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1. The limits for temperature integration in vegetative plants are determined by the
plants’ ability to accumulate and remobilize carbon.
(this thesis)

2. Crop models that exclude simulation of reproductive processes fail at predicting
fruit yield.
(this thesis)

3. An energy crisis is the most effective incentive for individuals and organizations to
adopt energy-saving behaviors.

4. Forrester diagrams are an essential communication tool for collaboration between
engineers and biologists.

5. Self-compassion is an essential skill in academia.

6. Flex desk policy makes efficient use of office space in the short-term but reduces
productivity and well-being of employees in the long-term.

7. Mandatory cooking lessons in Dutch high schools are necessary to improve food
culture in the Netherlands.

8. The prevalence of burnout in the Netherlands is mostly attributed to the societal
stigma surrounding mental health treatment, especially the reluctance of
individuals to seek help from a psychologist.
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Chapter 1

1.1 Greenhouse horticulture and energy
consumption

Greenhouse horticulture in the Netherlands is known to be the most intensive and
advanced form of production (Hemming et al., 2019). Precise control of the indoor
climate allows for consistent crop production with high yields, regardless of external
weather conditions (Bot, 2001). However, rigid climate set points require high energy
inputs, particularly during the cold and dark winter months in temperate (northern)
climates (Van Beveren et al., 2015). The intensification of horticultural production in
the Netherlands also leads to environmental issues, with the sector accounting for
6.5% of the country’s total CO emissions in 2018 (RIVM, 2021). Particularly, the
use of natural gas in boilers and in combined heat and power generators (CHP)
accounts for 10% of the natural gas consumption in the Netherlands. In recent years,
the illumination of greenhouses has further contributed to electricity consumption
(Van der Velden & Smit, 2019). As a result of the increasing gas and electricity
consumption, the Dutch government and horticulture sector developed a long-term
agreement to reduce energy consumption and CO; emissions. This agreement states
that from 2050, all new greenhouses must be energy-neutral (Landbouw & Zaken,
2020). The current sharp increase in energy prices further incentivizes the reduction
of energy consumption (PBL, 2022). Energy reduction can be reached by technical
measures such as the use of cover materials or thermal screens (Bot, 2001), by
breeding for new cultivars that are better adapted to low temperatures (Van Der Ploeg
& Heuvelink, 2005), or by a flexible greenhouse climate management based on plant
physiological processes (Korner & Challa, 2003).

1.2 Flexible climate control: an old concept or a
potential solution?

In order to reduce energy consumption in the greenhouse, more sustainable control
strategies have been developed, such as flexible temperature and humidity control (De
Koning, 1990; Dieleman & Meinen, 2007; Kérner & Challa, 2004) or dynamic
lighting (Bhuiyan & Iersel, 2021; Korner et al., 2006). These strategies are possible
because crops are robust to changes in temperature, light, humidity, and CO,.
Traditionally, production in controlled environments has focused on maintaining the
‘perfect’ constant climate while reducing any environmental fluctuations (Poorter et
al., 2016). This has resulted in very rigid climate set points. Given that plants in nature
are exposed to a wide range of fluctuating conditions on various time scales (from
second to minutes, diurnally, day-to-day, and seasonally) (Athanasiou et al., 2010;
Bhuiyan & lersel, 2021; Poorter et al., 2016; Vialet-Chabrand et al., 2017), we might
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question ourselves whether it is ideal to maintain such strict constant climate set points
in controlled environments. Rapid fluctuations in light (seconds to hours) (e.g.
Bhuiyan & Iersel, 2021; Zhang & Kaiser, 2020), or day-to-day fluctuations in light
and temperature (e.g. Dieleman & Meinen, 2007; Klopotek & Kliring, 2014) may not
necessarily have detrimental effects on plant growth. The ability of crops to tolerate
fluctuations in light and temperature provides increased flexibility to deviate from
strict climate set points in controlled environments. This can profoundly impact
energy use efficiency, as flexible climate set points can reduce energy consumption
in greenhouse up to 20% (Korner & Challa, 2004; van Beveren et al., 2015).

The concept of temperature integration, which refers to the maintenance of a mean
temperature with specified upper and lower limits over specified time intervals
(Korner & Challa, 2003), has been studied for over 30 years (e.g., Buwalda et al.,
2000; De Koning, 1990; Dieleman & Meinen, 2007; Fink, 1993; Hurd & Graves,
1984; Liebig, 1988). Crops can tolerate a certain level of temperature fluctuations
without negatively impacting crop production or quality (Buwalda et al., 2000).

The interaction between temperature and light plays a significant role in determining
the source-sink balance of plants and their ability to ‘integrate’ environmental
conditions. Photosynthesis acts as the source for assimilates, and this process is highly
dependent on light, temperature, and CO, (Farquhar et al., 1980). Processes such as
respiration, cell expansion, and cell division, on the other hand, act as the sinks for
assimilates, and these processes are highly dependent on temperature (Parent et al.,
2010). The source-sink balance accounts for asynchronies between the supply of
assimilates from photosynthesis and the demand of assimilates for respiration and
growth. Within this context, the build-up of C storage over time is interpreted as a
passive process that occurs only when C supply exceeds C demand (Cannell & Dewar,
1994; Chapin et al., 1990; Dietze et al., 2014; Kozlowski, 1992; Sala et al., 2012).
This interpretation, however, has been challenged several times in the past (e.g.,
(Cannell & Dewar, 1994; Dietze et al., 2014; Sala et al., 2012). Instead, a more
accurate view is that C storage is a constantly ‘active’ process, where C storage is a
sink that competes for carbohydrates, the magnitude of which depends on
environmental conditions (Chapin et al., 1990; Dietze et al., 2014). The active C pool,
or the C storage that is available for use, allows plants to flexibly respond to
environmental fluctuations.

While vegetative plants can tolerate a wide range of temperature and light fluctuations
without very detrimental effects on growth, flowering plants are extremely sensitive
to temperature (Hedhly, 2011). High or low temperatures, even for just one day, can
disrupt pollen development and lead to poor seed set, ultimately resulting in smaller
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or abnormal fruits. Therefore, when developing dynamic climate strategies, it is
crucial to consider the reproductive response of plants to temperature fluctuations.
Despite the clear energy-saving advantages of flexible climate control strategies, these
are still not widely used in greenhouse production (Hemming et al., 2019a). One of
the identified reasons for this is a lack of reliable crop production models for the wide
range of crops and species grown in horticultural practice (Van Beveren et al., 2015).

1.3 Crop flexibility: The role of a dynamic C
pool

The two key mechanisms responsible for the active regulation of C storage are: (i) the
partitioning of assimilates between soluble sugars and starch, and (ii) the degradation
and remobilization of storage compounds. Non-structural carbohydrates (NSC),
including glucose, fructose, sucrose, starch, and other sugars, are produced via
photosynthesis (Martinez-Vilalta et al., 2016). These compounds are then partitioned
among processes such as respiration, structural growth, reproduction, storage, and
defence (Chapin et al., 1990; Huang et al., 2018). Structural carbon (SC) is fixed in
plant structures, such as cell walls, and cannot be remobilized in the future (Furze et
al., 2018; Hilty et al., 2021).

1.3.1 Partitioning of newly assimilated C between soluble sugars
and starch

Soluble sugars and starch serve different functions in plants (MacNeill et al., 2017).
The allocation of newly assimilated C between these two compounds is a key process
in the active regulation of C storage (Smith & Stitt, 2007). During the day, some
fraction of C is allocated to soluble sugars, for the immediate needs of respiration and
growth (MacNeill et al., 2017; Ruan, 2014). Other roles of soluble sugars include cell
osmoregulation, signalling, and transport (Hartmann & Trumbore, 2016; Ruan, 2014).
The remaining fraction is stored as starch to meet the C demand during the following
night (Grafet al., 2010a; Graf & Smith, 2011; Stitt & Zeeman, 2012). This mechanism
is clearly demonstrated in starchless Arabidopsis mutants, which demonstrate lower
growth rates than wild-type plants when grown at low light intensities or short days
but demonstrate normal growth in continuous light or long days (Gibon et al., 2009;
Graf et al., 2010a).

The relative fraction of assimilates partitioned towards starch is strongly dependent
on photoperiod, but weakly dependent on light intensity (Chatterton & Silvius, 1980;
Mengin et al., 2017; Pilkington et al., 2015). This means that a larger fraction of C is
allocated towards starch during short days to anticipate the long night (Graf et al.,
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2010b). This process is regulated by the circadian clock, which is set to a 24-hour
cycle (Graf et al., 2010b; Millar et al., 2014; Webb et al., 2019).

In deciduous trees, the regulation of C reserves is important for seasonal growth and
reproduction (Lacointe et al., 1993; Weber et al., 2019). During summer and autumn,
trees actively allocate C towards starch at the expense of immediate growth
(Richardson et al., 2013). During winter, when temperatures are low, dormant trees
increase the starch synthase pathway (Sperling et al., 2019; Zwieniecki et al., 2015)
providing the necessary resources to bloom and resprout in spring when the
temperature rises (Zwieniecki et al., 2015).

