coefficient using ray tracing under artificial scenarios

In order to compare predictions of photosynthetic acclimation and dry matter production
between ray tracing (RT) and by the classic Beer-Lambert equation (BL), light extinction
coefficient k had to be first determined for BL (Eqn 5-1b- Egn 5-1d). Due to the clear effect
of canopy configuration on k (Figure S5-3), we first simulated k under scenarios of different
canopy configurations in row arrangements (Figure 5-2) using RT throughout the canopy
development (growth period of 35 days) every day at midday (1200h) in daily steps (Figure
5-4). Canopy configurations with various plant densities (1.0, 1.5, 2.0, 2.5 and 3.0 plants m™)
were created in combination with three different row distances (1.1, 1.5 and 1.9 m), so that
plant distance within rows was always smaller than row distance (Table S5-2). These

artificial scenarios were selected to cover the common range used in production and
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experiments. Since there was no apparent difference in simulated k between experiments 1a,
1b and 1c within a given canopy configuration (Figure S5-3), only the conditions of

experiment 1a were used in this simulation.

Row distance

op o
-— o -

%5
S
9

Plant density

Simulated k

Leaf area index

Figure 5-4. Simulated relationship between light extinction coefficient k and leaf area index of the
canopies under scenarios of different plant densities (1.0, 1.5, 2.0, 2.5 and 3.0, indicated by colors,
Table S5-2) and row distances (1.1, 1.5 and 1.9 m, indicated by symbols). Each point represents one
estimate of k for a canopy on a specific day sampled at 1200h using the functional-structural plant
model with ray tracing and simulations in hourly steps. Since there was no apparent difference in
simulated k between experiments 1a, 1b and 1c (Figure S5-3), only the conditions of experiment la
with a growth period of 35 days were used in this simulation.

Simulated k was found to decrease with increasing canopy leaf area index (LAI), which
could also be interpreted as canopy depth (Figure 5-4). This was expectable, since that
increasing proportion of expanded leaves approaching an elevation angle of —68.4° (Eqn S5-
5) along canopy development allowed higher light penetration through the canopy and also
less efficient light interception towards the base of the canopy. It was observed that denser
canopies and wider row distances resulted in lower k (Figure 5-4); row distance could lead to

a variation in k of up to 0.2 under the same plant density for canopies with LAI > 1.0.
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Relationship between light extinction coefficient and leaf area index as depending on canopy
geometry

From the results of simulated k under various scenarios of canopy configuration (Figure 5-4),
an empirical relationship between k and LAI was derived following a log-normal function,
where a maximal k of 1 occurred at LAI equal to I, (0.0479 + 0.0022), with coefficient vy
(1.90 + 0.056) determining the shape of the curve. Along canopy development, k approached

a stable minimal k (kmin), which was related to plant distance Dyjant and row distance Doy Of

the canopy:

LAI 2
k= (1= k) X exp {— [1n (K) /i } + ki (Egn 5-2a)
kyin = ay — ay X Dprant — @3 X Drow + @4 X Dpjant X Drow (Egn 5-2b)

where coefficients were estimated to be a; = 0.659 (+ 0.01338), a, = 0.348 (£ 0.0744), a3 =
0.302 (+ 0.0219) and a4 = 0.502 (+ 0.0537). The six parameters in Eqn 5-2 were quantified

with all simulated data of k in Figure 5-4 using least square fitting.

Equation 5-2b resulted in Kmin between 0.1-0.7 under Dyjane ranging 0.1-0.9 m and Dyow
ranging 1.0-2.0 m (Figure 5-5A). An index of canopy geometry, planting rectangularity
(Maddonni et al., 2001b), was calculated using Dyow and Dyant as the ratio between the longer
and the shorter distances. In addition to plant density, planting rectangularity provided
information of the geometry of planting patterns. Planting rectangularity equal to one
indicates a square spatial arrangement, whereas larger values indicate a rectangular
geometry. Canopies with more even distribution (planting rectangularity < 4) appeared to
have higher kni, under lower plant density (Figure 5-5B). However, over a certain level of
planting rectangularity, higher plant density tended to have higher knin (Figure 5-5B). With
information of canopy configuration in greenhouse experiments 2a and 2b, Kyin was
determined 0.409 with Dpyjant = 0.5 m and Dyow = 1.5 m. For canopy configurations used in
experiment 1b, kyin was determined 0.408, 0.255, 0.507 and 0.441 for canopy arrangements
R1, R2, 11 and 12, respectively.
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Figure 5-5. Simulated minimal light extinction coefficient k., using Eqn 5-2b under various canopy
configurations. Color indicates the value of kni, (A) under given distance between rows (1.0-2.0 m)
and distance between plants in a row (0.1-1.0 m), (B) under given planting rectangularity (1.0-20.0,
unitless) and plant density (0.5-10.0 plants m?). Values of ki, ranged from 0.12 to 0.71. Planting
rectangularity was calculated using row and plant distances as the ratio between the longer and the
shorter distances. A planting rectangularity equal to one indicates a quadratic canopy geometry,
whereas larger values indicate rectangular geometry.

Comparison of leaf-level light availability simulated using ray tracing and using the Beer-
Lambert equation

Equation 5-2 was applied to simulated k; and ki.; used in the BL Eqgn 5-1b- Egn 5-1d for
further simulations of light interception, photosynthetic acclimation and dry matter
production under the conditions of experiment 2a. In Eqns 5-1b, 5-1c and 5-1d, k. was
determined using Eqn 5-2a with LAI of a canopy at a given time point. In Eqn 5-1d, ki+1 was
calculated using Eqn 5-2a for each leaf i with LAI above it in the canopy (LAI;+1).
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Figure 5-6. Comparison of simulated light conditions at leaf level using different light models and
time resolutions. The models compared were the Beer-Lambert equation (BL) and ray tracing (RT,
black symbols) in daily steps (DS, circles) or hourly steps (HS, triangles). Different methods of BL
using Eqgns 5-1b, 5-1c and 5-1d were indicated by green, yellow and blue symbols, respectively. (A)
Snapshot of simulated relative light transmission (li/ly) at 1200h on the last day of a five-week of
growth period, calculated as incident PPFD at each leaf divided by PPFD level above the canopy. (B)
Total light interception (mol per leaf) summed over the five-week growth period under the conditions
of experiment 2a and treatment HLHN (for other treatments see Table S5-3).

Using the simulation at the end of experiment 2a at 1200h, a snapshot of intra-canopy
relative light transmission at leaf level (li/ly), calculated as incident PPFD at each leaf divided
by PPFD level above the canopy PPFD;j,, was in a comparable range for RT and BL (Figure
5-6A) using both hourly-step (HS) and daily-step (DS) time resolutions. Different BL
equations resulted in large variation in Ii/ly at higher ranks (> 20, young leaves) without
systematic deviation from Ii/ly predicted using RT. At the lower ranks, the variation in 1/l
between BL equations became subtle. The light model BL using Eqns 5-1b and 5-1d seemed
to better capture the variability of i/l by RT at the higher ranks, which was not observed
when applying Eqn 5-1c. However, Eqn 5-1c rather predicted the middle-lower range of Ii/lo
variability at the higher ranks.
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Total light interception by individual leaves (mol per leaf, Figure 5-6B) over five weeks of
growth period was also simulated under the conditions of experiment 2a. Regardless of the
approach used, the middle-lower layer of the canopy contributed largely to total light
interception (Figure 5-6B). Total light interception simulated using BL 5-1b was 77%-92%
of that using RT, whereas it was 88%-102% using BL 5-1c and 116%-134% using Eqn 5-1d
of that using RT (Table S5-3). Time resolution DS resulted in higher total light interception
than HS, ca. 14% higher using RT and 4% higher using BL (Table S5-3).

Since additional information of lamina elevation angle was not required in Eqns 5-1c and 5-
1d, and these two equations captured the middle-lower and the higher ranges, respectively of
li simulated by RT, we combined the two equations to create variability in I; by a random

factor w (between 0 and 1 for individual leaves at a given time):

I; = min[I;(1c), I;(1d)] + w X {max[/;(1c), I;(1d)] — min[;(1c), [;(1d)]} — 0.3 X
(1 — w) x min[I;(1c), I;(1d)]

(Eqgn 5-1e)

where I; (1c) and I; (1d) are the I; simulated using Egn 5-1c and Eqgn 5-1d, respectively. Using
this equation, a variation of I; around the minimum of I; (1c) and I; (1d) was generated, with a
maximal value of I; equal to the maximum of I; (1c) and I; (1d), and a minimal value of I;
equal to 70% of the minimum of I; (1c) and I; (1d). The 30 % of variability for the lower I;
range chosen was consistent with the variability simulated by RT (1Q 18%, median 31%,
mean 35%, 3Q 45%). Equation 5-1e led to comparable estimation in leaf-level Ii/lo (Figure 5-
7A) and light interception (Figure 5-7B, Table S5-3) to RT, and was used in the further BL

simulations.
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Figure 5-7. Comparison of simulated light conditions at leaf level using different light models and
time resolutions. The models compared were the Beer-Lambert equation 5-1e (BL, yellow symbols)
and ray tracing (RT, black symbols) in daily steps (DS, circles) or hourly steps (HS, triangles). (A)
Snapshot of simulated relative light transmission (l/lg) at 1200h on the last day of five-week of
growth period, calculated as incident PPFD at each leaf divided by PPFD level above the canopy. (B)
Total light interception (mol per leaf) summed over the five-week growth period under the conditions
of experiment 2a and treatment HLHN (for other treatments see Table S5-3).

Comparison of predictive accuracies of dry matter production and photosynthetic
acclimation using ray tracing and using the Beer-Lambert equation

Dry matter production is the outcome of light acclimation and light-driven photosynthesis,
reflecting integrative light-plant interaction from leaf to plant level. Shoot (total above-
ground) dry matter was simulated under the conditions of experiments 1b, 2a and 2b using
four combinations of model approaches and time-step resolutions, BL-DS, BL-HS, RT-DS
and RT-HS, and compared to measured data (Figure 5-8). The lowest accuracy (38.8%,
Figure 5-8C) was achieved by RT-DS due to large overestimation, and the highest accuracy
(83.0%, Figure 5-8B) by BL-HS, comparable to that of RT-HS (79.9%, Figure 5-8D). Both
BL-HS and RT-HS were able to predict shoot dry matter under different treatments during
different seasons with high accuracy, but the computational duration of RT-HS (64.4 £ 24.0 s
per simulation day) was by one order of magnitude longer than of BL-HS (1.34 + 0.16 s per
simulation day).
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Figure 5-8. Model evaluation by comparing simulated shoot dry matter (g per plant) to measured data
obtained in experiments 1b, 2a and 2b. Shoot dry matter including all above-ground dry matter of
vegetative and reproductive parts was simulated (A) by Beer-Lambert equation 5-1e (BL) in daily
steps (DS), (B) by BL in hourly steps (HS), (C) by ray tracing (RT) and DS, (D) by RT and HS.
Measured data were obtained in experiment 1b (yellow symbols), 2a (blue symbols) and 2b (green
symbols) with three replications harvested between the second and the fifth weeks after transplanting
into greehouse (total 36 measured data points). Four combinations of light and nitrogen supply
treatments (high light, HL, low light, LL, high nitrogen, HN, and low nitrogen, LN) applied in the
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Chapter 5 Comparison between multilayer and functional-structural models

Table 5-3. Predictive quality of light models using simple Beer-Lambert equation 5-1e (BL) and
using ray tracing (RT) in hourly steps (HS). Plant dry matter variables simulated were vegetative and
reproductive dry matter per plant and their sum as shoot dry matter. Photosynthetic acclimation
variables simulated were net photosynthesis rate measured at PPFD 1300 pmol m?2 st (An1300),
maximum electron transport rate (Jmax), Maximum carboxylation rate (Vemax), Chlorophyll (Chl),
photosynthetic nitrogen (N,) and respiration rate (Rg). Measured data of plant dry matter were
obtained in experiments 1b, 2a and 2b during the second and the fifth weeks after planting with three
replications (total 36 measured data points). Leaf photosynthetic parameters were measured at two
leaves per plant in experiment 2a for four consecutive weeks with two replications (total 32 measured
data points).

Light model Accuracy Relative bias RMSD

(%) (unit as variable)
Variable BL-HS RT-HS BL-HS RT-HS BL-HS RT-HS
Shoot dry matter 83.0 79.9 0.037 0.164 14 16
(g per plant)
Vegetative dry matter 62.8 56.5 0540 0742 20 24
(g per plant)
Reproductive dry matter 43.9 463 0531 -0.474 15 14
(g per plant)
Antzo0 (Mol CO, m?s™) 73.3 715 -0.342 -0.359 4.1 4.4
Jmax (WMol e m?s™) 81.2 75.7 -0.127 -0.141 22 28
Vemax (Mol CO, m™ s 72.2 67.6 0.250 0.227 17 20
Chl (mmol m?) 80.3 79.7 0.305 0.263 0.085 0.087
N, (mmol m?) 82.2 78.4 0.151 0.121 6.9 8.3
Ry (umol CO, m?s™) 68.8 61.5 -0.384 -0.365 0.41 0.51

For both BL and RT approaches, time resolution of DS led to ca. 40% (between 20%-55%)
higher simulated shoot dry matter than HS (Figure S5-4A), although DS only resulted in 14%
and 4% higher total light interception per plant than HS using RT and BL, respectively
(Table S5-3). The overestimation by DS did not appear to result from a consistent
overestimation of photosynthetic parameters, i.e., net photosynthesis rate measured at PPFD
1300 pumol m? s (Ania00, Figure S5-4B), maximum electron transport rate (Jmax, Figure S5-
4C) and maximum carboxylation rate (V¢max, Figure S5-4D). In the following comparisons of

model performance, only simulations with HS were further examined.

Plant dry matter distribution was simulated with time resolution of HS and compared
between RT and BL equation 5-1e (Table 5-3). Since dry matter distribution only depended
on dry matter availability in a plant and not on light, it was directly affected by simulated
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shoot dry matter following a given priority scheme. Positive value of relative bias indicated
sysmetical overestimation of shoot and vegetative, while negative relative bias indicated
underestimation of dry matter distribution to reproductive parts (Table 5-3). Following the
same comparion, simulated leaf photosynthetic parameters were also examined with
measured data obtained in experiment 2a. For all parameters examined, both BL and RT
resulted in high accuracies between 71%-82%, except for maximum carboxylation rate
(Vemax) @nd respiration rate (Ry, Table 5-3), which were clearly over- and underestimated,
respectively. In addition, both models tended to overestimate leaf chlorophyll (Chl) and
photosynthetic nitrogen (Np), and underestimate net photosynthesis rate measured at PPFD
1300 pmol m? s (Anzo0) and maximum electron transport rate (Jmax). In summary, the
performace of BL 5-1e is comparable to and even slightly better than RT in predicting plant-
level dry matter accumulation and leaf-level photosynthetic acclimation although there is still
room for improvement in the functional part of the model, particularly dry matter

distribution, Vemax and Rg.