1.3.2 Remobilization of storage

The second key process in the active regulation of C storage is the degradation of
starch into sucrose at night, or in the long term, the remobilization of previously stored
starch. On a diel basis, the degradation of starch at night is precisely timed by the
circadian clock (Graf et al., 2010b) to ensure that almost all the starch is consumed by
dawn. This prevents the plant from periods of starvation that could inhibit growth
(Smith & Zeeman, 2020). An important observation here is that this ‘near-to-
complete’ degradation of starch, has been studied almost only in Arabidopsis plants
grown under source-limiting conditions (light intensities between 90 to 170 pmol m
251 (Gibon et al., 2004, 2009; Pilkington et al., 2015; Scialdone et al., 2013; Sulpice
et al., 2014). One of the only studies done under sink-limited conditions showed that
starch degradation at night is incomplete and can be accelerated by raising the
temperature (Pilkington et al., 2015). These findings are particularly relevant for
plants grown in the field, which are often exposed to higher light intensities during
spring and summer or in the middle of the day. Incomplete starch remobilization at
night can result in a build-up of C reserves that allow plants to cope with sudden
changes in C availability or sudden increases in temperatures. An increase in
carbohydrate concentration can directly downregulate photosynthesis by inducing
phosphate deficiency or a high concentration of triose-phosphate which inhibits
RuBP-carboxylase activity (Azcon-Bieto, 1983; Paul & Foyer, 2001a).

1.4 Reproductive processes and climate
fluctuations

So far, I have focused on describing the mechanisms that enable plants to regulate
their C storage dynamics and adapt to changing environments. However, it is
important to note that other processes, such as reproduction and flowering, are highly
sensitive to temperature and can be negatively impacted by short-term temperature
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stress, leading to a potential decrease in yield. This is particularly relevant in open
field and greenhouse production, as future climate projections predict a higher
frequency of short episodes of temperature extremes (Pereira et al., 2022). Abortion
of flowers and fruits is often modelled as a function of the balance between supply
and demand from assimilates (source-sink ratio) (Bertin & Gary, 1993; Marcelis,
1994; Wubs, 2010) where temperature plays an indirect role. For example, high
temperatures are associated with high sink strength, and when combined with a
relatively low source strength (e.g. by a low light environment or low leaf area index)
this typically results in high fruit abortion rates. However, fruit and seed set directly
depend on the success of an aggregation of multiple processes, including pollen
development, pollination, pollen tube growth, and fertilization of the female gametes
(Santiago & Sharkey, 2019). These processes are highly temperature sensitive
(Hedhly et al., 2005), and the impact of temperature is a complex function of intensity,
duration, and timing of exposure (Sato et al., 2002; Zinn et al., 2010). Currently, these
processes are rarely included in crop simulation models, thereby limiting the accuracy
and reliability of these models to predict yield under fluctuating temperature
conditions. The fruit set process has since long been identified as one of the weak
features in crop growth models (Marcelis et al., 1998a).

1.5 Models as a tool to explain crop flexibility

Models are mathematical representations of system dynamics that explain and predict
how a system will respond to environmental and other input variables (Hammer et al.,
2004). Crop growth models are essential in decision support systems, greenhouse
climate control, and prediction and planning of production (Marcelis et al., 1998b).
Crop growth models are often driven by the environmental effect on gross
photosynthesis and respiration over the course of a day (Poorter et al., 2013). Growth
is then modelled as the net result of daily C input from photosynthesis minus C loss
through respiration (Gent & Seginer, 2012). However, this approach overlooks the
temporary storage of C whenever supply exceeds demand.

A more accurate analysis of C gains and losses of over the diurnal cycle should
consider the asynchrony between timing of acquisition of C and utilization of C for
growth and respiration (Goudriaan & Van Laar, 1992). For example, Van Henten,
(1994), separated the NSC pool from structural growth in his lettuce growth model.
However, this model only accounts for growth during the light periods and does not
consider how C contributes to growth during the night. Only in case of an excess
accumulation of NSC during the day, assimilates are stored transiently for the next
light period. Additionally, Van Henten’s (1994) model has only been partially
validated with respect to total dry weight, but not for the NSC. This raises questions
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about the validity of the model’s predictions regarding non-structural carbohydrate
content. Gent & Seginer, (2012) also explicitly included a NSC pool in their growth
model, and while this model has been validated for total dry weight and NSC in
tomato, sunflower, and wheat grown under constant environmental conditions; it is
not able to predict diurnal growth patterns. This is because their model does not
account for the conservation of carbohydrates until dawn. Instead, the model partitions
C into structure with a daily time step based on the supply and demand of
carbohydrates across the entire day.

1.6 The role of crop models for decision support
in horticulture

Horticultural companies are increasingly adopting a trend of providing decision-
support tools that are based on predictions (Kdrner, 2019). The climate set points for
the greenhouse are set by the grower, who is informed by the sensor data from indoor
climate, weather forecasts, and output from the decision support system. The decision
support system also uses sensor and weather forecast data, as well as a predictive
model comprising crop, climate, and energy dynamics (Van Mourik et al., 2021). The
quality of the models used is very important, that is why, models alone, are rarely used
in greenhouse management (Korner, 2019). Current crop growth models lack
processes that allow them to predict growth accurately in fluctuating environments
(see Chapter 2). This thesis is situated in the decision support box highlighted in red
in Figure 1.1, with the aim of developing a model that can predict growth under
fluctuating environmental conditions. Having better and more robust models will
enhance decision support and improve system performance.
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Figure 1.1. Illustration of an operational management loop in high-tech greenhouse systems.
The climate settings (like set points and constraints) are set by the grower, who is informed by
sensor output (indoor climate and crop state), weather forecast, and output of a decision
support system in the form of predictions, state estimations, and advice on control settings. The
decision support system uses sensor and weather forecast data, and employs a predictive model
comprising of crop, climate, and energy dynamics. The research within this thesis corresponds
to the crop model predictions, highlighted in red, with the aim of improving predictions of
dynamic crop processes under varying environmental conditions. Consequently, such an
improvement might help improve decision support, and thereby improve system performance
in terms of crop production and energy efficiency.

1.7 Exploring crop flexibility to buffer
environmental fluctuations: aim and
approach of this thesis

The lack of quantitative information and a suitable crop model to simulate crop
flexibility has hindered the implementation of energy-saving flexible climate control
techniques in greenhouses. This is unfortunate, as numerous experimental and
modelling studies over the past 40 years have demonstrated the potential for energy-
saving using flexible climate control. Within this context, the aim of this thesis is to
explore the crop flexibility to buffer environmental fluctuations. The hypothesis is
that plants can achieve this through C storage and C remobilization. However, this
flexibility might be constrained by the sensitivity of fruit set or seed set to low or high
temperature stress. Understanding how the climate influence these processes is crucial
for developing realistic dynamic climate control strategies. As a first step, a literature
study was conducted to explore the physiological processes involved in the dynamic
C storage (Chapter 2). Then, an experiment was conducted to study the vegetative
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growth and NSC dynamics of plants grown under different light and temperature
fluctuations (Chapter 3). A separate experiment was also conducted to investigate
the impact of temperature stress and duration of the stress on pollen quality, seed set,
fruit set, and individual fruit mass. Data from this experiment was used to develop a
predictive model for seed set and fruit mass (Chapter 4). Finally, based on the
literature review in Chapter 2 and the data collected in Chapter 3, a dynamic model
was developed that describes the crop's soluble sugar, starch, and structural mass
(Chapter 5). A schematic illustration of the outline of this thesis is presented in
Figure 1.2.

Chapter 2 Chapter 3

Chapter 5

)
=

(ko)

Figure 1.2. Graphical abstract of the research done in this thesis, where the aim was to
investigate the plant’s ability to buffer environmental fluctuations. In Chapter 2, different
processes that describe the C pool of the plant in response to environmental fluctuations was
reviewed. In Chapter 3, the impact of temperature and light on plant growth, soluble sugar,
and starch content was investigated. In Chapter 4, a predicitive model for seed set and fruit
mass was developed. Experiments exposing plants to different temperature stress and duration
of the stress were conducted and fruit set and pollen quality parameters were measured.
Finally, in Chapter 5, a dynamic model that describes the crop soluble sugar, starch and
structural mass was developed based on the literature review performed in Chapter 2, and data
collected in Chapter 3 was used to calibrate and evaluate the model.
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Chapter 2

Abstract

Carbon (C) storage allows a plant to support growth whenever there is a temporal
asynchrony between supply (source strength) and demand of C (sink strength). This
asynchrony is strongly influenced by changes in light and temperature. In most crop
models, C storage is included as a passive process that occurs whenever there is an
excess of C from photosynthesis compared with the demand of C for metabolism.
However, there are numerous studies that challenged this concept, and provided
experimental evidence that C storage is an active process that allows buffering of
environmental fluctuations and supports long-term plant growth. We propose that an
active C pool needs to be included in simulation models for a better understanding of
plant growth patterns under fluctuating environment. Specifically, we propose that the
two main mechanisms actively regulating C storage in plants are the partitioning of
assimilates between soluble sugars and starch and the degradation and remobilization
of storage compounds. The insights gained here are important to optimize crop
performance under fluctuating conditions and thus for developing more resource-
efficient crop production systems.
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Carbon storage in plants

2.1 Introduction

Storage is a fundamental process where plants build up resources that can be
mobilized under future and less favourable conditions to support biosynthesis for
growth or other plant functions (Chapin et al., 1990). Carbon (C) storage buffers
temporal asynchrony between C supply by photosynthesis and C demand by the
different plant organs. Plant C metabolism is often described as a relationship between
autotrophic organs acting as ‘source’ (net producers of C) and heterotrophic organs
acting as ‘sinks’ (net importers of C) (MacNeill et al., 2017). Within this context, the
C status of the plant can be either source-limited or sink-limited. In source-limited
plants, the net production of assimilates is less than the net demand of assimilates,
therefore, plant growth is limited by C supply (Smith & Stitt, 2007). On the contrary,
in sink-limited plants, the net production of assimilates exceeds the demand and
growth is limited by assimilate usage (Palacio et al., 2014).

In nature, plants need to constantly cope with a rapidly changing environment. Plants
are subject to diurnal variations in light, as the natural course of radiation during the
day follows a sinusoidal pattern but temperature also changes diurnally, with higher
temperatures during the light period and lower temperatures at night. Additionally,
plants need to cope with unpredictable environmental fluctuations on a day-to-day
basis, as natural light, ambient temperature, and water availability vary depending on
the weather on a particular day and because of slower alterations due to seasonal
effects (Parent et al., 2010). These fluctuations have a profound effect on C fluxes
such as photosynthesis, respiration, growth, and storage (Fatichi et al., 2019). For
example, during the light period, C is fixated by photosynthesis which is highly
dependent on light (Farquhar et al., 1980) while respiration is mainly dependent on
temperature. During the dark period, only mitochondrial respiration and growth take
place and these processes are highly influenced by temperature and substrate
availability. Upon a sudden increase in light intensity, photosynthesis is limited by
enzyme activation in the Calvin-Benson cycle (Kaiser et al., 2018) or by energy
dissipation (Kromdijk et al., 2016). Temperature, on the other hand, influences several
metabolic processes that determine cell expansion and cell division, and thus the
growth rate of organs (Parent et al., 2010).

The source-sink balance accounts for asynchronies between the supply of assimilates
from photosynthesis and the demand of assimilates for respiration and growth. Within
this context, the build-up of C storage through time is interpreted as a passive process
that occurs only when C supply exceeds C demand by different sinks (Cannell &
Dewar, 1994; Chapin et al., 1990; Dietze et al., 2014; Kozlowski, 1992; Sala et al.,
2012). This interpretation, however, has been challenged several times in the past
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(e.g., Cannell & Dewar, 1994; Dietze et al., 2014; Sala et al., 2012) and it is argued
that C reserves cannot be treated as passive reservoirs or as an ‘optional extra’ (Da
Silva et al., 2014). Instead, a more accurately view is that C storage is a constantly
active process, where C storage is a sink that competes for carbohydrates to a greater
or a leaser extend in specific instances, according to environmental conditions.
(Chapin et al., 1990; Dietze et al., 2014). Active storage, therefore, involves
metabolically regulated partitioning or synthesis of C to storage compounds from
resources that would otherwise be used for growth (Gessler & Grossiord, 2019).

Despite the long list of studies on source-sink interactions (e.g., Sonnewald & Fernie,
2018), there is still a widely debated question: is C assimilation or rather C usage
ultimately responsible for crop yield? There is a strong line of research that argues
that C assimilation (source activity) ranks above any other process that drives plant
growth (De Souza et al., 2017) while there are others that argue that both source and
sink effects co-limit plant growth (Fatichi et al., 2014; Korner, 2015). For plants to
grow they need resources and appropriate conditions so that these resources are
converted into biomass. When conditions are temporarily unfavourable, resources are
stored temporarily, and in this sense the C storage process also becomes an important
process as well, although only partly understood (Dietze et al., 2014; Hartmann &
Trumbore, 2016)

Although C has a central role in plants, there is no clear understanding about how
allocation of C to storage and remobilization of C occurs in response to
temporal environmental stresses. Moreover, an active C storage is rarely explicitly
included in crop growth models (Dietze et al., 2014). Here, we propose that crop
growth models should include an ‘active’ storage compartment based on biochemical
processes in order to quantify plant responses to fluctuations in light and temperature.
Incorporating a dynamic active C-storage pool would allow understanding plant
strategies to cope with fluctuating environments as an integrated process: from
fluctuations in environmental conditions to C-pool dynamics to growth of plants. We
first discuss experimental evidence of the physiological mechanisms that drive C
storage in plants. Specifically, we propose that the two main mechanisms actively
regulating C storage in plants are the partitioning of assimilates between soluble
sugars and starch and the degradation and remobilization of storage compounds.
Second, we discuss the possibility of extrapolating insights gained from diel storage
regulation to the long term (day to weeks)dynamics of C storage and its
consequences for growth. Finally, we propose a modelling framework to simulate
storage accumulation and remobilization based on biochemical processes. The
insights gained here are important to optimize crop performance under fluctuating
conditions and thus for developing more resource-efficient crop production systems.
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2.2 The active regulation of C storage

We identify two mechanisms as key for the active regulation of C storage: 1)
partitioning of assimilates between soluble sugars and starch and 2) degradation and
remobilization of storage compounds. C is assimilated by plants via photosynthetic
uptake of atmospheric CO», producing C-rich compounds such as glucose, fructose,
sucrose, starch but in some herbs and grasses also fructans, oligosaccharides,
polysaccharides other than starch (e.g., inuline), all referred to as non-structural
carbohydrates (NSC) (Martinez-Vilalta et al., 2016). These are then partitioned among
different processes such as respiration, structural growth, reproduction, storage, and
defence (Chapin et al., 1990). Structural carbon (SC) is fixed in plant structure such
as cell walls, composed of cellulose, hemicellulose, or lignin. These compounds
cannot be re-used by the plant in the future because plants lack the enzymes for
cellulose degradation (Furze et al., 2018). NSC, on the other hand, function as a source
of stored energy and C for biosynthesis (Dietze et al., 2014). Sucrose synthesized
during the day is either converted to starch or used to satisfy immediate respiratory
requirements or is exported from the leaves to sink organs such as young leaves,
reproductive organs, or fruits (MacNeill et al., 2017; Ruan, 2014). Other roles of
sucrose are for cell osmoregulation (Talbott & Zeiger, 1998), as a signalling molecule
to regulate gene expression, for crosstalk with hormonal, oxidative and defence
signalling (Ruan, 2014) and as a transport sugar (Hartmann & Trumbore, 2016; Ruan,
2014). In contrast, starch is the most prevalent form of long-term carbohydrate reserve
in trees (Da Silva et al., 2014), and in herbaceous plants can be transiently stored to
fulfil C demand during the night (Thalmann & Santelia, 2017) or for later use in
periods of low C supply like winter in perennial plants.

2.2.1 Assimilate partitioning: between sucrose and starch

One key process part of the active regulation of C storage is the partitioning of newly
assimilated C between soluble sugars and starch during the day (Smith & Stitt, 2007).
This is considered as an active response because assimilates are not immediately used,
but rather partitioned into sucrose for the immediate demands during the day, but also
partitioned into starch to fulfil C demand during the following night (Grafet al., 2010;
Graf & Smith, 2011; Stitt & Zeeman, 2012). This mechanism is nicely demonstrated
in starchless Arabidopsis pgm mutants which have much lower growth rates than the
wild-type plants when grown at low light intensities or short days, however, their
growth is normal in continuous light or very long days (Gibon et al., 2009; Graf et al.,
2010). Partitioning of assimilates to starch is therefore strongly dependent on
photoperiod, but weakly dependent on light intensity. For example, growing
Arabidopsis in an 8 h photoperiod at 28 °C showed that when light intensity was
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reduced from 160 to 40 umol m s™' for one photoperiod, relative allocation fraction
to starch was not changed (Pilkington et al., 2015). A similar response was also
observed by (Mengin et al., 2017) as they showed that halving the duration of the light
period (at a given light intensity) led to an increase of 41-61% in the fraction of
assimilates allocated to starch, while halving the light intensity at a given photoperiod
led to an increase of the relative partition to starch of only 7%. A higher partitioning
into leaf starch was observed in different species such as corn, soybean, spinach, and
sugar beet when plants were shifted from a long to a short photoperiod (Chatterton &
Silvius, 1980).

Evidence of an active partitioning of C between immediate growth and storage has
been also demonstrated in deciduous trees. Silpi et al. (2007) showed that, by tapping
rubber trees to deplete the C reserves during the growing period (i.e., summer), the
rate of C accumulation to storage increased to compensate for the depletion of the
reserves caused by the latex production. They concluded that C storage appears to be
an active sink that could compete with growth even in moments when growth rates
are high. Similarly, although autumn is the main period for C accumulation in
temperate trees, significant amounts of C were accumulated during active growth in
the summer period (Barbaroux & Bréda, 2002; Landhdusser & Lieffers, 2003).