Sensitivity of predictive accuracy of dry matter production and photosynthetic acclimation to
light extinction coefficient used

To test the sensitivity of model predictions to the k value used, constant values of k. ranging
0.3-0.7 (in steps of 0.1) and a variable k. calculated using Egn 5-2 were input into Eqn 5-1c
to simulate plant dry matter in experiments 1b, 2a and 2b (Figure 5-9A, C) and
photosynthetic parameters in experiment 2a (Figure 5-9B, D).

Among the constant k. used, a k. of 0.5 resulted in the highest accuracy (86.5%) for shoot dry
matter (Figure 5-9A), and a deviation in k. of 0.2 from k. of 0.5 led to a decrease in accuracy
by up to 27%. When using k. values estimated by Eqn 5-2 (indicated by the vertical grey line
in Figure 5-9A), the accuracy for shoot dry matter was 82.5%, which was slightly lower than
that by BL 5-1e (83.0%, Table 5-3). The higher the k. used, the higher was the simulated
plant dry matter and thus the higher the overestimation of shoot dry matter (Figure 5-9C).
The accuracy for vegetative dry matter peaked at a k. of 0.4 (Figure 5-9A), while that for
reproductive dry matter increased with k¢, indicating a bias in distribution scheme towards
vegetative parts. The accuracies of An1300 and Ry increased with increasing k¢, and that of Chl

and V¢max increased with decreaing k (Figure 5-9B), but the effects of k. on these parameters
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were not as strong as on dry matter (Figure 5-9A). Higher k. values also resulted in higher
simulated photosynthetic parameters (Figure 5-9D), where a k. of 0.5 resulted in the highest
accuracy (82.9%) for Jmax (Figure 5-9B).

In summary, BL 5-1c with a constant k. of 0.5 was able to predict plant dry matter production
and leaf photosynthetic acclimation well (Figure 5-9), justifying the applicability of a
constant k using BL if an appropriate k could be first determined before conducting model
simulation. Although in this case the application of variable k values (Eqn 5-2) seemed

somewhat unnecessary, it provided a proper k proxy without prior knowledge of k.
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Figure 5-9. Effect of light extinction coefficient k. on accuracy of predicting leaf photosynthetic
acclimation and plant dry matter by Beer-Lambert equation 5-1c. Accuracies for (A) plant dry matter
and (B) leaf photosynthetic parameters. Relative bias for (C) plant dry matter and (D) leaf
photosynthetic parameters. Constant values of k. between 0.3 and 0.7 were tested. Grey vertical
dashed lines indicate the accuracy using variable k. values estimated depending on canopy
configuration by Eqgn 5-2.
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Discussion

In conjunction with a dynamic model of greenhouse cucumber, we compared the
performance of 1D (Beer-Lambert equation, BL) and 3D (ray tracing, RT) modelling
approaches in predicting leaf-level photosynthetic acclimation and plant-level dry matter
accumulation over growth periods of two to five weeks. Prediction accuracy by BL Eqgn 5-1c
(Figure 5-9) or Egn 5-1e (Table 5-3) in combination with hourly-step (HS) time resolution of
simulation was found comparable to that by RT with HS (Table 5-3), when using light
extinction coefficients k estimated following an empirical relationship (Eqn 5-2) established

with the assistance of RT.

Applying the 3D light model enabled systematic examination of variation in light extinction
coefficient k

The advantage of using the proposed relationship to estimate k as a function of LAI is that it
provided a k proxy, whereby the effects of canopy geometry on k are taken into account.
Motivated by similar intention, the effect of row spacing on k was examined experimentally
in maize, sorghum, soybean and sun flower canopies by Flénet et al. (1996) as well as by a
modelling approach in virtual graminaceous canopies by Drouet and Kiniry (2008). Both
found a decrease in k with increasing row spacing under the same plant density, consistent

with our in silico measurements of k using RT (Figure 5-4).

With information of canopy configuration, i.e., distance between rows (Do) and distance
between plants in a row (Dpiant), minimal k (kmin) for a developed cucumber canopy was
estimated using the empirical relationship Eqn 2b (Figure 5-5A). In the given ranges of Dyow
between 1-2 m and Dyjane between 0.1-1.0 m, kmin was found higher in more quadratic
(planting rectangularity, PR, closer to one) canopies (Figure 5-5B). Under PR < 4, Knin
tended to be higher under lower plant density, while over PR > 4, kmi, tended to be higher
under higher plant density (Figure 5-5B). This agreed partially with experimental data
obtained from maize canopies (Maddonni et al., 2001b). At a density of 3 plants m, a more
square-distributed maize canopy had higher k with (PR 1.5 versus 2.7, green area index GAI
of ca. 2.5), whereas the effect of canopy geometry became insignificant and k was found
higher in canopies with a plant density of 9 plants m? (PR 1.1 versus 4.4, GAI of ca. 6) and
12 plants m™ (PR 1.5 versus 5.8, GAI of ca. 7) than canopy with a density of 3 plants m™.
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Although internode elongation and phototropism reacted to light signals in the current model,
appearance of new phytomers, leaf expansion and petiole elongation had no feedback
response to these cues. When responses to light limitation and shading, e.g., reduced leaf
development and increased petiole elongation (Sessa et al., 2005; He et al., 2020), were
ignored in simulations with high plant density, it might lead to an underestimation of k due to
unrealistically higher LAI and light transmission (li/l) using equation k = —In(li/lo)/LAI. This
increases the uncertainty when applying Eqn 5-2b to canopies of high pant density.

The values of k reported in literature for greenhouse cucumber vary from 0.42 to 0.87 (Table
S5-4). In addition to the effect of canopy geometry, seasonal solar position and diffuse light
used may contribute to this variation. Using a wheat FSPM, a smaller solar zenith angle was
found to result in lower k, such that in the most extreme case, a difference of 60° solar zenith
led to a difference in k up to 0.48 (Evers et al., 2009). Diffuse light generally leads to lower
k, although this effect interacts with solar angle (Li et al., 2014). These effects explain partly
the lower k found in spring and summer (k between 0.4-0.6, from March to September)
compared to autumn and winter (k > 0.8, from October to February, Table S5-4). Since in
Eqgn 5-2b these effects of incident light were not explicitly described (but see Egns 5-8 in
Lizaso et al., 2005) and it was parameterized using in silico measurements under the
conditions during experiment 1a (in August), Egn 5-2 was advisably applicable for predicting

dry matter production in spring and summer (as evaluated in Figure 5-8B).

Simulation with different time resolutions revealed the impact of fluctuating light on dry
matter accumulation

Higher dry matter accumulation in plants was predicted by simulations in daily steps (DS,
Figure 5-8A, C) compared to hourly steps (HS, Figure 5-8B, D), leading to an 20%-55%
overestimation of dry matter with a trend of higher overestimation simulated by RT at week
five than that at week two (Figure S5-4A). Since DS did not lead to apparent overestimation
of photosynthetic parameters (Figure S5-4B-D), this overestimation of plant dry matter could
not be explained by the effect of photosynthetic acclimation. Although input total light
integral per day was identical in both DS and HS, total plant light interception was ca. 14%
and 4% higher in DS simulations at the end of a period of five weeks by RT and BL,

respectively (Table S5-3), which still did not completely explain the extent of overestimation

95



Chapter 5 Comparison between multilayer and functional-structural models

by DS. It can be argued that DS simulations approximate virtual plants photosynthesizing
under constant light regime with an average daily light level without fluctuation during the
day, whereas HS simulations approximate a growth light condition with natural fluctuation
every hour. This phenomenon has been experimentally observed across C; and C,4 species.
Compared to the plants grown under fluctuating light regimes, 19%-140% higher dry matter
was accumulated under constant light regimes for the same daily light integral depending on
plant species and the fluctuating pattern applied (Watling et al., 1997; Leakey et al., 2002;
Kubasek et al., 2013; Vialet-Chabrand et al., 2017b; Sakoda et al., 2020). However, this
effect has also been reported insignificant in tomato plants grown for 2-3 weeks (Kaiser et
al., 2018a; Y Zhang et al., 2020), or reported to be opposite in a understory rain-forest
species Micromelum minutum (Watling et al., 1997). It is clear that species reacted
differently to light regimes (Watling et al., 1997; Blom and Zheng, 2009), leading to a large
variability in the observations. This pinpoints the avenues for further investigations of
species-specific mechanisms of acclimation to dynamic light environments in both
morphology and physiology (Vialet-Chabrand et al., 2017a; Pao et al., 2019b; Y Zhang et
al., 2020; Morales and Kaiser, 2020).

Application of 1D light model facilitated predictions of average responses at whole-leaf and
whole-plant levels

The choice of using a simpler or a more complex light model depends on the scale of traits of
interest. The general approach for constructing models is starting simple and then extending
with details necessary for answering the question addressed, ensuring that the model is fit for
purpose (Renton, 2011; Auzmendi and Hanan, 2020). The capability of FSPM to capture 3D
distribution of environmental conditions and their interaction with plant architecture is
necessary for a realistic representation and intuitive comprehension of the real systems (Vos
et al., 2010). This advantage of FSPM enables mechanistic analyses of individual processes
involved in architectural acclimation, assisting with identifying leaf and canopy-level traits
for improving cultural practices (e.g., Buck-Sorlin et al., 2011; N Zhang et al., 2020) and
selective breeding (e.g., Chen et al., 2014a; Perez et al., 2018). We took advantage of the 3D
light model for quantifying the effect of canopy geometry on light interception under various
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stages of canopy development (Figures 5-4, S5-3), thereby establishing an estimation for k
(Egn 5-2).

Since the current dynamic model with ray tracing did not take into account the light gradient
within a leaf, nor differentiate the spatial distribution of microclimate within a canopy (e.g.,
temperature, relative humidity and CO,, but see Boulard et al., 2017; Ma et al., 2019), it was
not possible to relevantly adapt responses at a finer scale than whole-leaf level, e.g., the role
of spatial distribution and patterning of stomata in balancing gas exchange and water loss
(Harrison et al., 2020). However, we showed that for simulating traits integrating temporally
over days to weeks and spatially from whole-leaf to whole-plant level, the application of the
simplest 1D light model following the Beer-Lambert equation (Egns 5-1c and 5-1e) reduced
the computational demand by one order of magnitude without compromising the predictive
accuracy of canopy responses. The simple Beer-Lambert equation can be extended and
modified to partly include variability in horizontal light distribution between canopies for
row crops (Thornley and Johnson, 1990), and by considering diffuse/direct light distribution
in a canopy and shade/sunlit portion within a leaf (de Pury and Farquhar, 1997; Lizaso et al.,
2005; Roupsard et al., 2008; Hikosaka, 2014) depending on modelling aims. In summary, our
results suggested that, with the assistance of the 3D light model, the 1D light model using the
Beer-Lambert equation provided efficient and fast estimation for long-term processes

integrating over weeks.
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Chapter 6
Dynamic coordination between function and structure

Coordination between canopy architectural dynamics and functional
acclimation strategy improves canopy productivity

Abstract

To maximize productivity, plants with contrasting architectural characteristics (AC) should
develop different functional acclimation strategies (FAS) to coordinate photosynthetic
nitrogen with AC-dependent intra-canopy light distribution. Variety-specific dependency of
photosynthetic protein synthesis on light represented FAS of two cucumber (Cucumis sativus
L.) cultivars (Aramon and SC-50), whose differences in leaf angle distribution and light
extinction coefficient were quantified by 3D canopy architectures coupled with a light model.
In silico experiments were conducted using a multilayer model under different levels of light
competition. The FAS of SC-50 (FASsc-s0) was found most effective under light competition,
while that of Aramon (FASaramon) Was under ample light conditions. Sub-optimal AC-FAS
coordination depending on the level of light competition was found within a variety, while a
dynamic FAS (FASamamon In young leaves and FASscso in mature leaves) increased
productivity regardless of light regime and canopy configuration by up to 5.6%. Optimized
FAS suggested light-dependent trade-offs in photosynthetic nitrogen partitioning between
electron transport and the limiting function and a leaf angle-dependent trade-off between
electron transport and carboxylation. Our study presents novel aspects of dynamic

coordination between FAS, AC and light scenarios in canopy productivity.
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Introduction

Canopy architecture plays a central role in the spatial arrangement of the photosynthetic
apparatus and thus in light interception (Duursma et al., 2012). Architectural characteristics
(AC) such as distribution of leaf area, leaf angle and branch angle determine intra-plant light
attenuation (Chen et al., 2014b; Zhang et al., 2014; Tang et al., 2019) and self-shading
(Falster and Westoby, 2003). Also, the AC-determined degree of inter-plant competitiveness
for light is likely to indirectly drive the selection for yield during the breeding process (Chen
et al., 2019; Perez et al., 2019). Light attenuation through homogeneous canopies can be
described by Beer-Lambert law with leaf area index and light extinction coefficient (k, Monsi
and Saeki, 1953; de Pury and Farquhar, 1997), which is a function of canopy AC (Monsi and
Saeki, 2005; Zhang et al., 2014). For example, a more vertical leaf angle distribution leads to
a lower k (Hikosaka and Hirose, 1997; Zhang et al., 2014) and a more homogeneous vertical
light distribution in canopies by improving light transmission (Truong et al., 2015) and by
avoiding excessive light interception during midday (Falster and Westoby, 2003). In contrast,
a canopy with more horizontally oriented leaves intercepts more light per unit leaf area in
which is described by a higher k (Zhu et al., 2010; Chen et al., 2014b) and a higher degree of
self-shading. This explains most of the variation in light capture across species (Falster and
Westoby, 2003; Duursma et al., 2012). Natural variation in AC is tightly subjected to genetic
control (e.g., Truong et al., 2015; Mantilla-Perez and Salas Fernandez, 2017; Alqudah et al.,
2018) and contributes essentially to fitness under inter- and intra-genotypic light competition
(Hikosaka and Hirose, 1997; Song et al., 2013). Selection pressure in terms of light
competition may explain why some AC observed in nature (angle distribution of branch,
Honda and Fisher, 1978; leaf phyllotaxis, Strauss et al., 2020) as well as in major crops

(Flood et al., 2011) appear optimal for maximizing light interception.

Theoretically, a strategy striving for maximal biomass production should combine maximal
light energy capture for photosynthesis and maximal efficiency of photosynthesis to convert
energy into photo-assimilates. Thus, architectural ideotype (Song et al., 2013; Chen et al.,
2014b; Chen et al., 2015; Perez et al., 2018; Tang et al., 2019; Chang et al., 2019) and
cultural practices (planting pattern and density; Maddonni et al., 2001b; Drouet and Kiniry,
2008) that maximize light interception are of great interest for breeding programs and crop

management (Perez et al., 2019). However, light transmission within canopies is not only
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spatially heterogeneous but also temporally dynamic due to continuous alteration of AC and
thus k with canopy development (Campbell and Norman, 1989), making coordination of
resource use with local light availability crucial for efficient conversion of photo-assimilates
(Niinemets et al., 2015; Poorter et al., 2019; Chang et al., 2019).

As one of the most limiting resources for plant growth, nitrogen is largely invested in
proteins that contribute to photosynthetic capacity (> 50% leaf nitrogen; Evans, 1989a;
Hikosaka and Terashima, 1996; Aerts and Chapin, 1999; Hikosaka, 2010; Evans and Clarke,
2019). Driven by the need to efficiently use nitrogen, mechanisms of light acclimation have
evolved (Werger and Hirose, 1991; Anten et al., 1995; Trouwborst et al., 2010; Osada et al.,
2014; Hikosaka, 2016). At canopy level, between-leaf distribution of photosynthetic nitrogen
(Np) was reported to correlate with intra-canopy light distribution across species (Hikosaka et
al., 2016), implying a generic light-dependent strategy for distributing Np. At leaf level,
efficient use of N, can be achieved by shifting N, partitioning towards limiting
photosynthetic functions according to light availability (Terashima and Evans, 1988; Evans,
1989a; Hikosaka and Terashima, 1996; Evans and Poorter, 2001; Trouwborst et al., 2011;
Song et al., 2017; Pao et al., 2019a). Photosynthesis is the light driven conversion of CO,
into biomass through a flow of light harvesting, conversion of light energy into chemical
energy through an electron transport chain, and energy consuming carboxylation catalyzed
by the enzyme Rubisco (Farquhar et al., 1980). The capacities of these functions, i.e., light
absorptance, maximal electron transport rate and maximal carboxylation rate, depend on the
amount of N, invested (Hikosaka and Terashima, 1996). The balance between light capture
(light interception by the leaf together with light absorption by light harvesting structures)
and conversion of photo-assimilates (coordination between electron transport and
carboxylation) is essential as it regulates N, use efficiency (Evans, 1989a; Ishimaru et al.,
2001; Hikosaka, 2010; Zhu et al., 2010; Song et al., 2017). This was supported by modelling
studies (Evans, 1993b; Pons and Anten, 2004; Pao et al., 2019a) indicating higher sensitivity
of plant carbon assimilation to N, partitioning between photosynthetic functions than to
nitrogen distribution between leaves. Our approach, parameterized and evaluated in chapter
3, applied the concept of protein turnover and distribution for the three photosynthetic
functions to explore environmental impacts (see chapter 4) on the dynamics of N,

partitioning mechanistically (Muller and Martre, 2019). Light acclimation in the use of N,
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can be interpreted as an outcome of a plant’s functional acclimation strategy (FAS)
consisting of differential light response of protein synthesis rates for the different functions.
Using this model, acclimatory flexibility of FAS to adapt to light environment was predicted
in combination with variety-specific AC for maximizing plant carbon assimilation (chapter
3).

Since variation in AC among genotypes results in different light distribution within their
canopies, we hypothesize that plants develop FAS by coordinating N, use with their intra-
canopy light environment to maximize daily plant photosynthesis. In other words, different
FAS are expected in genotypes having contrasting AC. To test this hypothesis, two cucumber
(Cucumis sativus L.) cultivars exhibiting variation in AC were examined. We digitized their
3D plant architectures to quantify leaf areas and angle distributions, and to simulate light
attenuation within their canopies. This information was used to construct a multilayer model
representing canopy architectures. Then, varietal variation in FAS was quantified following
the mechanistic protein turnover model proposed in chapter 2. By combining the
architectural and functional features, three in silico experiments were conducted to quantify
optimality of a variety’s FAS with its AC with respect to light competition level, and to

determine a generalized pattern of coordination between FAS and AC.

Materials and Methods

Plant materials and cultivation

Cucumber (Cucumis sativus L.) cultivars Aramon (Rijk Zwaan, De Lier, the Netherlands)
and SC-50 (PI 234517, U.S. National Plant Germplasm System; Barnes and Epps, 1956)
were cultivated under a single-stem system in a series of growth chamber experiments and
one greenhouse experiment in the Institute of Horticultural Production Systems, Leibniz
Universitat Hannover, Germany (52° 39' N, 9° 70" E). The cultivars exhibited apparent

variation in plant architecture (Figure 6-1a, Note S6-1).
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Figure 6-1. Appearance of actual and virtual cucumber plants and reconstructed scene in software
GrolMP. (a) Plant morphology of two cucumber (Cucumis sativus L.) cultivars, SC-50 (left) and
Aramon (right). (b) Reconstructed 3D plant architectures of a SC50 (left) and an Aramon (right)
plant. (c) Light model composed of 72 diffuse sources and one directional light beam that mimic the
light conditions under the sky hemisphere. (d) Virtual canopy consisting of 75 plants reconstructed
randomly from two digitized plant architectures of Aramon. The ground area under the five middle
plants in the central row was sampled for light transmission to the ground.

Modelling photosynthetic protein turnover in leaf

Photosynthetic nitrogen N, (mmol N m), defined as nitrogen in the proteins involved in
photosynthesis (Evans and Clarke, 2019), is the sum of nitrogen invested in different
photosynthetic functions (Egn 2-M1), i.e., carboxylation, Ny, electron transport, N;, and light
harvesting, Nc (Buckley et al., 2013). The N, partitioning fraction of a pool X, px, is the ratio
of nitrogen in a pool X, Nx (mmol N m™) to N,. Following the turnover model proposed in
chapter 3, the rate of Nx change at a given leaf age t (°Cd) is determined by the instantaneous
protein synthesis Sx (mmol N m? °Cd™) and degradation Dx (mmol N m? °Cd™) rates of the

corresponding enzymes and protein complexes.
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Protein degradation rate Dy is governed by first-order kinetics (Verkroost and Wassen, 2005;
Li et al., 2017; Eqn 2-M6), while protein synthesis is described by an age-dependent logistic
function (Eqn 2-M5) with a potential rate of Spx (mmol N m? °Cd™?), where light

acclimation comes into play.

Spotx = Smmx X Kix X Id/(Smm,X + kyx X Id) X N,x (Egn 6-2)

For a pool X, Smmx (mmol N m? °Cd™) describes its maximal protein synthesis rate, and rate
constant k;x controls how Spetx increases with daily incident photon integral I4 (mol photon
m? d?). The factor ryx denotes the normalized effect of nitrogen limitation in protein
synthesis (Eqn 2-M8). Functional acclimation strategy (FAS) is represented by the function-
specific response of Spetx to light, which results in the acclimation of N, and its partitioning
between functions. Preference of N, partitioning to a given function X was described by its
relative potential synthesis rate (relSyotx), the ratio between Spox and the sum of Spy: of all

three functions. Model variables and coefficients are listed in Table S6-1 and Table S6-2.

Modelling leaf photosynthesis

The complete model description can be found in Method S1. In short, net photosynthesis rate
A, (umol CO, m?s™) was defined as the minimum of ribulose-1, 5-bisphosphate (RuBP)
carboxylation-limited and RuBP regeneration-limited photosynthesis rates, A and A; (mmol
CO; m?s™), respectively (Farquhar et al., 1980; Eqn 3-9), minus daytime respiration rate Ry
(umol CO, m?s™; Eqn 3-10, Figure S6-1). Maximal carboxylation rate Vemax (Lmol CO, m™
s™1), maximal electron transport rate Jna (umol e m™ s™) and chlorophyll concentration Chl
(mmol m™?) are calculated with Ny, N; and N¢ (Eqn 2-M1). Depending on the amount of
incident photosynthetically active photon flux density (PPFD) on the leaf lpprp (Umol photon
m? s, rates of carboxylation V. (umol CO, m? s™*; Eqn 2-P13) and electron transport J
(umol e m? s*: Eqn 2-P4) are calculated from Vemax and Jmax (Qian et al., 2012),
respectively, while leaf absorptance « (unitless) is calculated with Chl (Egn 2-P2).
Chloroplastic CO, concentration C. (umol CO, mol™; Eqn 2-P6) depends on the steady-state
of stomatal conductance gs. (mol CO, m? s™: Eqn 3-15) and mesophyll conductance g (mol
CO, m?s™; Eqns S6-1, S6-2, Figure S6-2).
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Modelling the dynamics of architectural characteristics

To quantify development of architectural characteristics AC, leaf area index above a given
leaf (L) and its elevation angle g (°) were analyzed against its age t (°Cd). Leaf area index
above a given leaf increases logistically with its t from zero to an asymptote Lasym (Table 6-

1), with an inflection point occurring at t, (°Cd) and the shape of the curve determined by v,.
Ly = Lasym/{1 + exp[(tL — t)/vL]} (Eqn 6-3)

The elevation angle £ is defined as the angle between the line connecting the base to the tip
of a lamina and the horizontal plane. Elevation angles of 90° and -90° denote vertically
upwards and downwards oriented leaves, respectively, while 0° indicates horizontal
orientation. Newly appearing leaves have a £ of maximum 90°, followed by a decrease
starting at age tg (°Cd) by a constant dg (°Cd™) to an asymptote of Pasym (°, Table 6-1).

B = (90 — Basym) X exp[—(t — tg) x dg| + Basym (Eqn 6-4)

Mathematically, £ is larger than 90° when t is smaller than tg. In this case, f is set to its
maximum 90°. The effect of # on light distribution is taken into account by cosine correction
(Eqn 6-S3).

Growth chamber experiment to quantify functional acclimation

The experiment was conducted with factorial combinations of three light and three nitrogen
supply levels to parameterize the dynamics of photosynthetic protein turnover. Sowing,
seedling nursery and treatment were described in in chapter 2. In brief, cucumber plants with
two true leaves were transferred to a hydroponic system with three nitrogen levels, 9.6, 4.6
and 2.3 mM NOgs’, in combination with three constant light conditions (average PPFD
incident on sampled leaves were 669, 329 and 102 umol photon m™ d* with a 12-h light
period). Sampled leaves were kept horizontally for full exposure to incoming light. Air
temperature around the leaves was recorded continuously using data loggers (Tinytag;
Gemini Data Loggers, Chichester, UK). Gas exchange was measured every three days at 12
thermal ages, ranging from 45°Cd to 558°Cd (base temperature 10°C; Savvides et al., 2016).
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Table 6-1. Variety-specific coefficients determining architectural characteristics of cucumber
(Cucumis sativus L.) cultivars Aramon and SC-50. Standard errors (SE) are indicated in parentheses.
Significant difference between varieties at 95% confidence interval are indicated by lower case letters
and ns indicates not significant.

_— . Value (SE)
Description Eqgn mbol nit
escriptio a Symbol U Aramon SC-50
Leaf area index above a given leaf  6-3 L, -
2.04° 1.23°
Asymptote Lasym - (0.0845) (0.0513)
. . . . o 2576 "™ 272.1"™
Time at inflection point tL Cd (7.25) (7.17)
- 63.9"™ 63.6™
Curve shape coefficient VL - (3.69) (3.52)
Leaf elevation angle 6-4 i °
o -69.2"™ -61.1™
Asymptote Pasym (3.27) (3.92)
ol 0.0245° 0.0162°
Decrease constant dg Cd (0.00291) (0.00194)
. : . 11.0° 233°
Time when decrease begins tg Cd (2.63) (3.67)
Light extinction coefficient 6-5 k -
Maximum Kmax - 0.616° 0.853°
(0.00277 (0.0128)
Minimum Kpmin - 0.359™ 0.337™
(0.00516) (0.0270)
_ . 0.286° 0.0846°
Leaf area index at maximal k Lk - (0.00734) (0.0143)
Curve shape coefficient Vi - 1.089° 1.708°
(0.0388) (0.186)

Gas exchange measurements and estimation of photosynthetic parameters

Using a portable photosynthesis system (LI-6400XT; LI-COR, Lincoln, NE, USA), light-
saturated net photosynthesis rate under PPFD of 1300 pmol photon m™ s (Aysgo, umol CO;
m? s™) was measured and light response curves were determined. All measurements were
carried out under sample CO, concentration of 400 pmol mol™ and leaf temperature 25 C. Ry,

Vemax, Jmax and gm Were estimated according to chapter 2. Immediately after gas exchange
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measurements, leaves were harvested to determine leaf area, and then freeze-dried and
ground into fine powder for total nitrogen (Niw, mmol m?; Nelson & Sommers, 1980),
nitrate-nitrogen (N, mmol m?% Cataldo et al., 1975) and chlorophyll (Chl, mmol m?;
Lichtenthaler, 1987) analyses.

Greenhouse experiment to quantify structural characteristics

The experiment was carried out from 4 April to 3 May 2017 to assess plant AC. Sowing,
seedling nursery and plant care were described in chapter 2. In short, plants with three true
leaves were transferred onto rock-wool slabs in a greenhouse with a plant density of 1.33
plants m? (1.5 m row distance and 0.5 m plant distance) and supplied with a nutrient solution
containing 10 mM NOs™ by drip irrigation. Average DPI above the canopy was 21.33 mol
photon m? d™* during the experimental period with an average day length of 14.4 h. Air
temperature (min. 21.5°C, max. 25.5°C, average 23.4°C) was recorded continuously using
data loggers positioned in the middle canopy. Plant AC were measured using a 3D digitizer
(Fastrak; Polhemus, Colchester, USA) according to to Chen et al. (2014a) on two
representative plants of each variety, in four consecutive weeks on the 8", 15" 22" and 29"
days after transplanting.

Determining light extinction coefficient using virtual 3D canopies

Virtual canopies were reconstructed in software GrolMP (Kniemeyer, 2008) using digitized
data (Chen et al., 2014a; Chen et al., 2018). Reconstructions were coupled with a light model
to simulate intra-canopy light distribution for determining k (Methods S6-1, Figure S6-3).
Leaf angle distribution changed with plant development from planophile to erectophile
(Figure S6-4), leading to temporal variation of k with canopy development (Tahiri et al.,
2006; Chen et al., 2014b). Therefore, we described k by a function of canopy leaf area index
L, such that k increased to a maximum Kknax When L. reaches Ly and then decreased to a
minimum Kmin, Where vy determined the curve shape:

n(ge))

k = (kmax - kmin) X exp —0.5 x [‘U_

k

+ Kmin (Eqn 6-5)
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Model parameterization

Data obtained in the growth chamber experiment were used to parameterize the dynamics of
photosynthetic protein turnover, Ry (Figure S6-1) and gn, (Figure S6-2). Differential
equations (Egns 6-1, 2-M5 and 2-M6) were solved in R (version 3.3.0, R Core Team, 2019;
details see chapter 2) to obtain Spyorx, tax and Dyx. With values of Spyx (EQn 2-M5)
determined for each factorial combination, coefficients Spmmx, kix (Egn 6-2) and kn x (Eqn 2-
M8) were estimated by nonlinear least squares fitting. Relationships between Ry and light
(Egn 3-10), between gm and N, (Egns S6-1, 6-S2), between k and L. (Eqn 6-5), between
phyllochron and leaf rank (Egn S5-2), between L;and t (Eqn 6-3), and between f and t (Egn

6-4) were also estimated by nonlinear least squares fitting.

Simulating dynamic photosynthetic nitrogen and daytime carbon assimilation

Photosynthetic nitrogen per unit leaf area N, (mmol N m?) was simulated for each leaf in a
plant from the day of transplanting to the four time points of AC measurements, with a time
step of 0.1°Cd and environmental input of daily incident photosynthetic photon integrals
DPI, nitrogen supply level and mean air temperature. Leaf photosynthetic nitrogen content
Niear (MmMol N per leaf) and total Niear per plant, Npiane (Mmmol N per plant), were calculated for
the last day of simulation. Leaf photosynthesis was calculated under conditions of leaf-to-air
vapor pressure deficit (D) 1.2 kPa and ambient CO, concentration of 400 umol CO; mol™.
Daytime carbon assimilation DCA (mol CO, d™* per plant) was simulated under average DPI
during acclimation (21.33 mol m? d™*) and also under scenarios of its 0.25- and 2-fold, with
diurnal PPFD above the canopy calculated using 0.1-h time step and 14.4-h day length by a
cosine bell function (Kimball and Bellamy, 1986). Modified simple Beer-Lambert law (Egns
S6-3, S6-4; Monsi and Saeki, 1953) was used to simulate light distribution in the canopy.