Assimilate partitioning between soluble sugars and starch at the gene and enzyme
levels occur in response to sugars and is mediated by light and clock signalling (Stitt
& Zeeman, n.d.). In the past, starch synthesis in leaves was explained by a simple
overflow product synthesized when the rate of CO, fixation exceeds the rate of
sucrose synthesis (see MacRae & Lunn, 2006) for detailed mechanism). Although this
mechanism indeed occurs in plants, this model cannot explain how starch
accumulation is regulated to guarantee an adequate supply of C at night in source-
limited plants. An alternative (or complementary) mechanism is that C partitioning is
programmed so that a fixed fraction of assimilates is allocated for starch synthesis.
This occurs mediated by a central enzyme for starch synthesis, AGPase, which is
redox-regulated by a light dependent signal leading to changes in trehalsoe-6-
phosphate (T6P) levels (Kolbe et al., 2005). These changes in sucrose levels give
feedback to the circadian clock, that in turn, synchronize circadian oscillators that
affect the expression of the circadian genes allowing the plant to adapt to changes in
daylength (Edwards et al., 2010; Feugier et al., 2013; Seki et al., 2017). Therefore,
starch synthesis involves a complex interaction of regulatory mechanisms rather than
only an overflow, although starch still can be synthesized via an overflow when
sucrose levels are too high (Rasse & Tocquin, 2006).
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Including this flexible partitioning of newly assimilated C between soluble sugars (for
immediate use) and starch (for storage purposes) would be a first step towards
representing the C storage pool in plants as an ‘active’ process. However, predicting
partitioning quantitatively across different environmental fluctuations and/or across
different species is still challenging. Assimilate partitioning may differ between
species, according to their form of C storage (i.e., sucrose-accumulating species such
as wheat and rice, starch-accumulating species such as Arabidopsis or tomato, or
species that accumulate both such as maize or sorghum) (Liang et al., 2021). These
differences can lead to alternative C balance strategies under changing environments
among different species, which ultimately affects growth. For instance, Wiese-
klinkenberg et al. (2010) showed that in the monocotyledon Zea mays, diel leaf
elongation patterns followed changes in temperature. Contrary, in the dicotyledon
Nicotiana tabacum, the effect of different temperatures is less obvious and leaf
elongation followed a clear circadian oscillation. In deciduous trees, temperature play
a key role in the carbohydrate metabolism, as energetic reserves are a requisite for
trees to bloom. Dormant trees regulate structural C concentrations during winter
through an increase in the starch synthase pathway when temperature is cold. Later
on, when temperatures rise, starch synthase pathway is decreased and starch
degradation pathway is promoted (Sperling et al., 2019).

2.2.2 Remobilization of storage

The second key process to explain the active regulation of storage in plants is the
degradation of starch into sucrose at night, or in the long-term, the remobilization of
previously stored NSC. On a diurnal basis, the starch degradation rate is set by a
mechanism that sense the amount of starch in the leaves at the end of the day and
anticipate the length of the night (Smith & Stitt, 2007). While the mechanisms in
which the plant senses the amount of starch at the end of the day is not fully elucidated
yet (although see Smith & Zeeman, 2020), there is evidence that the anticipation of
the night is tightly coordinated with the circadian clock and sucrose sensing (Gibon et
al., 2004, 2009; Pilkington et al., 2015; Scialdone et al., 2013). When plants are grown
under very low light intensities or short daylengths, the stored starch during the day
is almost completely remobilized precisely by dawn. Under these circumstances,
plants can quickly adjust the rate of starch degradation to an unexpected shortening
of the light period, as long as the 24h-periodicity of a diel cycle is kept. If the diel
cycle is shorter or longer than 24h, the circadian clock cannot predict the change in
periodicity and adjusts the rate on a 24h basis which results in incomplete or too rapid
degradation (Graf et al., 2010).
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An important observation here is that this ‘near-to-complete’ degradation of storage
has been shown almost only in Arabidopsis plants grown under source-limiting
conditions (light intensities between 90 to 170 umol m? s!) (Gibon et al., 2004, 2009;
Pilkington et al., 2015; Scialdone et al., 2013; Sulpice et al., 2014). There is very
limited research done regarding starch degradation at night in plants grown at light
intensities that are not limiting photosynthesis during the day. One of the few
exceptions is work from Pilkington et al. (2015), where they compared starch
degradation patterns between plants grown under low light intensities (140 pmol m™
s'') and higher light intensities conditions (240 pmol m™? s!). They concluded that
under sink-limiting conditions, there is incomplete remobilization of starch at night,
and that the rate of degradation of starch into sucrose can be then increased by
increasing the temperature. These conclusions are very relevant for plants grown
under in the field, as usually plants are exposed to higher light intensities, at least
during spring and summer, or at the middle of the day. The incomplete remobilization
of starch at night can lead to two situations. First, below a ‘saturation’ threshold,
incomplete remobilization of starch can lead to a build of C reserves for plants to
sudden changes C availability or sudden changes in the night temperatures. Second,
the constant increase of starch content from day to day above a saturation threshold
can ultimately cause feedback inhibition of starch breakdown by the sucrose signal
trehalose 6-phosphate (Camara et al., 2013) and to a decrease in the expression of
photosynthetic genes causing a downregulation in photosynthesis (Paul & Foyer,
2001). Both situations can have an effect at a whole-plant level and productivity.

In addition to the diurnal degradation of starch to soluble sugars in leaves to support
growth, remobilization of stored NSC to the grains is maintained thorough the diurnal
cycle in the grain filling stage in wheat and barley (Fisher & Gifford, 1986; Schnyder,
1993). Temporary NSC storage pools also are involved in supplying C to the grains
during periods of fluctuating concurrent photosynthesis or when current
photosynthesis is low at the beginning and end of the natural light period (Geiger et
al., 2000).

To make progress in the prediction of diel starch remobilization in crops, it is
necessary to have a better quantification of the starch usage at night under sink-limited
conditions and a better quantification on the effect of temperature on the rate of
degradation. Additionally, starch remobilization must be studied over a wider range
of species, ideally with different metabolisms (i.e., C3 and C4 plants), with different
life cycles (i.e., annual and perennial) and different responses to day length (short-
day, neutral-day, and long-day plants). Finally, the fine limits between when do plants
switch from source-limited conditions and sink-limited conditions, and when are they
‘starch-saturated’ is still needed.
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2.2.3 Long-term accumulation and remobilization of storage

Although it is true that the circadian rhythm is in charge of the remobilization of
storage on a diel basis, a remaining question is: how are NSC reserves remobilized in
the longer term, for example, on a seasonal basis? C storage in other organs such as
roots becomes crucial, for example in trees or in geophytes to resprout after winter
(Clarke et al., 2013; Wiley et al., 2019), and in stems and other vegetative tissue in
cereals (mostly as fructans) to satisfy their energy requirements during the annual life
cycle (Pollock & Cairns, 1991; Pommerrenig et al., 2018). These storage pools are
often considered as ‘long-term’ rather than a ‘readily-available’ storage pools because
they act as sinks that store energy reserves in winter when aerial growth stops. Later,
in spring, they become a source and remobilize the stored C to subsequent filling of
the grain or the formation of new tillers or resprouting (Boscutti et al., 2018;
Goudriaan & van Laar, 1992; Pollock & Cairns, 1991).

An interesting example that highlights the importance of seasonal C reserve pool and
accumulation-depletion of NSC reserves on grasses is during the grain filling period.
Two types of sources contribute with carbohydrates for grain filling: current
photosynthesis but also the remobilization of NSC stored in vegetative tissue before
the onset of grain filling (Serrago et al., 2013). NSC reserve pools provide the
substrate needed to maintain transport and the supply of assimilates to grains during
the dark period of the diurnal cycle, but also during the latter part of grain filling when
growth rate of the ear is at its maximum (i.e., three weeks after anthesis) (Schnyder
H., 1993). Therefore, cereals have the capacity to compensate for reductions in source-
sink ratios based on the stored assimilates on the stem.

In addition to seasonal storage and remobilization of NSC, when plants are exposed
to continuous environmental stress, C partitioning towards storage can increase, at the
cost of the usage of C for immediate growth. For example, (Huang et al., 2018)
observed that in spruce trees grown under source-limitations (120 ppm CO;) growth
and respiration was downregulated in a manner that maintained NSC concentration
levels that were necessary to prevent C starvation (‘operational NSC levels’). Using
isotope labelling (Hartmann et al., 2015) showed that C was partitioned to storage
pools independently of the net flux and even under severe C limitation. Similarly, in
a study using isotope labelling, mint plants grown under low CO; and water deficit
showed that newly assimilated C was used for monoterpenes production, a metabolite
related to defence (Huang et al., 2019). These examples illustrate how in trees and
herbaceous plants exposed to long-term abiotic stress, C is actively partitioned into
storage and secondary metabolites at the expense of growth, which results in a reduced
risk of starvation and can provide defence molecules to protect plant tissues.
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From these examples we can conclude C allocation and remobilization in plants is
continually changing in response to the C status of the plant, which is in turn highly
dependent on the environment. In reality, most likely there are multiple C pools with
different mean resident times (Dietze et al., 2014) and this represents a challenge for
the characterization of the crop as a system.

2.2.4 The signalling role of carbohydrates in the regulation of
plant growth

Plant growth depends largely on the availability of C as a substrate; however,
carbohydrates can also drive plant growth acting as signalling molecules that interact
with environmental cues that coordinate cell growth with storage and nutrient
remobilization (L. Li & Sheen, 2016). For example, the conserved protein kinases
SnRK1 (Snfl-related protein kinase 1) and TOR (target of rapamycin) are
energy/sugar sensing molecules that have an essential role in the regulation of
metabolism and gene expression of plants under unfavourable environmental
conditions (Margalha et al., 2019; Rodriguez et al., 2019). SnRK1 is activated in
response to declining energy supplies (e.g., unexpected darkness or extended night,
herbicide feeding or hypoxia) (Baena-Gonzalez et al., 2007) triggering the activation
of catabolism and repressing energy-consuming anabolic processes and growth
(Baena-Gonzéalez & Hanson, 2017). An increase in the levels of sucrose (Suc)
increases the signalling sugar trehalose-6-phosphate (T6P) inhibiting the activity of
SnRK1, therefore stimulating growth of cells and their metabolic activity (Lawlor &
Paul, 2014; Nunes et al., 2013; Zhang et al., 2009). Conversely, TOR kinase is
activated in favourable energy conditions (e.g. by light, sugars and inorganic
nutrients) to promote growth and downregulated under stress conditions that restrict
sugar availability (Rodriguez et al., 2019). Thus, plant energy/sugar also influences
plant growth via activation or repression of SnRK1/TOR.