In silico experiment 1 - Optimizing photosynthetic nitrogen partitioning

To evaluate the optimality of acclimation strategies of a variety in coordination with its
architectural characteristics, FAS was modified by introducing a factor f,x into Eqn 6-2 to

manipulate the potential protein synthesis rate Sy x of the functional nitrogen pool X

Spotopx = Smmx X fpx X kix X Id/(Smm,X X fox + kix X Id) X INx (Egn 6-6)
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and to identify FAS that maximized daily carbon assimilation DCA through optimal potential
protein synthesis rate (Spotopx), While keeping Npant and Nieir unmodified for a given
architecture (as in chapter 3). High fyx leads to high synthesis rates and partitioning to pool
X. Architectures digitized in the fourth week were used in the simulation under a planting
density of 1.33 plants m™2. The optimization process was carried out using package
‘DEoptim’ in R (R Core Team, 2019). The relative change in DCA resulting from optimal
FAS was calculated in comparison to the DCA under control condition, where f,x equals
one. A tested FAS is identified as optimal if the potential improvement in DCA brought by
the theoretically optimal FAS is insignificant (< 5%).

In silico experiment 2 - Exchanging functional acclimation strategy

According to our hypothesis, changing FAS should lead to decreased DCA for a given
architecture. To test this, we exchanged FAS between the two varieties while keeping Npjant
and Nier unmodified for a given architecture, and then calculated daily carbon assimilation
DCA (mol CO, d* per plant). The relative change in DCA caused by exchanging FAS was
calculated in comparison to the DCA under control conditions, where FAS was not
exchanged.

In silico experiment 3 - Coordinating functional acclimation strategy with canopy
architectural characteristics

To explore the coordination between photosynthesis adaptation strategy and canopy
architecture, represented by leaf angle, a virtual cucumber variety with all leaves having a
given angle fSans (°, absolute value of f) in the canopy was used for simplicity. This virtual
variety was created as the intermediate type between cultivars Aramon and SC-50 in both
FAS coefficients and leaf area. As fSaps varied, k also changed according to Eqn 6-7 (derived
from Figure 7 in Monsi & Saeki, 2005), where increasing fans led to decreasing k, ranging
between 0.4-0.9:

0.95-0.32

54.4——ﬁabs)
-17.9

k= + 0.32 (Egn 6-7)

1+exp(

For each Saps tested, FAS was optimized using Eqn 6-6 following the same procedure as

described above. Optimal relative potential synthesis rate (relSyqt0px) Was then calculated as
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the optimized potential synthesis rate (Spotopx) divided by the sum of Spoop Of all three
functions to indicate the relative preference in N, investment under given faps and daily

incident photon integrals (DPI, mol m? d™).

Results

Varietal variation in architectural characteristics

Varietal variation in architectural characteristics (AC) was observed visually in greenhouse
plants (Figure 6-1a). From digitization data of plants, Aramon showed on average 65% larger
individual leaves (P < 0.001) and more vertical leaf elevation angle g (17°, P = 0.005) than
SC-50.

AC variation within the plant, represented by leaf area index above a given leaf L, and its
elevation angle 3, can be compared between varieties due to their comparable phyllochron
(°Cd per leaf, thermal time needed for a leaf to appear; Eqns S6-5, S6-6, Figure S6-5). In
both varieties, L, of a leaf followed a logistic function with its age t (Figure 6-2a, Eqn 6-3)
and approached an asymptote Lasym at the end of the greenhouse experiment. Aramon showed
66% higher Lasym than SC-50 (Table 6-1), indicating significantly larger leaf area per plant
(Figure 6-2a). On the other hand, g started decreasing at tz (°Cd) by a constant dg (°cd™) to
an asymptote of minimum (Basym , °, Figure 6-2b, Eqn 6-4, Table 6-1). SC-50 had 12.3°Cd
more in tg (Table 6-1), suggesting that its leaves started turning downwards about one day
later than in Aramon. Also, 34% lower dg and a tendency of less negative Sasym 0f SC-50
(Table 6-1) indicated that its leaves turned downwards at a slower rate, leading to more
horizontal leaf angle distribution in SC-50 canopies which was also supported by our

observation (Figure S6-4).
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Figure 6-2. Leaf area index above a given leaf (L,) and its elevation angle $ as dependent on the age
(°Cd) of the given leaf of cucumber (Cucumis sativus L.) cultivars Aramon and SC-50. (a) Leaf area
index is accumulated from top to a given leaf at a plant density of 1.33 plants m, fitted (lines) to Eqn
6-3. (b) Leaf elevation angle (°) measured in four consecutive weeks (indicated by different symbols)
using digitization, fitted (lines) to Eqn 6-4. Elevation angle of 90° and -90° denote vertical leaf
pointing up- and downwards, respectively, and 0° indicates horizontal plane (dotted line).

Architectural variation leads to different light distribution in the canopy

To quantify intra-canopy light distribution, digitized data were used to reconstruct virtual
plants (Figure 6-1b) and canopies (Figure 6-1d). Light transmission through canopies was
simulated by coupling a light model (Figure 6-1c) to the virtual canopies, allowing the
determination of light extinction coefficients k at different canopy developmental stages and
configurations (Methods S6-1).

Clear variation in light extinction coefficient k with canopy development (Figure 6-3), likely
due to the change of leaf angle distribution (Figure S6-4), was represented by a log-normal
function of canopy leaf area index (L., Eqn 6-5), where a maximal light extinction coefficient
kmax corresponding to canopy leaf area index Ly and a minimal light extinction coefficient
Kmin Were specified. The higher k of SC-50 (Figure 6-3) is mainly due to its 38.5% higher Kmax
compared to Aramon (Table 6-1). This agrees with the general understanding that, for a
given leaf area index, canopies with horizontal angle distribution (Figure S6-4) are associated
with high k.
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Figure 6-3. Relationship between light extinction coefficient (k) and canopy leaf area index (LAI). k
is fitted (lines) to a function of canopy LAI (L., Egn 6-5) to include developmental and density
effects. Cucumber (Cucumis sativus L.) cultivars Aramon and SC-50 are indicated by red and blue
symbols, respectively. Data with standard error were results of ten independent simulations of light
transmission to the ground obtained using static 3D virtual canopies in GrolMP, sampled from the
ground area under the five middle plants in the central row of the canopy (Figure 6-1d). Plant density
in the simulations was set either to 1.33 plants m™ as in the greenhouse experiment (circles, control)
or to 0.5-, 2- or 3-fold of that in the greenhouse experiment (squares, adjusted) by proportionally
adjusting both distances between rows and between plants in a row.

Varietal variation in functional acclimation strategies leads to different light response of
photosynthetic nitrogen partitioning

According to our hypothesis, plants should develop functional acclimation strategies (FAS)
to coordinate N, use with light intensity. Thus, we examined the trends of leaf photosynthetic
nitrogen (Figure 6-4a) and the three functional nitrogen pools (carboxylation, Ny, Figure 6-
4b, electron transport, N, Figure 6-4c, and light harvesting, N¢, Figure 6-4d) under constant
light intensities, and thereby quantified variety-specific coefficients determining FAS (Table
6-2).
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Table 6-2. Variety-specific coefficients determining functional acclimation of cucumber (Cucumis
sativus L.) cultivars Aramon and SC-50. These coefficients were parameterized using data obtained in
the growth chamber experiment and used in the protein turnover model for calculating the nitrogen
pools involved in carboxylation (Ny), electron transport (N;) and light harvesting (N¢).

Description Egn Symbol Unit Cultivar Ny N; Nc
. R Aramon 0.0195 0.0195 0.0091
Degradation constant 2-M6 Dy Cd
SC-50 0.0195 0.0195 0.0091
Increase constant of 62 K mmol N °Cd* Aramon 0.173 0.130 0.234
synthesis rate with light ) ! mol™ photond  SC-50 0.117 0.0919 0175
Michaelis-Menten constant Aramon 0536 0420 0.316
relating nitrogen supply to 2-M8  ky mM
. . mmol N m? Aramon 1122 0.852 0.248
Maximum synthesis rate 6-2 Smm o1
Cd SC-50 1.028 0.789 0.225
Decrease constant of oyl Aramon 0.001  0.002  0.001
i . 2-M5 ty Cd
synthesis rate with age SC-50 0.002 0.003 0.002

Since N, and its partitioning is likely to be the outcome of the complex interplay between
availabilities of light, nitrogen and leaf age, multivariate analyses were conducted (Table S6-
3). The analysis showed that Aramon had generally about 15.0 mmol m™ more N, than SC-
50, composed of an increase in Ny by 6.67 mmol m?, N, by 4.06 mmol m? and Nc by 4.28
mmol m™. A general response to light was also observed with N, and all three pools
increasing with daily incident light (Figure 6-4a-d), by 1.16 mmol Ny, 0.607 mmol Ny, 0.456
mmol N; and 0.0970 mmol Nc per m? leaf area for every mol photon m? d™* increase (Table
S6-3). This differential light response in protein synthesis rate between pools, i.e., FAS, led
to distinct light-dependent pattern of N, partitioning. Fractions of N, partitioned to Ny (pv)
and N; (p;) increased with daily incident light (Figure 6-4f, g), while that to N¢ (pc)
decreased (Figure 6-4h). In comparison to Aramon, SC-50 showed 2.65% lower py and
3.72% higher pc under low light availability (Figure 6-4f, h, Table S6-3), suggesting a
preference of SC-50 to invest N, in light harvesting at the expense of carboxylation under
light limiting conditions. Interestingly, SC-50 also showed higher sensitivity to light in py
and pc (Figure 6-4f, h, Table S6-3). These together demonstrate variety-specific FAS.
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Interestingly, only Aramon has developed a light acclimation strategy with respect to the
partitioning of total leaf nitrogen N (Figures 6-4e, S6-6), which was not observed in SC-
50 (Note S6-2).
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Figure 6-4. Measured photosynthetic nitrogen and its partitioning fractions in leaves at different ages
under different daily incident light and nitrogen supply. (a) Photosynthetic nitrogen (N,), (b)
carboxylation (Ny), (c) electron transport (Nj), (d) light harvesting (N¢) nitrogen pools. Partitioning
fractions of (e) photosynthetic nitrogen in total leaf nitrogen (png), (f) carboxylation (py), (g) electron
transport (p;), (h) light harvesting (pc). Data were obtained in the growth chamber experiment. Linear
regressions (lines) and their R-squared values were indicated for each variety. Cucumber (Cucumis
sativus L.) cultivars Aramon and SC-50 are indicated with red and blue, respectively. Leaf age is
indicated by symbol size and nitrogen supply level by different symbols.
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Further, genetic and environmental controls of FAS were analyzed by a mechanistic model of
photosynthetic protein turnover (Eqns 6-1, 6-2). The genetic controls were characterized by
maximum protein synthesis rate (Smm), decrease constant of synthesis rate with age (tg), and
protein degradation constant (D,, Table 6-2). Coefficients ty and D, together influence the
developmental effect on protein turnover dynamics. Coefficient D, was assumed the same for
both cultivars Aramon and SC-50, with values estimated in our previous study (Table 3-1 in
chapter 3). Higher Sy,m of Aramon (Table 6-2) suggests that its photosynthetic protein
synthesis can reach a higher rate (maximal differences of 0.1, 0.06 and 0.02 mmol °Cd™* m?
for Ny, Ny and Nc, respectively, Table 6-2), while its lower ty indicates that the influence of
ageing appears later in its leaves’ lifespan than in leaves of SC-50. These together led to
higher amounts of N, observed in the leaves of Aramon (Figure 6-4a-d). Genotypic
sensitivities to light and nitrogen availabilities are denoted by k; and ky, respectively. These
coefficients determine the sensitivity of potential maximum protein synthesis rates (Spot, EQN
6-2) to increasing light and nitrogen availabilities until reaching their maximum (Sym, Figure
6-5a). Relative potential synthesis rate (relSyot) was calculated by dividing potential synthesis
rate of a pool X (Spotx) by the sum of Sy Of all three pools (Figure 6-5b), and it suggested
that N, partitioning to both carboxylation and electron transport pools increased non-linearly
with light, while partitioning to light harvesting decreased. The difference in relSp between
cucumber varieties was apparent below DPI < 20 mol m™ d™, where Aramon invested higher
proportion of N, to carboxylation and electron transport pools rather than to the light
harvesting pool in comparison to SC-50 (Figure 6-5c), in accordance with our observation
(Figure 6-4f, h).
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Figure 6-5. Simulated light acclimation of photosynthetic nitrogen in cucumber (Cucumis sativus L.)
cultivars Aramon (red lines and symbols) and SC-50 (blue lines and symbols). (a) Potential protein
synthesis rates (Sy, mmol N m? °Cd™) for carboxylation (solid lines), electron transport (dotted
lines) and light harvesting (dashed lines) and the resulting (b) relative potential synthesis rates
(relS,y) in response to daily incident light. The rates under incident light of 1 mol m? d™ is shown in
the insertion. These simulations were conducted with a nitrogen supply level of 10 mM NOj. (c)
Photosynthetic nitrogen partitioning fractions (px) of carboxylation (squares), electron transport
(circles) and light harvesting (triangles) for individual leaves of a plant. Leaf age is indicated by
symbol size. This simulation was conducted with incident light of 21.33 mol m? d* and plant
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architecture digitized in the fourth week of the greenhouse experiment.
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Characteristics in photosynthetic nitrogen partitioning determine optimality and flexibility of
light acclimation in combination with plant architecture

Quantification of functional and architectural traits allows evaluating the degree of
coordination between FAS and AC with a modelling approach. In silico experiment 1 was
conducted under various daily photosynthetic photon integrals (DPI) levels to identify the
theoretically optimal FAS that yields the genotypic N, partitioning pattern which maximizes
daytime carbon assimilation (DCA, mol CO, d™ per plant). Close-to-optimum FAS was
found between 8-27 mol m™ d™* for Aramon, and between 6-14 mol m d* for SC-50 (Figure
6-6). Aramon’s higher flexibility to adapt to high light conditions can be explained by its
higher amount of N, (Figure 6-4a) and higher partitioning to carboxylation and electron
transport functions (Figure 6-5b) compared to SC-50. FASaramon Was optimal under the
average DPI level during the greenhouse experiment (21.33 mol m d™), indicating its ability
to maximize DCA by acclimatizing N, partitioning in the canopy to its growing light
environment (Figure S6-7). However, this was not the case for SC-50, the variety having a
lower amount of N, (Figure 6-4a), which may result in lower flexibility of SC-50’s FAS

(FASsc.s0) to high light conditions through mechanisms of adjusting N, partitioning.
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Figure 6-6. Simulated optimality and flexibility of functional acclimation strategy (FAS) under
various incident daily photon integrals (DPI, mol photon m? d). FAS is represented by function-
specific response of protein synthesis rate to light. Relative change in daytime carbon assimilation
(DCA, mol d* per plant) resulting from theoretically optimal FAS was calculated for cucumber
(Cucumis sativus L.) cultivars Aramon (red circles) and SC-50 (blue triangles), using their own
specific architectures digitized in the fourth week of the greenhouse experiment, where the average
DPI during the whole growth period was 21.33 mol m? d™*. Dashed line indicates 5% of DCA change.
Under a given DPI, a DCA change lower than 5% suggests high optimality of FAS.

116



Chapter 6 Dynamic coordination between function and structure

Dynamic functional acclimation in coordination with canopy development improves whole
plant carbon assimilation

According to our hypothesis, if a variety has developed a FAS that ideally coordinates with
its AC, modifying FAS should lead to reduced DCA for a given architecture. To test this,
DCA was simulated by combining the FAS of one variety with the AC of the other in in
silico experiment 2 under various planting densities and light regimes. In contrast to our
expectation, exchanged FAS did not result in a constant decrease of DCA in a given
architecture but a rather dynamic effect depending on canopy development. This effect was
minor (< 2%) under intermediate planting density (1.33 plants m?) and DPI (21.33 mol m™
d'l), where FASsc.so combined with Aramon architecture led to a slightly increased DCA
(Figure 6-7b), while FASamamon led to both positive and negative effects on DCA in
combination with SC-50 architecture (Figure 6-7e). The effect of exchanging FAS on DCA
clearly depended on DPI level and planting density. High planting density (2.66 plants m™)
and low DPI (5.33 mol m? d™) led to strong inter-plant light competition, where the
advantageous effect of FASscso became more pronounced (up to 5%, Figure 6-7a-c). In
contrast, the reduction in DCA of SC-50 architecture caused by FASaramon @ggravated under
low DPI (Figure 6-7d) and slightly in dense canopies (Figure 6-7d-f) as well. This suggested
that FASsc.so ameliorated the impact of strong light competition, while FASaramon favored
light utilization under ample light. This result led to a new hypothesis that, instead of having
a constant FAS, dynamic FAS combining the advantages of both FAS improves DCA. To
test this hypothesis, FAS was switched from FASaramon 10 FASsc.s0 When leaves reached the
age of 100°Cd, i.e., shortly before the stage of full expansion with decreasing light
interception due to increasing shading by younger leaves and increasingly vertical leaf
elevation (approaching fasym, Figure 6-2b). This hypothesis was confirmed by simulations
showing an increase in DCA (up to 5.6%) by introducing dynamic FAS (under almost all

scenarios, Figure 6-7g-1, except for open SC-50 canopies under low DPI, Figure 6-7)).
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Figure 6-7. Simulated effect of coordination between architecture characteristics (AC) and functional
acclimation strategy (FAS) on daytime carbon assimilation (DCA, mol d™ per plant) of cucumber
(Cucumis sativus L.) varieties. (a)-(f) Effects of combining FAS of one variety with AC of the other.
(9)-(I) Effect of dynamic FAS which was switched from FAS of cultivar Aramon to FAS of cultivar
SC-50 when leaves reached the age of 100°Cd. FAS is represented by the response of photosynthetic
nitrogen partitioning to light. Relative change in DCA as compared within a given architecture, either
Aramon [(a)-(c) and (g)-(i)] or SC-50 [(d)-(f) and (j)-(D)]. Plant densities of 0.665 (red symbols), 1.33
(green symbols) and 2.66 (blue symbols) plants m? ground were used in the simulations in
combination with incident daily photon integral (DPI) levels of 5.33 [(a), (d), (9), (D], 21.33 [(b), (),
(h), (k)] and 42.66 mol m? d™ [(c), (f), (i), (1)], for architectures digitized in four consecutive weeks
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Chapter 6 Dynamic coordination between function and structure

Optimal functional acclimation strategy depends on architectural characteristics with trade-
off between photosynthetic functions

To obtain a generalized coordination between FAS and AC, various values (15°-75° at
intervals of 5°) of leaf angle Says Were tested in in silico experiment 3. Value of k varied with
Labs (EQNn 6-7), such that k decreased (less self-shading and light interception) with increasing
Pans (More vertical leaf angle) and vice versa. After optimizing FAS for a given Sas Scenario,
preference in protein synthesis of a given photosynthetic pool X was indicated by its optimal
relative potential synthesis rate (relSpotop,x), Calculated as its optimized potential synthesis
rate (Spotop,x, EQN 6-6) divided by the sum of Spetqp OF all three pools. As expected, relSpot,op
of the light harvesting pool increased with decreasing DPI and increasing fans (Figure 6-8c),
due to low light availability and low light interception, respectively. However, relSpotop Of
both carboxylation (relSpotopyv) and electron transport (relSyoop.s) increased with DPI but
showed a trade-off at Sa,s between 45°-65° (Figure 6-8a, b). This suggested a balance
between light interception and self-shading was reached at this range of S, making the
partitioning between functions strongly sensitive to DPI, where another trade-off was
observed between electron transport and carboxylation under higher DPI and between
electron transport and light capture under lower DPI (Figure 6-8b).
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Figure 6-8. Simulated coordination of optimal relative photosynthetic nitrogen synthesis rate with leaf
angle (°, absolute value of elevation angle) and intercepted daily photon integral (DPI, mol m?d™) in
cucumber (Cucumis sativus L.). Color indicates relative potential synthesis rate (relSyoop) Of (a)
carboxylation, (b) electron transport and (c) light harvesting protein pools, resulting from
theoretically optimal functional acclimation strategy under given leaf angles. The value of k varies
with leaf angle following Eqn 6-7. Variable relS,qqpx Was calculated as optimized potential synthesis
rate (Spotopx, EQN 6-6) divided by the sum of Syuopx Of all three pools to demonstrate the relative
preference of synthesis between the three pools. This simulation was conducted using a virtual
cucumber variety with leaf area and functional acclimation coefficients intermediate between Aramon
and SC-50, and all leaves in this plant were assumed to have the same leaf angle.
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Discussion

Plants can be expected to develop functional acclimation strategies (FAS) of photosynthesis
according to their architectural characteristics (AC), either through natural evolution or
artificial selection, to coordinate nitrogen use with local light availability. To our knowledge,
we report here for the first time varietal variations in FAS (Figures 6-4, 6-5) together with
AC (Figures 6-1, 6-2, 6-3), interpret these variations in the context of coordinating FAS with
AC to optimize canopy productivity using modelling approach (Figure 6-6), and derived a

generalized coordination between FAS and AC.

Co-evolution between functional acclimation and architecture-dependent degree of light
competition

Variation in FAS could be a result of its co-evolution with canopy AC during breeding for
specific cultivation conditions (Note S6-1). Aramon is a gynoecious and parthenocarpic
cultivar cultivated in the greenhouse under optimized conditions and trained vertically to
maximize light use. In contrast, SC-50 is an open-pollinated monoecious field cultivar with
female flowers developing more frequently at the upper nodes and on the side shoots, and is
normally allowed to develop side shoots in the field to ensure fruit formation and
consequently high leaf area index and leaf turnover. According to game theory (Schieving
and Poorter, 1999), AC such as high leaf area index, high leaf turnover (Hikosaka and Anten,
2012), horizontal leaf orientation and high k (Hikosaka and Hirose, 1997) are advantageous
under light competition. It can be reasonably assumed that co-evolution of FAS with AC
ensuring light capture under low light availability (Figures 6-4h, 6-5b) is crucial for SC-50 to
overcome self-shading and inter-plant light competition, similar to FAS reported for another
open-field cucumber cultivar ‘Revel’ (Evans, 1989a). Although this ‘specialization’ (DeWitt
and Langerhans, 2004; Sadras and Richards, 2014) in FAS for light capture may decrease N,
use efficiency under intermediate light conditions (15 < DPI < 20, Figure 6-6) in comparison
with Aramon due to trade-off with light utilization efficiency (Figure 6-5c), it strengthens the

resource capture of the individual plant at the expense of its neighbors.

Despite of the differences in AC and FAS, the two studied cultivars are comparably vigorous
in vegetative growth (Figure S6-5) and highly productive in fruit yield under their specific
cultivation conditions (Papadopoulos and Hao, 2000; Shetty and Wehner, 2002). One would
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expect that these cultivars optimize FAS according to light availability and to their specific
AC (Evans, 1993b; Hikosaka and Terashima, 1996). Our simulation suggested that Aramon
had optimal FAS under the growing light conditions of a vertical greenhouse training system
(Figure 6-1a). Surprisingly, this was not the case for SC-50 (Figure 6-6), which was not
selected for cultivation in a single-stem training system. The simulated sub-optimality of
FAS of SC-50 could also result from the priority in leaf nitrogen use (Figure 6-6). Both
varieties had comparable amounts of total leaf nitrogen (Figure S6-6a), but SC-50 invested
less leaf nitrogen in photosynthesis (Figure S6-6b) regardless of light environment (Table S6-
3, Note S6-2). This implies that SC-50 prioritizes nitrogen investment in other chemical
compounds than those used in photosynthesis (Figure S6-6c¢), probably in defense against
biotic and abiotic stresses (Strauss-Debenedetti and Bazzaz, 1991; Onoda et al., 2004,
Poorter et al., 2009). However, the effect of less N, in SC-50’s leaves might be partly
compensated by its higher sensitivity of N, partitioning to light condition (Figure 6-4f, h,
Table S6-3) to improve the use efficiency of limited Np. As long as the costs of defense
mechanisms do not outweigh the benefits of reduced damage, plants benefit from higher
chance of survival at the expense of reduced investment in photosynthesis and growth (Tian
et al., 2003; Dalin et al., 2008; Todesco et al., 2010). In contrast to SC-50, greenhouse
cultivar Aramon invests its leaf nitrogen according to the concept of a ‘generalization’
strategy that provides a generally moderate fitness over a wide range of environments
(DeWitt and Langerhans, 2004; Sadras and Richards, 2014) since the proportion invested in
photosynthesis decreases with increasing light availability, and vice versa (Figure 6-4e),

ensuring stable performance over a wider range of light intensity (Figure 6-6).

Dynamic coordination of function with structure improves productivity

When intra-canopy light availability deviates from the variety-specific range of optimal light
level for FAS (Figure 6-6) due to incoming light condition, planting density and canopy
development, FAS is subject to sub-optimal coordination with its AC (Figure 6-7a-f).
Evident sub-optimal coordination in dense, closed canopies and under low irradiance (Figure
6-7a, d) emphasized the significance of nitrogen use strategy on plant carbon assimilation
under light competition (Drouet and Bonhomme, 2004; Pons and Anten, 2004). However, by

assuming a dynamic FAS capitalizing on the advantage of FASaramon (favoring light
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utilization) in young leaves and of FASsc.so (favoring light capture) in mature leaves, plant
productivity was improved up to 5.6% regardless of light condition and canopy configuration
(Figure 6-7g-l). This highlights the possibility to improve crop productivity through
mechanisms of FAS modification triggered by endogenous and/or exogenous factors. Such
phenotypic plasticity in response to environmental stimuli might be achieved by epigenetic
control, functioning as molecular memory assisting the maintenance of this response (Turck
and Coupland, 2014; Baulcombe and Dean, 2014; Balao et al., 2018) through modulating
gene expression by means of chemical modification to genetic material without alteration in
DNA sequence (Offermann and Peterhansel, 2014; Duarte-Aké et al., 2019).

Apart from the varietal coordination between FAS and AC, we identified a pattern of
coordination between FAS and leaf angle that led to maximal plant carbon assimilation.
Modification in leaf angle either increases or decreases self-shading and light interception
simultaneously. Therefore, it was not surprising that a higher proportion of N, should be
invested in Rubisco and electron transport in a canopy with more horizontal leaf angles (high
light interception), while in a canopy with more vertical leaf angles, investment in light
harvesting may be more useful for keeping the N, use efficiency constant by allocating
nitrogen to limiting function (Evans, 1993a; Hikosaka, 2004; Buckley et al., 2013; Pao et al.,
2019a). Due to the central role of electron transport in transferring the captured light energy
to drive carboxylation, optimal N, partitioning to electron transport (N;) showed a trade-off
with the limiting function, either light harvesting (N¢) or carboxylation (Ny), depending on
the current light availability (Figure 6-8b, leaf angle between 45°-65°). In order to optimize
the use of a limited budget of available leaf nitrogen for fitness and survival, the trade-off in
nitrogen allocation between functions is predictable (Buckley et al., 2013; Pao et al., 2019a)
and not a rare occasion in plants (Evans, 1988, 1989a; Onoda et al., 2004; Trouwborst et al.,
2011; Evans and Clarke, 2019). Yet the degree of this trade-off varies depending on
environments and may tilt towards electron transport in the future since rising ambient CO,
concentration can lead to more frequent limitation of photosynthesis by RuBP regeneration
under saturating light (Long et al., 2004; Taylor et al., 2020).
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Model assumptions and limitations

The model presented here integrates both architectural and functional processes from leaf to
canopy level and enables in silico experiments and optimizations which could not be realized
experimentally. Although more complexity might not necessarily lead to improved
comprehension under the context of our research question, there are at least three aspects

worth noting.

First, area-based N, was directly simulated in our model (Eqn 6-1) to facilitate the
understanding in functional acclimation due to its relation to light interception. It should be
noted that, the intrinsic relationship between leaf mass per area (LMA) and mass-based N,
(Wright et al., 2004) is implicitly included. Additionally, LMA shows similar nonlinear
pattern of light acclimation (Poorter et al., 2009) as that proposed for N,, implying that the
change in PUNE following light acclimation can be a mixed outcome of modification in

nitrogen economics and in dry mass investment per area (Hikosaka, 2004).

Second, protein degradation rate was assumed identical for both varieties since there is little
evidence of differences between species or genotypes (Li et al., 2017). Also, its high
variability within a functional category and dependency on leaf development, protein
abundance (Li et al., 2017) and environmental conditions (Peterson et al., 1973; Makino et
al., 1984; Ishihara et al., 2015) makes quantification of these effects intricate and implausible
using limited data. This assumption advantageously avoids over-parameterizing the model
(Egns 6-1, 2-M5, 2-M6), and better differentiates varietal response in protein synthesis. For
example, higher ty was found in SC-50 (Table 6-2), suggesting faster N, turnover during
ageing and probably higher nitrogen resorption and reallocation to support high leaf turnover
rate (Hikosaka, 2005), which is advantageous under field condition with light competition
(Hikosaka and Anten, 2012).