Growth depends also in the rate of protein synthesis, which occurs in the ribosomes
(Lastdrager et al., 2014). It has been shown that ribosome abundance does not change
between different photoperiods, but rather the plant optimizes for a better distribution
of protein synthesis over a 24-hour cycle (Sulpice et al., 2014). This has an impact in
the distribution of growth (as cell expansion) between day and night.
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2.3 Modelling the C pool under light and
temperature fluctuations: should an active C
storage pool be included?

Quantifying changes in the C storage pool in response to light and temperature
fluctuations at a whole-plant level can be challenging due to the complexity of the
interactions between circadian signals, environmental cues, and metabolic signals.
There is also complexity because light primarily affects source activity, while
temperature primarily affect sink activity (Fatichi et al., 2014). Plants use most of the
newly assimilated C for growth and respiration. However, under environmental stress,
recently fixed C is allocated towards reserve formation at the cost of short-term
growth (Dietze et al., 2014; Gessler & Grossiord, 2019; J. Huang et al., 2019; Mengin
etal., 2017) . This entails complex feedback in which plants sense C storage level and
according to day length and C status, plants induce changes in the partitioning and use
of C, which in the end affects the growth pattern of the plant. Unravelling these
dynamics requires a modelling approach that can accurately describe C storage
metabolism and link it to plant growth.

There are still knowledge gaps that represent a challenge for model development. For
example, it is still unclear what the metabolic costs of C storage are, which fraction
of newly fixed C is partitioned to storage and which fraction is immediately used,
what is the sink strength of C storage itself and implications of C storage over a long-
term for herbaceous species or fruiting crops. In this section, we briefly review the
way in which C storage is currently included in crop growth models and we discuss
the role of the C storage pool affecting the response of the modelled system.

2.3.1 Approaches to simulate a dynamic storage C pool

Most crop production models are driven by the effect of shoot environment on gross
photosynthesis and respiration over a day (Poorter et al., 2013). Growth over time is
modelled as the net result of daily C input from gross photosynthesis minus C loss in
respiration. However, this approach overlooks that in moments when supply exceeds
demand, C should be temporarily stored. A more accurate analysis of gains and losses
of C over the diel cycle should consider the asynchrony between the timing of
acquisition of C and of the utilization of C for growth and respiration. At each time
step, all C input from photosynthesis is directly placed in a temporary storage pool
(NSC) and partitioned among different pools based on allometry, functional
equilibrium or relative sink strengths of the plant organs (Marcelis et al., 1998).
Allocation to storage occurs only if there is an excess of C from supply compared to
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demand. Although these growth models have been developed a long time ago (e.g.
(Goudriaan & van Laar, 1992; Marcelis et al., 1998; Thornley, 1976) they are still
commonly used to model C source-sink relations (e.g. Cerasuolo et al., 2016; Gu et
al., 2018; Schapendonk et al., 1998; Seginer & Gent, 2014; Vanthoor et al., 2011) The
following three examples illustrate how a dynamic C storage pool was included in
growth models. In each example, the storage pool is defined using different
approaches.

In the first example, (Da Silva et al., 2014) updated the L-PEACH model to simulate
annual long-term carbohydrate storage and mobilization. They modelled the sink
strength of storage as a function of the total non-structural carbohydrate content.
Storage sink strength was 0 as long as non-structural carbohydrate were below the
minimum value. Then, storage sink strength increased along a logistic curve to reach
1 (so maximum sink strength capacity) when non-structural carbohydrate levels
reached the maxim level. In this way, storage sink strength depended on the local
carbohydrate conditions, and thus, non-structural carbohydrate concentration patterns
appeared as a emergent property of the model. This approach requires the storage sink
strength and the maximum carbohydrate available for remobilization to be
experimentally determined. (Da Silva et al., 2014) determined the potential storage
sink strength from the mean maximum trunk non-structural carbohydrate mass
fractions. The carbohydrate storage source available for remobilization was estimated
from the difference between the maximum mass fraction of carbohydrates in the
sapwood and the minimum mass fraction under ‘healthy’ conditions (no water stress,
severe pruning, or disease). With this approach, annual carbohydrate storage
behaviour in trees was simulated accurately.

In a second example, (Jing et al., 2020) used a crop growth model to systematically
analyse the response of perennial alfalfa under fluctuating environmental conditions
and to evaluate potential adaptation options. In their model, C remobilization from
storage organs to sinks was included as a function of non-structural carbohydrate
content, nitrogen content and the residual leaf area after harvest in perennial forage.
Mobilization was accelerated under low LAI until plants had sufficient leaves for
maximum photosynthesis; only until then, C starts accumulating again.

In the third example, starch accumulation in wheat grains was modelled by focusing
on the variations of plant C dynamics between pre- and post-anthesis stages.
Assimilates for starch synthesis during grain filling can be obtained via remobilization
of stored C in vegetative tissues during pre-anthesis stage or from ongoing
photosynthesis (Schnyder, 1993). Pan et al. (2007) modelled the NSC dynamics by
separating the C source between an instant pool (i.e., instantaneous translocation of
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assimilates to wheat grains), and a long-term storage pool (i.e., remobilization of pre-
stored C reserves). The remobilization the stored NSC was influenced by temperature,
water, and nitrogen conditions. Additionally, they included a genetic parameter to
describe the difference in starch synthesis ability among cultivars. This model was
particularly useful to quantify grain starch concentration and starch yield of wheat
under various growing conditions

2.3.2 Sucrose-starch dynamic models

As C storage ultimately depends on the rates of synthesis and degradation of starch,
one way forward is to include the biochemical regulation of sugar-starch dynamics in
growth models. Starch degradation has been described by two different models:
arithmetic division (AD) and retrograde metabolic signalling models (RMS) (A. M.
Smith & Zeeman, 2020). The AD model accounts for the rapid adjustment of the
degradation rate to unexpected changes in the length of the night. In this model, the
plant senses starch content and time until dawn and sets a rate of starch degradation
that will deplete reserves at dawn (Scialdone et al., 2013). The RMS model assumes
that a plant needs to maintain C homeostasis. The plant regulates the expression of the
circadian clock genes via sugar signalling and adjusts the phase of the clock
accordingly (Feugier et al., 2013; Seki et al., 2017; Webb et al., 2019). The main
difference between these two models is that the RMS model accounts for mechanisms
that control an integrated response between starch synthesis and degradation so that
sugar homeostasis is maintained while the AD model simply sense starch content and
time remaining until dawn.

There are a few models simulating crop growth that include sucrose synthesis and
starch degradation. For example, (Rasse & Tocquin, 2006) used single rate
modification of starch synthesis and breakdown in leaves to predict different growth
patterns between wild-type and mutants of Arabidopsis at a high CO, concentration.
Flis et al., (2015) adopted a more complex approach by using integrated multiscale
models that link gene expression dynamics, C partitioning to organ growth and
development in response to environmental signals. In their model however, starch
mobilization was underestimated in long-photoperiods. This might be attributed to the
fact that in this case the plants were probably sink-limited (Poorter et al., 2013).
Another limitation is that in both crop growth models (Flis et al., 2015; Rasse &
Tocquin, 2006) a fixed ratio between sucrose synthesis and starch accumulation was
assumed. This ratio was empirically parameterized based on measurements in
controlled growth conditions. A fixed ratio between sucrose synthesis and starch
accumulation assumes that different day lengths have no effect on C partitioning,
which prevents the model to adapt to changes in daylength.
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2.3.3 Simulating the effect of temperature and light fluctuations
on growth

A pitfall in crop growth models to predict growth in a fluctuating environment is that
they are mostly source driven (Marcelis et al., 1998), meaning that photosynthesis is
the rate controlling factor for plant growth. Not surprisingly, the Calvin Benson cycle
has been the most intensively modelled biochemical process. The development of a
well calibrated and complete biochemical mathematical description of photosynthesis
at leaf level has made it possible to obtain accurate predictions of photosynthesis
under a wide range of conditions (Yin & Struik, 2009). A source-driven approach
seems logical in highly controlled environments where no water, temperature or
nutrient limitations occur. However, growth can also be limited by sink activity, for
example at low temperature or high CO, concentrations. In these cases, there is a
restriction in growth together with an accumulation of C (K&rner, 2015).