Finally, we simplified AC by using the light extinction coefficient, estimated by 3D canopy
architecture model with considerations of canopy dynamics (Eqns 6-5, S6-3, S6-4) as a
proxy. It can be argued that higher realism regarding heterogeneity of light distribution
should be also considered for better insight into canopy nitrogen use (de Pury and Farquhar,
1997; Hikosaka, 2014). However, increasing the number of parameters representing AC

using 3D-model makes it impossible to derive a generalized coordination between FAS and
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AC (Figure 6-8), hampering the iterative optimization algorithm and reducing the chance to
obtain global optimum. Although fine adaptations in intra-canopy light distribution through
leaf light reflectance and absorptance (e.g., Song et al., 2017), tropism and shade avoidance
behavior (Maddonni et al., 2001a; Kahlen et al., 2008; Kahlen and Stiitzel, 2011) cannot be
examined explicitly with the model presented in this paper, the accuracy in predicting
photosynthetic parameters is reasonable (see chapter 3) and similar to that using a dynamic

functional-structural plant model (see chapter 5).
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Chapter 7
Discussion

Based on the light response in photosynthetic proteins turnover and steady-state Cs;
photosynthesis, our model provides a mechanistic interpretation for photosynthetic
acclimation to fluctuating light (at an hourly or daily time scale), and is able to predict
photosynthetic acclimation in the heterogeneous canopies of greenhouse cucumber. Similar
results can be obtained by implementing this model either in a multilayer model or in a

functional-structural model for predicting canopy photosynthesis integrating over weeks.

Using this model framework, photosynthetic nitrogen distribution between leaves was found
close to optimum for greenhouse cultivar Aramon for maximizing daily plant carbon
assimilation (DCA) and photosynthetic nitrogen use efficiecy (PNUE, CO, uptake per unit
photosynthetic nitrogen) except for under nitrogen-limiting condition, where optimized
photosynthetic nitrogen distribution can lead to 7.0% of increase in DCA. Photosynthetic
nitrogen partitioning between functional pools at the leaf level was predicted optimal for
greenhouse cultivar Aramon but not for field cultivar SC-50 when both cultivars were grown
in a greenhouse single-stem high-wire system. This difference is probably due to the
coordination between canopy structure and function developed during a cultivar’s breeding
history. In contrast to Aramon, SC-50 has lower total photosynthetic nitrogen but an
acclimation strategy that partitions nitrogen between functions more sensitively according to
light level. The degree of optimality of photosynthetic nitrogen partitioning depends strongly
on canopy light environment thus also on incident light level, canopy development and
configuration. The proposed modelling framework provides an interpretation for acclimatory
mechanisms under fluctuating light, and enables in silico manipulations and tests of
photosynthetic acclimation in canopies.
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Future research needs

As stated by Herrmann et al. (2019), “models are only as good as the assumptions that
underlie them,” it is no doubt that there are other mechanisms involved during acclimation
that impose limitation on photosynthetic balance and thus lead to trade-offs with the
functional control of photosynthetic nitrogen. It is well known that dynamic light
environments lead to differences in growth and physiology of plants, yet a clear conclusion
of the effect of fluctuating light on photosynthetic acclimation still cannot be drawn from the
available modelling and experimental data (Morales and Kaiser, 2020). Potential players in
photosynthetic induction dynamics (short-term, at a time scale within an hour), for example,
Rubisco activase activity and physiological responses of stomatal conductance deserve
further investigation (Kaiser et al., 2016; Slattery et al., 2018; Matthews et al., 2018; Wang

et al., 2020; Sakoda et al., 2021) for models aiming at responses at a finer time scale.

During dark periods, Rubisco can turn into inhibited forms by binding sugar phosphates,
such as carboxy-D-arabinitol 1-phosphate and ribulose 1,5-bisphosphate (Servaites, 1990;
Slattery et al., 2018) to prevent proteolysis (Khan et al., 1999). Rubisco activase is essential
for the activation of Rubisco catalytic activity by releasing inhibitors from the catalytic site
of Rubisco (Parry et al., 2008; Ng et al., 2020). The phenomenon of Rubisco inhibition
varies qualitatively and quantitatively depending on species, where cucumber together with
cowpea, chili pepper, soybean, tobacco and Solanum species showed higher degree of
predawn inhibition among the 37 species, including C3;, C4 and CAM (crassulacean acid
metabolism) species, examined by Servaites et al. (1986). This is in line with our finding that
the dependency of activation state of Rubisco on light availability plays an important role in
the acclimation for cucumber plants since our model predicted an unrealistically substantial
overinvestment in Rubisco nitrogen if Rubisco inhibition was ignored. Thus, activation of
Rubisco proportional to light was assumed in our model following a logistic relationship
(Egn 3-11) between steady-state activation (%) and incident PAR proposed by Qian et al.
(2012). However, using this fixed empirical relationship without taking into account the time
lag for activation (but see Wang et al., 2020) makes it impossible to capture the effect of the
adaptation of Rubisco activase in its amount and activity. For example, the greater
investment in Rubisco activase under shading (von Caemmerer and Quick, 2000) can alter

the equilibrium of nitrogen partitioning and improve the efficiency of utilizing sunflecks.

127



Chapter 7 Discussion

Stomatal conductance governs the gas exchange between leaves and their surrounding
atmosphere, gatekeeping CO, uptake in photosynthesis and water loss through transpiration.
The response rate of stomatal conductance to light has been examined under the context of
photosynthetic limitation during induction at a time scale within minutes. By examining
Arabidopsis and tobacco, Sakoda et al. (2021) found that under conditions of RuBP-
carboxylation limitation, stomatal conductance imposed the greatest limitation during the
initial 15-25 min of light exposure after dark periods (longer than one hour), indicating that
faster stomatal opening improved light use efficiency (LUE, CO, uptake per unit intercepted
light) under fluctauting light. By taking the effect of light energy on water loss into account,
faster stomatal response led to increase in instantaneous water use efficiency (WUE, CO,
uptake per unit transpired water) but not daily WUE, as shown by a modelling study
(Moualeu-Ngangue et al., 2016). It was concluded in the same study that fast stomatal
opening during periods of increasing light decreased WUE, while fast stomatal closure
during periods of decreasing light increased WUE. Since stomatal dynamics strongly
influence on not only CO, uptake but also water loss, and trade-offs in LUE with WUE
should be considered especially when water availability is limiting and fluctuating in the crop

system at interest.

Our model is so far applicable under non-stressed environments to study the interplay
between light interception and PNUE (grey-filled parts in Figure 7-1) because it was
parameterized using plants grown and measured under moderate temperature around 25°C
and sufficient water supply. In the model, empirical descriptions of leaf area were applied
and stomatal conductance was derived (as an output) from steady-state photosynthesis rate
and mesophyll conductance, meaning no explicit environmental responses in the control of
light intercepting area and stomatal limitation. For further study considering acclimation
strategies under a background of changing environments, e.g., changing atmospheric
conditions, some relevant aspects can be incorporated into model (dotted boxes in Figure 7-
1): (1) leaf growth governed by hydraulics and metabolics, (2) stomatal regulation of PNUE
and WUE and (3) responses of photosynthetic biochemistry to increasing air temperature and

CO, concentration.
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Figure 7-1. Structure of the proposed models and extensions for further study considering impact of
changing environments.

Leaf growth determines the effective light intercepting area and thus exhibits feedbacks with
growth processes influenced by the captured energy. The generalized response of area of
individual leaves to incident daily PAR integral was revealed by a meta-analysis (Poorter et
al., 2019), such that leaf area approaches a maximum at around 2 mol m? d* and decreases
slightly between 2-15 mol m? d™ (average of 46-347 umol m? s™ under a 12-h day length),
while further decrease or increase in light from this level results in apparent reduction of leaf
area. Similar responses were also reported for internode length and plant height. This light
response may be understood by the driving forces for leaf growth during ontogeny (Pantin et
al., 2012). During the early stages of leaf development, cell division is limited by
carbohydrate supply (metabolics), while later on cell expansion by cell turgor (hydraulics),
with a transition observed on the fourth day after leaf appearance in Arabidopsis (Pantin et
al., 2011). Low light availability (< 2 mol m? d*) and low carbon supply during cell division
phase restrains structural growth due to reduced total cell number. Under high light
availability (> 15 mol m? d*) during cell expansion phase, maintaining expansive growth
becomes challenging due to accelerated water loss, whereas under low light leaves are able to
maintain expansive growth at the expense of dry matter per unit area (Tardieu et al., 1999).

Incorporating these processes connects photosynthesis with transpiration and reveals their
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effects on canopy structure and light interception as a result of balancing plant water and

carbon budgets.

Regulation of stomatal conductance ensures sufficient CO, influx for carbon assimilation and
water efflux that promotes water uptake, nutrient translocation and evaporative cooling,
while at the same time prevents excessive water loss. Stomatal conductance responds to both
internal and external cues (Buckely, 2017; Lawson and Matthews, 2020), such that general
decrease occurred under low CO, demand (low light and high intercellular CO,
concentration), low cooling demand (low temperature) and under conditions aggravating
imbalanced water relation (low humidity, low water availability and high vapor pressure
deficit, VPD). The resulting hydrualic relationship may in turn affect stomatal control
through leaf turgor (Buckely, 2017). Empirical and process-based models proposed for
stomatal conductance over three decades were listed and reviewed by Damour et al. (2010).
The balance between PNUE and WUE through stomatal adjustment considering both long-
term and short-term costs (Buckley, 2017) is crucial for increasing crop performance and
fitness under abiotic stresses (Matthews et al., 2020; Yang et al., 2021). Thus, environmental
factors limiting stomatal conductance like high VPD can reshape the nitrogen distribution
within plants to increase PNUE when stomatal limitation exceeds biochemical limitation
(Bachofen et al., 2020). Stress conditions may lead to a co-regulation between stomatal
conductance and photosynthesis through abscisic acid (ABA)- and reactive oxygen species
(ROS)-mediated pathways (Damour et al., 2010).

Short-term temperature fluctuation outside of the optimal range leads to a reduction in
activity of Calvin cycle enzymes and therefore reduces photosynthesis rate. Leaf
temperature-dependency of photosynthetic parameters used in the FvCB model can be
described by modified Arrhenius functions with activation and deactivation energy of the
respective processes (Harley et al., 1992b; Hikosaka et al., 2006; Kattge and Knorr, 2007;
Qian et al., 2012; Yin et al., 2019). Temperature acclimation enables shifting optimal
operational temperature of photosynthetic biochemistry towards the growth temperature
(Berry and Bjorkman, 1980; Yamori et al., 2014). Full acclimation requires generally at least
one week, where wider ranges of the adaptive changes take place in the photosynthetic
biochemistry than in stomatal conductance (Berry and Bjorkman, 1980). Among the

processes occurring during acclimation to increasing growth temperature, the increase in the
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activation energy of Vemax Was reported to be the most crucial at ambient CO, concentrations
(Hikosaka et al., 2006). Also, there are interactions between temperature and other factors,
such that optimal temperature increases with intercellular CO, concentration and ambient
light intensity, and declines with increasing leaf nitrogen (Berry and Bjorkman, 1980;
Hikosaka et al., 2006; Yamori et al., 2010;Yin et al., 2019).

Elevated ambient CO, concentration induces stomatal closure, decreases nitrogen
concentration in the shoots, while increasing net photosynthetic capacity (Medlyn et al.,
1999; Li et al., 2019). Interestingly, the increase in net photosynthetic capacity was not
observed in plants grown under restricted nitrogen availability, which most likely resulted in
biochemical limitation (Li et al., 2019). The decrease in shoot nitrogen concentration was
probably caused by inhibited assimilation of nitrate, by dilution by increased carbon
assimilation and prsumably by the decrease in transpiration-driven mass flow for uptake
(Medlyn et al., 1999; Taub and Wang, 2008; Bloom et al., 2010; Bloom et al., 2014). In
addition to the decline in shoot nitrogen concentration, a substantial reduction in the ratio
between Jmax and Vemax through adjustments in emzyme activity and/or nitrogen partitioning
has been suggested by both theoretical stuadies (Medlyn, 1996; Yin et al., 2019), but it was
not always supported by measured data (Medlyn et al., 1999; Akita et al., 2012). This
discrepancy suggests either that the nitrogen acclimation to elevated CO, can still be
improved or that maximizing photosynthesis is not the only criterion for fitness under
elevated CO,.

By incorporating the above-mentioned processes, it is possible to extend the proposed model
(Figure 7-1) to further explore plant acclimation in functional nitrogen control with a more

complete ecophysiological picture including LUE, PNUE and WUE.
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Figure S3-1. Schematic diagram of the dynamics of photosynthetic nitrogen with leaf age. The
carboxylation nitrogen pool (Ny, mmol N m?, grey solid line, Eqns 3-4) is shown here as an example,
which was determined simultaneously by the synthesis rate (mmol N m? °Cd™, dotted line filled with
green shade, Eqgns 3-5, 3-7 and 3-8) and the degradation rate (mmol N m? °Cd™, dashed line filled
with yellow shade, Eqn 3-6). The coefficients were taken from Table 3-1. Constant light level of 21.4
mol d™* m? and nitrogen supply level of 10 mM were used in this simulation. Photosynthetic nitrogen
pools exhibited the similar evolutionary pattern with leaf age under constant light in the growth
chamber experiment, first increasing to a maximum (at 150-250°Cd) and then decreasing as leaf aged.
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Figure S3-3. Environmental data input for model evaluation and simulation. Daily photon integral
(DPI, mol photons m? d™) recorded during the greenhouse experiment by the weather station located
outside of the greenhouse. Light transmittance through greenhouse of 49.8% was applied to estimate
the DPI above the canopies in the greenhouse for high growth light (HL, orange solid line). The DPI
was further reduced to 40% of HL by shading under the low growth light (LL, black solid line). The
nitrogen supply level in nutrient solution (mM, right y-axis) was analyzed weekly for high nitrogen
(HN, open circles) and low nitrogen (LN, open triangles). Four measurement dates are indicated by
the arrows.
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Figure S3-4. Relationships between leaf age (t, °Cd) and the leaf characteristics applied in the
dynamic protein turnover model for simulating local light intensity at the leaf. (A) Relationship
between t and leaf angle B (°); the dashed line indicates the simulated values with 95% confidence
interval (blue solid line). (B) Leaf angle B was defined as the angle between the line from the base to
the tip of a leaf and the vertical plane. Leaf elevation angle (e, Table 3-S1) was converted as € = (90 -
B). (C) The logistic relationship between t and leaf area index (LAI, m* m™); the dashed lines indicate
the simulated values and the coefficients used for each treatment are listed. Measured values of
different treatments are shown as: high nitrogen and high light (HN+HL, orange open circles), high
nitrogen and low light (HN+LL, black closed circles), low nitrogen and high light (LN+HL, orange

open triangles), low nitrogen and low light (LN+LL, black closed triangles).
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Table S3-1. Canopy characteristics used in the daily canopy carbon assimilation (DCA) simulation
for the plants grown under combinations of high nitrogen (HN), high light (HL), low nitrogen (LN)
and low light (LL). Measured leaf area (LA, m?), estimated thermal age (t, °Cd) and simulated
elevation angle (g, °) are listed for each leaf rank. Cumulative leaf area index of the canopy (cLAI, m?
m) and total leaf photosynthetic nitrogen content in the canopy (Ncanopy, mmol N) were used as input
in the DCA simulations. t was estimated using a constant phyllochron (°Cd) under each growth
condition since significant differences were found between conditions (P < 0.001). & was simulated
using the empirical relationship with t (Figure S3-4A and Figure S3-4B).