Another limitation to accurately predict growth rate diurnally or in the short term
(hourly) is that many plant growth models restrict growth only to the light periods and
do not include knowledge on how C is used for metabolism and growth at night (e.g.
(Henten, 1994a; Thornley, 1976; Vanthoor et al., 2011).When the C pool has no
distinction between sucrose and starch, it is assumed that all carbohydrates are used
immediately for daytime growth, or in case of an excess, stored transiently for the
next light period. However, during the dark period, C is still being used for
maintenance respiration and if the C pool is empty at the end of the light period (due
to source-limited conditions), this can virtually lead to ‘negative’ growth at night. This
raises two issues, first that without the distinction between sucrose and starch pools,
it is unlikely to reproduce the critical mechanisms that drive the C cycle on an hourly
basis. Second, it prevents understanding the effect of environmental fluctuations on
growth in the day separately from the night. For example, if the goal is to study the
effect of night temperature on night growth, with current models it is only possible to
interpret the results as the effect of an average daily temperature or a temperature
difference, rather than the effect of the night temperature itself on growth. Contrary,
it the interest is only on the dynamics over a whole-day basis, the diurnal dynamics
between soluble sugars and starch become less relevant.

2.3.4 Modelling growth with or without a C pool

In order to illustrate our argument that modelled growth patterns will be more realistic
by including a C storage with the concepts discussed in the previous sections, we
compared three models that differ only in the inclusion of a C pool. The first model
features a static C allocation scheme and has no C storage pool. At each time-step, a
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fixed proportion of the current assimilates is immediately lost through respiration and
the remainder is allocated to growth (see Appendix A-Eq. A2.1).

In the second model (see Appendix B-Eq. A2.9, A2.10), C is first allocated to a
dynamic storage pool from which it may be allocated to structural growth. The storage
pool builds up when current assimilate production is greater than C allocation to
respiration and structural growth and is depleted when the production of assimilates
is smaller. This model divides respiration into growth and maintenance components.
Growth respiration is proportional to structural growth and maintenance respiration is
temperature-sensitive and proportional to biomass. In this model, relative growth rate
(Eq. A2.12) depends on the concentration of NSC (Thornley & Hurd, 1974).

In the third model (See Appendix C-Eq. A2.15, A2.16, A2.17) there are two C pools:
one for soluble sugars and one for starch. All assimilates produced by photosynthesis
are partitioned between starch and soluble sugars depending on the photoperiod
(Mengin et al., 2017; Pilkington et al., 2015). All assimilates allocated to the soluble
sugar pool are used for structural growth and respiration. During the day the starch
pool builds up and it is not used. During the night, the accumulated starch is degraded
into soluble sugars at a constant rate according to the length of the night (Scialdone et
al., 2013) until it is almost depleted at the end of the night (Gibon et al., 2004; Graf et
al., 2010b). To avoid size-induced differences, in the models we considered a fixed
crop size of 200 g m™ and a leaf area index of 3. We compared the accumulated
structural growth between the three models and the dynamics of the pools (when a
pool is present). Detailed information about the models is provided in Appendix A, B
and C.

As outlined in section 2, changes in light and temperature lead to temporal
asynchronies between C supply by photosynthesis and C demand for growth. The
source-sink ratio can be manipulated by light and temperature conditions. Following
this logic, we initialize our simulation assuming a balanced source-sink ratio for 10
days (therefore, there is no accumulation or remobilization of C during this period)
(Figure 2.1a). After 10 days, as light intensity increases and temperature decreases,
the C supply is bigger than the demand, and the NSC pool starts building up in both
models that include a C storage pool (Figure 2.1a). A similar dynamic pattern of the
NSC has been observed previously under similar environmental conditions (Klopotek
& Kléring, 2014). The main difference between the three models is that during this
period of ‘accumulation’, the models with a C pool partitioned recently fixed C
towards storage formation at the cost of short-term growth of structural mass (Figure
2.1a, b), compared to the model without C pool that has a higher growth because all
assimilates are immediately used for growth. In both models with storage the stored
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C is used later to give a higher growth rate for a few days once C-supply becomes
more limiting (Figure 2.1c), (a high temperature and a low light intensity, from day
20 to 30). In the end, the accumulation of total dry weight (Figure 2.1d) (the sum of
non-structural C and structural mass) is the same for the three models because C input
from photosynthesis and loss by respiration is the same for all models.

In the present example, we illustrate that the inclusion of a dynamic C pool in growth
models offers a more realistic representation of C allocation in abiotic stress
conditions (for example, a higher allocation to storage during sink-limited conditions),
and a more realistic effect on the growth patterns. This in principle can allow us to
test hypotheses and different combinations of environmental conditions. The third
model, which is built up on concepts discussed in this paper, represents in a very basic
way the result of complex enzymatic interplay. This model approach provides a basis
for further development and offers possibilities for targeted experimental studies on
the rates of accumulation and depletion of C and their dependence on temperature.
Subsequently, model-based studies may help us to understand the effect of temporal
surplus of C on the specific growth rate of organs, which is a difficult task. We believe
that this simple example highlights the potential effects of including these biochemical
fine-tuning mechanisms on plants.
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Figure 2.1. Simulated (a) non-structural carbon (soluble sugars + starch), (b) cumulative
structural mass, (c) structural growth rate and (d) cumulative total dry weight. Simulations
were done using three models. Blue lines are simulations using a model with no C pool
(Appendix A-Eq. A2.1). Green line are simulations using a model with only one common non-
structural carbon pool (Appendix B-Eq. A2.9, A2.10 ) and pink line is the model with separate
soluble sugar and starch pool (Appendix C-Eq. A2.15, A2.16, A2.17). The environmental
conditions used were: first 10 days 22 °C and 300 umol m—2 s—1, from Day 10 to 20 average
daily temperature of 15 °C and light intensity of 400 umol m™? s~! and from Day 20 to 30
average daily temperature of 28 °C and light intensity of 200 umol m 2 s~!. The photoperiod
was 16 h.

2.4 Outlook

Here we identify four major knowledge gaps and propose concrete steps that can
advance understanding of the regulation of C storage in plants. Filling these gaps
would allow modelling these processes more accurately and to quantify growth of
plants in environments with fluctuating light and temperature.

First, crop growth models should explicitly include a physiology-based dynamic C
storage pool (Figure 2.2). Thisknowledge gap can be addressed by
coupling biochemical models describing soluble sugars and starch metabolism e.g.,
(Millar et al., 2014; Nagele et al., 2010; Scialdone et al., 2013; Seki et al., 2017) to
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plant growth models (e.g., Flis et al, 2015; Rasse & Tocquin, 2006).
Primary C metabolism is highly influenced by temperature (Pilkington et al., 2015;
Pyl et al., 2012), light and clock signalling (Scialdone et al., 2013) and these
environmental factors affect C accumulation and remobilization differently. Including
separated starch and sucrose pools can increase the resolution and robustness of crop
growth models, specifically if the aim is to predict growth responses in short-time
scales (within a day) or diurnally. This would allow testing specific hypotheses over
a wider range of fluctuations; for example, the effect of alternating day lengths,
extremes temperatures, or different day-night temperatures on growth and the C
balance of the plant.

Second, detailed analysis of the relationship between C storage and growth across
different species is needed. So far, diel starch turnover and its relationship with
biomass has almost exclusively been investigated in Arabidopsis (Dietze et al., 2014;
Stitt & Zeeman, 2012). However, it is relevant to question if the information gained
from this model species is fully applicable to crops (Wiese-klinkenberg et al., 2010).
For example, starch-less Lotus japonicus, did grow well in a 12-h photoperiod
(Welham et al., 2010) whereas starch-less Arabidopsis showed a reduced growth
(Rasse & Tocquin, 2006). Furthermore, Wiese-klinkenberg et al. (2010) showed
differences in diel (24h) leaf growth between dicot and monocot plants, which points
to differences in resource allocation strategies. In addition, the competition for C
between an ‘active’ storage and other sinks change strongly according to the
phenology of the plant (Li et al., 2015). Fruits are strong sinks that compete with C
storage; therefore, a relevant question would be if the fruit ‘active’ competition for C
affects the fine tuning of the diel sucrose-starch dynamics. These studies are
important, especially if the goal would be to optimize resource use in crop production
in an agricultural context.

Third, how is the information gained from diel starch turnover useful to predict C
storage and acclimation of growth over a long-term? Biochemical models describing
starch-sucrose dynamics address acclimation of sucrose-starch partitioning and
degradation to a change in photoperiods and changing temperature (Seki et al., 2017).
However, the consequences at a whole-plant level over longer term environmental
fluctuations (e.g., over weeks or months) are still missing. To address this, better
reference data for model evaluation at a whole plant level is needed, and these data
set should include C assimilation (gas exchange measurements), quantification of
primary metabolites, and growth rates. Additionally, conducting experiments with
long-term temperature and light fluctuations would provide valuable information on
longer term mechanisms of C storage and the consequences on growth.
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Figure 2.2. Schematic diagram of the model of how the C pool is influenced by day length,
circadian clock, and temperature. Partitioning to sucrose or starch is expressed as the
proportion of fixed C that is accumulated during the light period. Starch degradation to sucrose
at night is dependent on the circadian clock and is paced so that almost all starch is exhausted
by dawn in source-limited conditions. Starch degradation at night can be influenced by
temperature. Sucrose levels in both conditions (either source-limited or sink-limited) feedback
to circadian clock to dynamically regulate the phase of the circadian oscillator. In sink-limited
conditions there is less partitioning to starch. Feedback regulation decreases sucrose synthesis
and triggers starch synthesis when sucrose accumulates on the leaf (overflow). Feedback
downregulation of photosynthesis occurs when there is an excess accumulation of sucrose in
the leaf. In sink-limited conditions not all the starch is completely remobilized at dawn and high
temperature can accelerate the rate of starch degradation. Rectangles indicate states, valves
indicate rates, solid lines indicate mass flows and dotted lines indicate flow of information.
Numbers indicate references in support of the model as follows: [1] (Pilkington et al., 2015);
[2] (Mengin et al., 2017), /3] (Gibon et al., 2004), /4] (Scialdone et al., 2013), /5] (Graf et al.,
2010a); [6] (Feugier & Satake, 2014); [7] (Seki et al., 2017); [8] (Muller & Martre, 2019);
/9] (Horton, 1985); [10] (Paul & Foyer, 2001).
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Finally, if the goal is to increase productivity of crop plants while making a more
efficient use of resources (e.g., water, nutrients, supplemental light, CO,) a multiscale
approach linking C-metabolism at cell level with whole-plant growth is needed. By
using isotope labelling techniques, metabolic network fluxes can be estimated and
incorporated into a model that would allow simulation of the effects of a dynamic
environment on C metabolism in plants and plant growth (Sweetlove et al., 2017) or
to determine differences between °‘readily available’ and long-term pools. A
fundamental challenge in multiscale prediction is that the model becomes more
complex when moving across molecular or biochemical scales to whole organisms
due to the different timescale and finer granularity of the processes Hammer et
al.,2004). This leads to difficulties related to parameter identification or computational
time for optimization (Hammer et al., 2019). To successfully bridge across levels, the
biochemical process (in this case the starch-sucrose dynamics) must have robust and
quantitative measures of physiological responses. A balance between process details
and predictability of the system in scales that are feasible to measure must also be
achieved (Peng et al., 2020). A multiscale model that operates effectively across the
biochemistry level and whole plant level would provide an important tool to rapidly
assess different manipulation in the C partitioning or C storage and to explore different
strategies for the control of the environmental conditions in which plants are growing.

2.5 Conclusions

The efficient management of C storage is essential for plant growth to be optimized,
especially under fluctuating environmental conditions. As conducting experiments
with many different light levels and temperatures is often not feasible, crop modelling
can be used as a tool for hypothesis testing and scenario analysis under varied
environmental conditions. To achieve this, crop growth models must extend beyond
current scales and include a finer detail in essential processes like C storage and C
usage and remobilization. Including separated starch and sucrose pools to represent
an ‘active’ pool in growth models can increase the level of detail and robustness of
the models. This is essential for predicting growth response on short-time scale in
ever-fluctuating environments. Scenario-based model simulations can potentially
guide manipulation and improvement of C allocation strategies (trade-off between C
storage and other sinks) and can help to explore opportunities to optimize crop
performance under temporal unfavourable environmental conditions and thus for
developing more resource efficient crop-production systems.
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2.7 Appendices
2.7.1 Appendix A: Model 1: No C pool

The general structure of the model for calculating dry matter production is based on
(Spitters et al., 1987a). Daily dry matter production is calculated according to:

aw

E =Cp (Ca¢phot - ¢resp) A21

In which Z—V: is the crop growth rate (kg DM m™ s™), cg is the conversion efficiency

from assimilates to dry matter, ¢y, is the gross canopy photosynthesis rate (kg CO
m?s!) and ¢, is the conversion factor from carbon dioxide into sugar equivalents
(kgCH,0 kgCO,™). Gross canopy photosynthesis is calculated in accordance with the
following empirical relation:

¢ph0t = ¢ph0t,max(1 - e_CkLAI) A2.2

Where ¢ppot,max 18 the response of canopy photosynthesis (kg CO m?) response to
the incident radiation and carbon dioxide concentration. This model account for
photorespiration and temperature effects on the light use efficiency as well as
temperature effects on the carboxylation conductance in the leaf:

¢ _ 6_Uia-coz (Uc - F)
photmax 6_Ui + acoz (Uc - F)

A2.3

in which € (kg J!) is the light use efficiency, U; (W m™!) is the incident radiation,
O¢o, (M s71) is the canopy conductance for carbon dioxide transport into the leaves,
U, (kg m™) is the carbon dioxide concentration and I' (kg m™>) is the carbon dioxide
compensation point which accounts for photorespiration at high light levels.

The carbon dioxide compensation point ', (kg m™) is a function of temperature, Uy
(C), described by:

Ur—20
I'= Crcqlg'r 10 A2.4

in which ¢ (kg m™) is the carbon dioxide compensation point at 20°C. The
temperature effects on I' are accounted for by the Q10 factor ¢y r-

The effect of photorespiration on the light use efficiency (kgCO» J™!) is described by:

U.—T
U, + 2T

A2.5

€=c
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in which ¢, [kgCO, J™' ] is the light use efficiency at very high dioxide concentrations
(Goudriaan et al., 1985).

The canopy conductance g¢q, [m s71] for carbon dioxide transport from the ambient

air to chloroplast is determined by three series conductance

1 1 1 1
= + +
Gcoz Cbnd Cstem Ocar

A2.6

where Cyng, Cstem and 0¢qp (m s7!) are the boundary layer conductance, the stomatal
conductance, and the carboxylation conductance, respectively. The boundary layer
and the stomatal conductance are assumed to be constant. The carboxylation
conductance is described with by

_ 2
Ocar = Ccar,IUT + Ccar,ZUT + Ccar,3 A2.7

for a temperature between 5°C and 40 °C, with the parameters cq,; (m s™' °C2),
Cear,2 (1’1’1 S_l Oc_l) and Ccar,3 (1’1’1 S_l)-

Maintenance respiration of the crop ¢maingesp, (kgCH20 m?) is described by

(*552)

10 A2.8

¢mainResp = Crests CQlO,resp

where ¢y.sp is the maintenance respiration rate for the shoot 25°C (kg CH>O kgDM™!

s 1) and Cq1o,resp 18 the Q10 factor of the maintenance respiration.

2.7.2 Appendix B: Model 2, with only a NSC pool

The model divides the plant material into two state variables: non-structural dry
weight (X», kgCH20 m~2) and structural dry weight (Xs, kgCH20 m~2), therefore total
dry weight is X» +Xs. Non-structural mass refers to sugars such as glucose, fructose
and starch. Structural dry weight refers to structural components such as cell walls
and cytoplasm. The dynamic model (eq. A2.9 and A2.10) is described by:

dX

dtn = Coc‘»bphot - ¢structGrowth - ¢mainResp - ¢growthResp A29
dX;
dr = Gstructcrowth A2.10

where ¢ppor (kgCO2 m2) is the gross carbon dioxide uptake rate due to canopy

photosynthesis and is calculated according to eq. A2.2 and A2.3, @seructerowth
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(kgCH20 m~2) is the rate in which non-structural carbohydrates are being used for
growth of the structural dry weight, @rmgingesp (kgCH20 m~2) is the maintenance
respiration rate calculated according to eq. A2.8 and ¢ growthresp (kgCH20 m=2) is the

respiratory losses associated with growth.
Structural growth rate is calculated as
DstructGrowth = rngs A2.11

where the specific growth rate coefficient 7, (s™") describes the transformation of
non-structural carbohydrates to structural dry weight. It is assumed that the rate of
utilization non-structural carbohydrates for the construction of structural material
depends on the of NSC concentration in the plant tissue, following a Michaelis-
Menten relation (Thornley & Hurd, 1976a) . The transformation of non-structural
carbohydrates into structural material is also dependent on temperature. Therefore
T4y is calculated as

Ur—20

X
T n 10 A2.12

=c () e
agr r,gr,max Q10,gr
X+ Xn

where ¢, gr max (s™!) is the saturation growth rate at 20 ° and Coto,gr (- )is the Q10

factor for growth.

Respiratory losses associated with growth (¢growtnresp> KgCH20 m™ s7') are
calculated as

1—CB

- ¢structGr0wth A2.13

¢gr0wthResp =
s

where cpis a yield factor that accounts for respiratory and synthesis losses during the
conversion of carbohydrates to structural material.

Fromeq. A2.9A2.9 A2.9 and A2.10 we can also describe other variables related to the
state of the crop, for example, total crop dry weight (TDW, kg m™) is related to both
states according to the relation:

TDW = X, + X, A2.14
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2.7.3 Appendix C: Model 3, with a soluble sugar, starch and
structural mass pool
This model has essentially the same structure as model 2, however, in this model X,

is divided into two pools: soluble sugars (Xs,;, kgCH20 m-2), and starch ( Xsqrcn»
kgCH20 m~2). The dynamic model (eq. A2.15, A2.16 and A2.17) is described by:

dXq,)
dio =q + p1¢phot - ¢struct6rowth - (1 - a2)¢mainResp - ¢growthResp A2.15
ii‘tlrc =—a; + (1 — p1)bphot A2.16

dx,
W = ¢struct6rowth ) ¢mainResp- A2.17

Where parameter a; denotes the degradation of starch into soluble sugars during the
night, p; is the partition of assimilates, between soluble sugars and start during the
day, @pnor (kgCO2 m2) is the gross carbon dioxide uptake rate due to canopy
photosynthesis and is calculated according to eq. A2.2 and AZ2.3, Qsrructcrowtn
(kgCH20 m™2) is the rate in which non-structural carbohydrates are being used for
growth of the structural dry weight and is calculated according to eq. A2.11 and
A2.12, ¢mainresp (kgCH20 m=2) is the maintenance respiration rate calculated
according to eq. A2.8 and @growtnresp (kgCH20 m-2) is the respiratory losses

associated with growth calculated according to eq. A2.13.