Growth condition HN+HL HN+LL LN+HL LN+LL
Leaf rank Lé t € Lé t € Lé T € Lé t €
m° °Cd ° m> °Cd ° m° °Cd ° m° °Cd °
1 0.0298 566 -32 0.0157 548 -35 0.0288 566 -32 0.0176 548 -35
2 0.0610 540 -36 0.0365 522 -38 0.0482 540 -36 0.0512 522 -38
3 0.0863 514 -39 0.0525 496 -42 0.0651 514 -39 0.0519 496 -42
4 0.1046 496 -42 0.0597 480 -44 0.0807 494 -42 0.0634 478 -44
5 0.1181 479 -44 0.0673 464 -46 0.0914 473 -45 0.0850 460 -46
6 0.1093 461 -46 0.0752 448 -48 0.0905 453 -47 0.0914 442 -49
7 0.1278 443 -49 0.0777 432 -50 0.0894 433 -50 0.0935 424 -51
8 0.1247 425 -51 0.0870 416 -52 0.0878 412 -53 0.0925 406 -54
9 0.1077 408 -53 0.0983 400 -54 0.0844 392 -55 0.0940 388 -56
10 0.0998 390 -56 0.0917 384 -56 0.0840 372 -58 0.0986 370 -58
11 0.0992 372 -58 0.0974 368 -58 0.0840 352 -60 0.1036 352 -60
12 0.0831 355 -60 0.0935 352 -60 0.0760 331 -62 0.1042 334 -62
13 0.0858 337 -61 0.0874 335 -62 0.0630 311 -64 0.0996 316 -63
14 0.0839 319 -63 0.0838 319 -63 0.0645 291 -65 0.0970 298 -64
15 0.0715 302 -64 0.0766 303 -64 0.0593 270 -66 0.0962 280 -65
16 0.0672 284 -65 0.0663 287 -65 0.0578 250 -66 0.0896 262 -66
17 0.0635 266 -66 0.0563 271 -66 0.0524 230 -65 0.0843 244 -66
18 0.0596 248 -66 0.0571 255 -66 0.0439 209 -64 0.0736 226 -65
19 0.0520 231 -65 0.0592 239 -66 0.0426 189 -61 0.0690 208 -64
20 0.0532 213 -64 0.0605 223 -65 0.0401 169 -56 0.0682 190 -61
21 0.0424 195 -62 0.0639 207 -64 0.0361 149 -50 0.0607 172 -57
22 0.0407 178 -59 0.0633 191 -61 0.0302 128 -41 0.0616 154 -52
23 0.0363 160 -54 0.0561 174 -58 0.0235 108 -28 0.0441 136 -45
24 0.0304 142 -47 0.0504 158 -53 0.0252 88 -12 0.0311 118 -35
25 0.0281 125 -39 0.0521 142 -47 0.0158 67 10 0.0127 100 -23
26 0.0131 107 -27 0.0402 126 -40 - - - 00073 8 -7
27 0.0050 89 -13 0.0244 110 -30 - - - 00044 64 13
28 - - - 00133 94 -17 - - - - - -
29 - - - 00089 78 -2 - - - - - -
30 - - - 00036 62 17 - - - - - -
Neanopy (MmMol N) 95.84 68.29 69.24 62.90
cLAI (m* m?) 2.506 2.362 1.948 2.455
Phyllochron (°Cd) 17.7 16.1 20.3 18.0
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Figure S4-1. Non-linear relationship between photosynthetic protein synthesis rate and light
intensity. The data are from the growth chamber experiment described in chapter 3, where cucumber
plants were grown under three light levels in combination with three nitrogen supply levels (mM),
and photosynthetically functional pools in the leaves including Rubisco carboxylation, electron
transport (ET), and light harvesting (LH) pools were examined as described in chapter 3. Light
intensity of the growth environment is shown as mean photosynthetically active radiation (PAR, umol

m?s?) + SE.
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Note S5-1. Supplementary information of model description

Canopy light interception efficiency (E,;, ranging 0-1) was calculated as the accumulated proportion
of light intercepted from the top of the canopy (maximal rank) rank-wise to a leaf rank i, with
photosynthetic photon flux density above the canopy (PPFD;,, pmol m?s™), incident PPFD on a leaf
rank i (PPFD;, umol m? s™), leaf area (A_;, m?), plant density (PD, plants m?) and assumption of 7%
light transmission:

Ej; = Yrank=i [PPFD; x Ap; x PD x (1 — 0.07)/PPFD;,| (Egn S5-1)

rank=max(rank)

The phyllochron needed for a phytomer to appear was observed to decrease with plant development
and then reached a stable value, similar to the behavior reported for Arabidopsis (Figure S2A in
Pantin et al., 2011). Phyllochron was described as a logistic function of rank R:

Phyll = (phylly — phyllmin)/[1 + exp(R — 3)] + phylln (Ean S5-2)

where phyll, was the initial phyllochron (assumed 130°Cd, equivalent to 9-10 days for the first true
leaf to appear from the time of sowing, according to experimental observation), which then decreased
with increasing R to phyll». The inflection point of the curve was assumed to occur at leaf rank three,
biologically meaning that phyllochron reduced rapidly above this rank due to the assimilation support
from the first three leaves.

Mesophyll conductance (gn, mol CO, m”? s™) was simulated depending on leaf thermal age and N,
modified by Eqn 3-16:

Im = (rgm X Np) X exp{~0.5 % [In(t/tgm) /Vgm] "} + Jmmmin (Eqn S5-3)

where gmymin (0.0846 mol CO, m2 s™) was the minimum gp. tym (100°Cd) was the thermal age when
the maximum g, occurred and vy, (0.398) was standard deviation of the curve. rgy, (0.00431 mol CO,
mmol™ N s™) described the rate of increase of gy, in relation to N,

Potential growth rate of a fruit i (Rer;, g DM d™; Kuwar, 2007; Wiechers et al., 2011a) was derived
from its length (Lg;, cm) at the previous day:
RPF,i(d) = 00025 X LF,i(d - 1)2'4284 (Eqn 85'4)

For fruit with thermal age < 150°Cd, Lg; was simulated by logistic function (see Eqn 5 in Kahlen,
2006) with fruit thermal age (°Cd) subtracted by 150°Cd, and a minimum of 5 cm, a specific growth
rate of 0.0362°Cd™ and a maximum of 35 cm.

The elevation angle of a lamina £ (°) was described depending on its leaf area (A., cm?) by a rate
constant of 0.0116 cm™ to an asymptote of —68.4° following:

B =(90+ 68.4) X exp(—0.0116 X A;) — 68.4 (Eqn S5-5)

The fruit radius rg; (cm) was calculated depending on current fruit length Lg; (modified by Kahlen
and Stutzel, 2007; Kuwar, 2007):

1.42844 0.5
Tei = (0.09168><LF,l ) (Eqn S5-6)

T
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Table S5-1. Constants used to simulate phyllochron, leaf expansion and petiole elongation, derived
from data measured in experiment 2a. Plants were subjected to either high light (HL) or low light
(LL, reduced by shading to 50% of HL condition) in combination with either high nitrogen (HN, 10
mM) or low nitrogen (LN, 2.5 mM) supply. The conditions in experiments la-1b (chapter 5) were
similar to treatment HLHN.

Experiment la/1b/1c 2a/2b

Treatment (HLHN) HLHN HLLN LLHN LLLN
phyllmin (°C) 16.6 £ 0.69 16.6 £ 0.69 21.9+£3.95 15.6 £ 0.37 17.3+£0.33
ALmax (€m?) 1121 + 34 1121 + 34 964 + 24 947 + 22 929 + 16

I ALmax 6.9 +0.27 6.9+0.27 6.2+0.19 7.8+0.21 8.3+0.21
KaL 0.877 £ 0.041 0.877£0.041 0.871+0.031 0.850+0.036 1.04 +0.037
Lpmax (CmM) 26.5+0.64 26.5 £ 0.64 25.9+0.70 229+0.51 23.5+0.51
FLpmax 7.8+0.31 7.8+0.31 54+0.24 6.3+0.34 6.9+0.34
Kip 1.09 + 0.053 1.09+0.053 1.14+0.051 157+0.095 1.84+0.15

Table S5-2. Scenarios of plant densities and corresponding distances between rows and between
plants simulated in Figure 5-4.

Plant density (plants m?)

1.0 1.5 2.0 2.5 3.0
Row distance (m) Plant distance (m)
1.1 0.909 0.606 0.455 0.364 0.303
15 0.667 0.444 0.333 0.267 0.222
1.9 0.526 0.351 0.263 0.211 0.175
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Table S5-3. Simulated total light interception (mol per plant) accumulated over a five-week growth
period in experiment 2a (chapter 5) under treatments of either high light (HL) or low light (LL,
reduced by shading to 50% of HL condition) combining with either high nitrogen (HN, 10 mM) or
low nitrogen (LN, 2.5 mM) supply. The Beer-Lambert equations 5-1b, 5-1c, 5-1d and 5-1e were
applied. Simulations in either daily steps (DS) or hourly steps (HS) were shown.

Beer-Lambert equation (BL)

Light Ray tracing

model (RT) Eqn 1b Eqn 1c Eqn 1d Eqn 1e
DS HS DS HS DS HS DS HS DS HS

HLHN 221.0 194.3 1854 1784 207.3 198.9 270.3 260.7 207.3 199.8

HLLN 186.7 164.1 143.8 138.3 166.7 159.8 221.4 2135 169.1 163.0

LLHN 106.3 93.2 85.1 81.9 95.0 91.1 1247 120.2 95.9 92.0

LLLN 107.6 929 83.6 80.3 94.7 90.8 1243 119.7 954 91.7

Table S5-4. Reported light extinction coefficient k from literature for greenhouse cucumber crops.

Plant density ~ Time of growth and

k 2 Additional information Reference
(m™) measurement
0.42 ca. 1.2 May-Aug - Warren Wilson et al., 1992
diffuse light induced by
053 2 Apr-Jun reflective screen Peil et al., 2002
0.59 2 Aug-Oct -
0.63 1.33 Mar-Jun -
0.86 ) Octdan i Medrano et al., 2005
0.87 34 Nov-Feb exclusive top-lighting ~ Trouwborst et al., 2010
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Figure S5-1. Diagram of model data flow of the dynamic plant model of greenhouse cucumber.
Rounded boxes of Plant structure and Plant function with grey background were shared by both light
models, the Beer-Lambert equation (BL, red box) and ray tracing (RT, blue box). Solid lines indicate
data flow and dotted lines indicate feedbacks. Asterisks indicate the processes that were evaluated by
measured data. Figure numbers in the Plant function box indicate the results of evaluation on the
given processes. The process of determining variable k used in the BL method is described in Figure
5-2. Model inputs are shown in dashed boxes. Environmental input data given into the model are
listed in the dashed box in the left lower corner: outside photosynthetically active radiation (PAR) |
(mol m™ per unit time), temperature sum T (°Cd per unit time), nitrogen supply N (mM) and vapor
pressure deficit V (kPa). The time unit in input data | and T was per hour for hourly-step or per day

for daily-step simulations.
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Figure S5-2. Comparison of measured and simulated canopy light interception efficiency at different
leaves using ray tracing in hourly steps. Measured data (chapter 5) were obtained in experiments la
(circles), 1b (triangles) and 1c (squares) under either isometric (I) or row (R) arrangements at a plant
density of either one (I1 and R1) or two (I2 and R2) plants m™ Light interception efficiency
(proportion of incident PPFD above the canopy) was accumulated from the top of the canopy leaf-
wise to leaf rank five. The high variability of measured values was due to self-shading of the sampled
positions since the light incident on a leaf was measured using a single point sensor on this leaf.
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Figure S5-3. Simulated relationship between light extinction coefficient k and leaf area index of the
canopy under either isometric (1) or row (R) arrangement at a plant density of either one (11 and R1)
or two (12 and R2) plants m™. Each point represented one estimate of k for a canopy on a specific day
sampled at 1200h using the functional-structural plant model with ray tracing. The conditions of
experiments 1a (circles), 1b (triangles) and 1c (squares) were used in this simulation (chapter 5).
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Figure S5-4. Overestimation by simulations in daily steps compared to in hourly steps of (A) shoot
dry matter in experiments 1b, 2a and 2b, and in photosynthetic parameters, with a total of 36
measured data points, (B) net photosynthesis rate measured at PPFD 1300 pmol m? s (Ans00), (C)
maximum electron transport rate (Jmnax), (D) maximum carboxylation rate (Vemax) in experiment 2a
with total 32 measured data points. Measured time is indicated by color. Different symbols indicate
experiments in A and indicate treatments in B-D. Light models Beer-Lambert equation 5-1e (BL 1e)
and ray tracing (RT) are shown in the x-axis.
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Methods S6-1. Supplementary information of model description

The applied concept of optimal stomatal behavior (Medlyn et al., 2011) in the model does not
consider the effects of suboptimal plant water status. Our simulations used greenhouse cucumbers as
model plants, for which the presence of water stress is minimal while biochemical and light
limitations play most important roles in both induction (Acevedo-Siaca et al., 2020) and steady state
of photosynthesis (Chen et al., 2014a; Chen et al., 2018). Nevertheless, stomatal dynamics
responding to water status is available and embeddable (Tuzet et al., 2003; Moualeu-Ngangue et al.,
2016).

Mesophyll conductance is expressed as a log-normal function of t modified by Eqn 3-16:
2
Im = Gmnp X €Xp {—0.5 X [ln(t/tgm)/vgm] } + 9mmin (Egn S6-1)

9mNp = SgmNp X Np (Egn S6-2)

where gmmin (Mol CO, m? s™) is minimum gy, gmnp (Mol CO, m? s™) indicates the contribution in g,
by Np, and tyy, is the t when maximal gm (9mnp + Gmmin, MOl CO; m2 s1) occurs, Vgm IS standard
deviation of the curve. symn, (Mol CO, mmol™ N s™) is the conversion efficiency of N, to Guwp.

Modelling light interception by the canopy

To take the effect of elevation angle £ (°) distribution on light interception into account, S is used for
cosine correction of incident light intensity at a given horizontal layer, Q, to intercepted light I.

I =Q %X cos(B) (Egn S6-3)

Beer-Lambert law is used to simulate Q with light extinction coefficient k at a given L, given Q, as
incident light intensity at top of canopy:

Q =Qyxexp(—k xL) (Egn S6-4)

Determining light extinction coefficients using simulated light interception from virtual 3D canopies

Incident light from the sky was modelled by 72 diffuse light sources arranged in a hemisphere and
one directional light source implemented above the canopies (Figure 6-1c). A ray tracer was
integrated to compute light distribution with ten million rays and a recursion depth of ten reflections
(Buck-Sorlin et al., 2011). Virtual canopies were created for each variety with five rows (1.5 m
between rows) with 15 plants per row (0.5 m between plants) and were composed of random
arrangement of the two digitized representative plants (Figure 6-1d). The ground area under the five
middle plants in the central row of a virtual canopy was sampled for light transmission to the ground
with ten simulations. During each simulation, every plant was rotated randomly between -30° to 30°
on the horizontal plane. Adjusted plant density (by modifying both distances between rows and plants
in a row proportionally) was also applied to obtain wider range of canopy leaf area index. Using
simulated light transmission data extracted from GrolMP (Figure S6-3), light extinction coefficients k
were determined by Eqn S6-4.

145



Supplementary Materials

Modelling phyllochron

Phyllochron (Phyll, °Cd per leaf) was observed to decrease with plant development and then reached
a stable value, similar to that reported in Arabidopsis (Figure S2A in Pantin et al., 2011). Phyll is
described in our model as a logistic function of leaf rank number R:

Phyll = (phyllo - phyllasym)/[l + exp(R - Rphyll)] + phyllasym (Eqn S6-5)

where phyll, (°Cd) is the Phyll at the beginning of plant growth and then decreases with increasing R
to asymptote of phylluym. Rpnyn is the leaf rank number at the inflection point. This empirical
relationship is found similar between cucumber cultivars Aramon and SC-50 with phyll,,, of
17.0°Cd, and phylly of 125.4°Cd (Figure S6-5), similar to the time needed from sowing to appearance
of the first true leaf (8-9 days, data not shown). For a plant with age of t, (°Cd), the age (t, °Cd) of a
leaf at rank number R in the canopy was calculated:

t =ty — Xi,+1 Phyll (Eqn S6-6)

where Ry is the rank number of the youngest leaf at the beginning of the experiment.

Note S6-1. Description of cucumber (Cucumis sativus L.) varieties

Aramon is an F1 hybrid cultivar especially suitable for greenhouse production due to its stable
parthenocarpy and gynoecy. SC-50 is a monoecious and open-pollinated cultivar bred by
backcrossing an Indian landrace (PI 197087, U.S. National Plant Germplasm System) with recurrent
parent ‘Ashley’ (AMES 4833), an heirloom variety especially adapted to hot and humid condition in
South Carolina, USA.

Note S6-2. Varietal difference in the partitioning of total nitrogen in cucumber (Cucumis sativus L.)
leaves

Varietal difference in the partitioning of total leaf nitrogen (Nyw) Was observed (Figure 6-4e, Figure
S6-7). Compared to SC-50, Aramon invested 20.8% more leaf nitrogen in photosynthesis (pnp, Figure
6-4e, Table S6-3) but py, in Aramon decreased with increasing daily light interception by 0.479% per
mol photon m? d™* (Table S6-3). Clear interaction between variety and light in py, (P = 0.002) and
SC-50’s light response of -0.0710% per mol photon m? d* (Table S6-3) indicated insignificant
response of SC-50’s py, to light (Figure 6-4e). Thus, increase in N, of SC-50 with light (Figure 6-4a)
was attributed merely to the increase in Ny With light (Figure S6-6a). Also, fractions of N
invested in functions other than photosynthesis (pnf, Figure S6-6¢) and in nitrate (pyn, Figure S6-6d)
did not respond to light in SC-50, while pys increased 0.768% and pnn decreased 0.230% (Table S6-3)
increased in Aramon with every mol photon m? d* (Figure S6-6¢, d), indicating that Aramon has
developed light acclimation strategy not only in N, use but also in Niga.
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Table S6-1. List of model input and output variables.

Description Symbol Unit Type
Net photosynthesis rate A, pmol CO, m?s* output
RuBP carboxylation-limited A, . umol CO, m?s™ output
RUBP regeneration-limited A, A pmol CO, m?s* output
Leaf absorptance a - output
Atmospheric CO, concentration C, umol CO, mol™* input
Chloroplastic CO, concentration C. umol CO, mol™* output
Leaf chlorophyll per unit area Chl mmol m™ output
Leaf-to-air vapor pressure deficit D kPa input
Protein degradation rate of N pool X Dy °Ccd* output
Leaf elevation angle s ° -
Leaf angle (absolute value of /) Pavs ° -
Mesophyll conductance to CO, Om mol CO, m?s* output
Contribution in gy, by N, OmNp mol CO, m?s*! -
Stomatal conductance to CO, Osc mol CO, m?s*! output
Intercepted photosynthetically active photon | - -
Intercepted daily photosynthetic photon integral lq mol photon m2d* -
Mean |4 during the last four days of growth I3 mol photon m2d™ -
Intercepted PPFD IppeD pmol photon m?s™ -
Electron transport rate J pmol ¢ m?s™ output
Maximal electron transport rate Jmax pmol ¢ m?s™ output
Light extinction coefficient k - -
Leaf area index above a given leaf L, - -
Canopy leaf area index L¢ - -
Total leaf photosynthetic N in the canopy Nptant mmol N per plant -
Leaf photosynthetic N Nieaf mmol N per leaf -
Leaf photosynthetic N per unit area N, mmol N m*? output
N concentration of nutrient solution Ns mM input
Concentration of N pool X Ny mmol N m™ output
Concentration of N pool of light harvesting Nc mmol N m™ output
Concentration of N pool of electron transport N, mmol N m*? output
Concentration of N pool of carboxylation Ny mmol N m*? output
Phyllochron Phyll °Cd per leaf -
Partitioning fraction of N pool X Px - output
Incident light at a canopy layer Q - -
Incident light at the top of canopy Qo - input
Rank of a leaf (acropetal) R - input
Leaf rank number of the youngest leaf (acropetal) at .

the beginning of the experiment Ro i input
Daytime r_esp_iration rate in the absence of Ry umol CO, m2s™ output
photorespiration

Reduction factor of protein synthesis depending on N r i i
availability N

Potential protein synthesis rate of N pool X Spotx mmol N m? °Cd* output
Optimized Syox Spotopx mmol N m? °Cd* output
Protein synthesis rate of N pool X Sy mmol N m? °Cd™ output
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Description Symbol Unit Type

Leaf age t °Cd -

Plant age tp °Cd input

Carboxylation rate Ve umol CO, m?s™ output

Maximal carboxylation rate Vemax pmol CO, m?s* output
Table S6-2. List of model coefficients. Standard errors (SE) are indicated in the parentheses.
Description Symbol  Unit Value (SE) Ref.”
Photosynthetic nitrogen

Conversion coefficient of chlorophyll mmol chlorophyll

per light harvesting N xe mmol™ N 0.03384 !

Conversion coefficient of chlorophyll mmol chlorophyll 464-10° 1

per electron transport N e mmol™* N '

Conversion coefficient of electron mol e mmol* N s

transport capacity per electron transport X '{l 9.48 1

N

Conversion coefficient of carboxylation pmol CO, mmol* 449 1

capacity per Rubisco N 4l Nst '
Photosynthesis

Minimum gs o mol CO, m?s* 0.009 2

Species-specific coefficient of g, 01 - 351 2

CO, comper)sat_lon point in the absence r umol CO, mol* 43.02 3

of dark respiration

]lc\g:cchga:;azlls—Menten constant of Rubisco K, umol CO, mol™ 404 2

:c\g:cgaells—Menten constant of Rubisco K, mmol O, mol™ 278 5

2
0, concent.ratlon at the site of 0 mmol O, mol™ 210 5
carboxylation
— -1
Conversion efficiency of photons to J ¢ umol e pmol 0.425 4
photon

Convexity coefficient 6 - 0.7 2
Respiration

Coefficient related to the decrease in Ry m?d °Cd™ mol™ P i

by growth respiration Frdg photon 5.22:107 (4.35107) - -

Coefficient related to the increase in Ry pmol CO, d °Cd™* 04 05

by maintenance respiration Frdm mol™* photon s™ 1.97-107(1.08:107) -

-1

Sensitivity of maximal Ry to lug s Apeoner 0328 (0.0256) -
Mesophyll conductance

Minimum gy, Ommin Mol CO, m? st 0.0846 (0.00789)

-1

Sensitivity of gy t0 N, Sy o COPMMOEN 0 00431 (310-20%) -

Leaf age when gmnp OCCUrS tgm °Cd 100 (3.87) -

Standard deviation of the dependence of Vgm ’ 0.398 (0.0338) -
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Description Symbol  Unit Value (SE) Ref.”
the curve

Phyllochron
Maximum phyllg °Cd per leaf 125.4(56.4) -
Asymptote phyllasym  °Cd per leaf 17.0 (0.297) -
Leaf rank number at inflection point Rohyli i 3.32 (0.660) -

“References: 1, Buckley et al. (2013); 2, Chen et al. (2014a); 3, Singsaas et al. (2003); 4, Wiechers et al. (2011a)

Table S6-3. Multivariate analysis of the effects of cucumber (Cucumis sativus L.) variety (V), daily
light interception (lg, mol m?d™), nitrogen supply level (N, mM), leaf age (t, °Cd) and the interaction
between variety and light (V : I3) on nitrogen variables, total leaf nitrogen (Nutw), photosynthetic
nitrogen (Np), nitrogen invested in carboxylation (Ny), electron transport (N;) and light harvesting
(Nc) functions, and fractions of Ny in N (Pnp), Nv in Ny (pv), Ny in Ny (p;) and Nc in N, (pc),
fractions of organic nitrogen in other functioning other than photosynthesis in Nyw (pnf) and
inorganic nitrate-nitrogen in Nyw (Pnn). Values = SE are shown, where significant effects are
indicated in bold text. Effect of cultivar Aramon (V aramon) 1S the y-intercept of the model: Variable ~
V+Ig+Vilg+N+t

Variable V Aramon Vscso Iy Vscso @ g N t
N, 39.48603°  -15.02009°  1.15948  0.02180™  0.77998  -0.00053™
(mmol m?)  £3.09825 +3.06528 +0.11344 +0.16911  +0.26745  +0.00619
Ny 15.23583""  -6.67481  0.60666  0.03452™  0.35708 -0.00038™
(mmol m?)  +1.46565 +1.45006 +0.05366 +0.08000  +0.12652  +0.00293
N, 12.36761°  -4.06080°  0.45584  -0.01891™  0.24390°  -0.00977
(mmol m?)  +1.09039 +1.07878 +0.03992 +0.05952  +0.09412  +0.00218
Nc 11.88259°  -4.28448 0.09698™ 0.00619"™ 0.17901°  0.00962
(mmol m?)  +0.84625 +0.83724 +0.03099 +0.04619  +0.07305  +0.00169
Prp 0.59017" -0.208007"  -0.00479  0.00408"  -0.00483"  -0.00018"
+0.02416 +0.02397 +0.00088 +0.00132  +0.00207  +0.00005
Pv 0.39506" -0.02650" 0.00188"  0.00141~  0.00043™  0.00000™
+0.00821 +0.00813 +0.00030 +0.00045  +0.00071  +0.00002
D) 0.30760"" -0.01072™ 0.00173™"  0.00042"™ 0.00004™  -0.00017""
+0.00661 +0.00654 +0.00024 +0.00036  +0.00057  +0.00001
Pc 0.29734 0.03722""  -0.00362"  -0.00183"  -0.00047™  0.00017
+0.01081 +0.01069 +0.00040 +0.00059  +0.00093  +0.00002
Niotal 17.56139" 16.86801" 4.84942""  -0.15671"  4.452717"  0.12570"
(mmol m?)  +8.54426 +8.47601 +0.30952 +0.46503  +0.73158  +0.01725
P 0.33500"" 0.29584™"  0.00768"  -0.00721""  -0.00199™  0.00018""
+0.02573 +0.02512 +0.00090 +0.00136  +0.00214  +0.00005
Prn 0.04772”"  -0.06567 -0.00230° ~ 0.00231°  0.00709°  0.00004"
+0.00828 +0.00809 +0.00029 +0.00044  +0.00069  +0.00002

" P<0.05 ,P<0.01;

FHEF

, P <0.001; ™, not significant.

149



Supplementary Materials

R4 (umol m~ s_ﬂ)

Canopy mean leaf angle

N
Q@

-

r

™
o

o
Q@

N
<

W
Q

.

ifilw - o

a2e p Ay, °
sy wtode [

ﬂ A& { A Q‘A €

100 200 300 400 500
Leaf age (°Cd)

100 200 300 400 500
Leaf age (°Cd)

0 1 2 3 4
Canopy LAl

Variety

= Aramon
+ SC-50

DPI_avg

* 10
® 20
® 30

Variety

* Aramon
< SC-50

DPI_avg

* 10
® 20
® 30

Canopy LIE

0.6
04
0.2

Variety

< Aramon
£ 8C-50

150

Figure S6-1. Measured day respiration rate
(Rg) of cucumber (Cucumis sativus L.)
cultivars Aramon (red circles) and SC-50
(blue triangles) at various leaf ages. Symbol
size indicates the average intercepted daily
photon integral (DPI_avg, mol photon m? d°
) of the leaf. Data were obtained in the
growth chamber experiment.

Figure  S6-2. Measured  mesophyll
conductance (gn) of cucumber (Cucumis
sativus L.) cultivars Aramon (red circles) and
SC-50 (blue triangles) at various leaf ages.
Symbol size indicates the average intercepted
daily photon integral (DPI_avg, mol photon
m2 d™) of the leaf. Data were obtained in the
growth chamber experiment.

Figure S6-3. Simulated canopy light
interception efficiency (LIE) for cucumber
(Cucumis sativus L.) cultivars Aramon
(circles) and SC-50 (triangles) related to
canopy leaf area index and canopy mean leaf
angle (°). Symbol color indicates canopy
LIE.
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Figure S6-4. Leaf angle distribution of cucumber
(Cucumis sativus L.) cultivars Aramon (red bars
and lines) and SC-50 (blue bars and lines)
measured in four consecutive weeks using
digitization. Measured leaf angle at the (a) First,
(b) second, (c) third and (d) fourth week.
Absolute values of leaf elevation angles are
shown. An angle distribution with high density of
large leaf angle is characterized as vertical leaf
angle distribution  (erectophile), otherwise
horizontal leaf angle distribution (planophile).

Figure  S6-5. Observed dynamics of
phyllochron with plant development indicated
by leaf rank number in a plant of cucumber
(Cucumis sativus L.) cultivars Aramon (red
circles) and SC-50 (blue triangles). This
observation began with plants with three leaves.
Dashed line indicates simulation.
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Figure S6-6. Measured
total leaf nitrogen and
its partitioning fractions
to different pools in the
leaves of cucumber
(Cucumis sativus L.)
cultivars Aramon (red
line and symbols) and
SC-50 (blue line and
symbols) under
different daily light
interception (mol m? d
) and nitrogen supply
(mM) for leaves at
different leaf age (°Cd).
(@) Total leaf nitrogen
(New, mmol m?) and
fractions of (b)
photosynthetic nitrogen

(pnp, Same as Figure 6-5a), (c) organic nitrogen in other functioning other than photosynthesis (pns)
and (d) inorganic nitrate-nitrogen (pnn) N Nyw. Data were obtained in the growth chamber
experiment. Linear regressions (lines) and their R-squared values were indicated for each variety.
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Figure S6-7. Simulated photosynthetic nitrogen partitioning at leaf area index above given leaves (L))
in cucumber (Cucumis sativus L.) canopies of cultivar (a) Aramon (b) SC-50. Partitioning fractions of
carboxylation (squares), electron transport (circles) and light harvesting (triangles) nitrogen pools
resulting from theoretically optimal functional acclimation strategy (FAS, filled symbols) and variety-
specific FAS (open symbols). This simulation was conducted under the conditions of the greenhouse
experiment with a daily photon integral of 21.33 mol photon m? d™* and plant density of 1.33 plants
m using plant architectures digitized at the fourth week in the greenhouse experiment.
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