The degradation of starch into soluble sugars during the night a, is based on literature
and is described by:

*

a, = sol A2.18
(24 — Lyjgnt)3600

*

Here X;,; denotes the soluble sugar level at the end of the light period each day, and
Lyignt (hours) denotes the length of the light period in a 24-hour day. The number
3600 is a conversion factor, from hours to seconds. The denominator equals the length
of the dark period in a day. With this degradation rate, the starch level will be zero at
the end of the night in case the degradation is not inhibited. Parameter a, denotes the
rate of autophagy, in case there is not enough soluble sugar to satisfy the need of
maintenance respiration:

a, = ]I—(Xsol < Xsol,min) A2.19
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Where X501 min = 0.03Xj is the minimum level of soluble sugar before autophagy sets
in.

Parameter p, denotes the partitioning of assimilates between soluble sugars and starch
according to:

_ Llight

= A2.20
D1 24

Which means that a longer light period results in more partitioning of assimilates
towards soluble sugars. Furthermore, when soluble sugar levels are too high (X, >
Xso1,max)> Photosynthesis is inhibited (to 90% of the original rate) , assimilates are all
partitioned to starch, and starch degradation is
stopped:
if Xsol > Xsol,max

¢ph0t = 0-9¢phot

p1=0

a; =0 A2.21
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Abstract

Fluctuations in light intensity and temperature lead to periods of asynchrony between
carbon (C) supply by photosynthesis and C demand by the plant organs. Storage and
remobilization of non-structural carbohydrates (NSC) are important processes that
allow plants to buffer these fluctuations. We aimed to test the hypothesis that C
storage and remobilization can buffer the effects of temperature and light fluctuations
on growth of tomato plants. Tomato plants were grown at temperature amplitudes of
3 °C or 10 °C (deviation around the mean of 22°C) combined with integration periods
of 2 or 10 days. Temperature and light were applied in Phase (high temperature
simultaneously with high light intensity, (400 pmol m? s), low temperature
simultaneously with low light intensity (200 pmol m™? s') or in Antiphase (high
temperature with low light intensity, low temperature with high light intensity). A
control treatment with constant temperature (22 °C) and a constant light intensity (300
umol m=s') was also applied. After 20 days all treatments had received the same
temperature and light integral. Differences in final structural dry weight were
relatively small, while NSC concentrations were highly dynamic and followed
changes of light and temperature (a positive correlation with decreasing temperature
and increasing light intensity). High temperature and low light intensity lead to
depletion of the NSC pool, but NSC level never dropped below 8% of the plant weight
and this fraction was not mobilizable. Our results suggest that growing plants under
fluctuating conditions do not necessarily have detrimental effects on plant growth and
may improve biomass production in plants. These findings highlight the importance
in the NSC pool dynamics to buffer fluctuations of light and temperature on plant
structural growth.
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3.1 Introduction

In a natural environment, plants are exposed to strong fluctuations in light intensity
and temperature which lead to periods of asynchrony between carbon (C) supply by
photosynthesis and C demand by the plant organs (Palacio et al., 2014). The storage
and remobilization of non-structural carbohydrates (NSC) are important processes
that allow plants to buffer these fluctuations. Plants distribute recently assimilated C
by the leaves (sources) into various C sinks such as growth, metabolic maintenance,
storage and defence (Chapin et al., 1990). In many plant species, NSC are
accumulated as soluble sugars and starch (Martinez-Vilalta et al., 2016) when the net
production of carbohydrates exceeds the demand and growth is limited by assimilate
usage (Palacio et al., 2014). The remobilization of stored C compounds is fundamental
for plants to support growth and metabolism during periods of limited C supply
(Chuste et al., 2020; Dietze et al., 2014), for example at higher latitudes in winter
when short light periods and low light intensity are typical (Bours, 2014) or in
perennial plants when there are no leaves that can do photosynthesis. Remobilization
can occur across time scales: from diurnal (day-night) (Graf et al., 2010a; Smith &
Stitt, 2007), over day-to-day (influenced by the weather on that specific day), up to
seasonal remobilization (Furze et al., 2018). Despite the central role of storage and
remobilization of C in response to fluctuations in light and temperature, plant
responses to repeated changes in the C supply and demand, generated, for example,
by repeatedly changing the light intensity or growth temperature are largely unknown.

On a time scale of weeks, plants can adjust rates of respiration (Atkin & Tjoelker,
2003a) or photosynthesis (Yamori et al., 2014) to compensate for changes in
temperature or light environment through an adjustment in physiology, structure or
biochemistry of the leaves (N. G. Smith & Dukes, 2013). These acclimation responses
have been extensively studied, usually by growing plants at specific temperatures or
light conditions and then exposing those plants to a new growth condition for several
days. Under excess light and low temperatures, accumulation of NSC (mainly as
starch and soluble sugars) is typical as an acclimation response in the long term (days)
(Pommerrenig et al., 2018; Ruelland et al., 2009; Thalmann & Santelia, 2017). Lower
temperatures also have an immediate effect on enzymatic activity which leads to a
reduction in photosynthetic capacity (Huner et al., 1993; Ruelland et al., 2009) and
respiration (Atkin & Tjoelker, 2003). Higher light levels may result in an increased
accumulation of carbohydrates in the leaves, causing decreased expression of
photosynthetic genes that lead to a downregulation in photosynthesis (Paul & Foyer,
2001b). At low light intensities, the net production of assimilates is less than the net
demand of assimilates, making that plant growth is limited by C supply (A. M. Smith
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& Stitt, 2007). If low light intensities coincide with higher temperatures, this may lead
to a depletion of the NSC pool because of the increased energy requirements for
respiration and growth (conversion into structural C) (Atkin & Tjoelker, 2003). So,
while the effects of prolonged high supply or low demand of C on plant growth and
development are well established, we know little of how much of the accumulated
NSC pool is available for remobilization once the plants face more favourable
environmental conditions and at what time scales accumulation and remobilization do
occur (Dietze et al., 2014; Furze et al., 2018; Wiley et al., 2019). A change from warm
to cool conditions and vice versa showed that tomato plants grown at low temperatures
increased the NSC concentration over a week and then almost completely remobilized
within 12 h exposure to warm temperatures (Klopotek & Kléring, 2014). Besides, the
effect of dynamic light and temperature fluctuations at a scale of 1 to 2 days on the
dynamic response of processes such as growth and storage are still largely unexplored.

Although C has a central role in plants, our understanding of its daily dynamics of
storage and remobilization under short term (days) and long term (weeks) climate
fluctuations is still limited. A quantitative understanding of C storage and
remobilization is essential in order to explain plant responses to temporal suboptimal
climate conditions. The overall aim of this paper was to evaluate how plants
accumulate and remobilize C in response to short term (every other day) and long-
term (every 10 days) temperature and light fluctuations and how these fluctuations
affect growth and morphology. Plants can store carbohydrates under conditions where
growth is demand-limited, and later on remobilize this C when temperature rises up
to a certain limit. Consequently, we hypothesize that this C storage and remobilisation
buffers the effects of temperature and light fluctuations on growth of tomato plants.

3.2 Materials and Methods
3.2.1 Plant materials and growth conditions

Tomato (Solanum lycopersicum ’Moneymaker’) seeds were sown on stonewool plugs
in a climate cabinet at 22 °C, relative humidity 70% and 200 umol m™2 s™' 16 h
photoperiod. After 15 days, seedlings were transplanted to (7x7cm) stonewool cubes
(Rockwool Grodan, Roermond, the Netherlands) and distributed over three climate
cabinets with the same climate conditions as mentioned above. The growth surface of
each climate cabinet was 0.84 m? Light was provided by white LED modules
(GreenPower LED-TL-DR/W-MBVISN 0.16/0.24/0.59 blue/green/red fraction,
Philips, Eindhoven, The Netherlands). The height of the LED lamps was adjusted
weekly to maintain the desired photosynthetic photon flux density (PPFD) at the top
of the canopy. Climate in the cabinet was controlled by a climate control computer.
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Plants were watered with nutrient solution (electrical conductivity 2.1 dS m™!, pH 5.5)
containing 1.2mM NH,', 7.2mM K*, 4.0mM Ca?', 1.8mM Mg?', 12.4mM NOs",
3.3mM SO4*, 1.0mM PO4Z, 35uM Fe**, 8.0uM Mn?*, 5.0uM Zn*", 20uM B, 0.5uM
Cu?*, 0.5uM MoO4?". After 28 eight days after sowing (DAS) 6 plants were taken from
each cabinet and destructively measured. Remaining plants were re-distributed over
four cabinets. Treatments started in all four climate cabinets with a plant density of
59 plants m? and lasted 20 days.

3.2.2 Treatments and experimental set up

We distributed the plants in a multifactorial experiment with three factors with two
levels each and a control treatment (hence nine treatments). The factor temperature
amplitude (TA) had two levels:1) 10°C TA (day/night temperatures of 28/25°C or
18/15 °C) 2) and 3°C (24.5/21.5 °C or 21.5/18.5 °C). Integration period (IP), meaning
the period of time over which temperature and light was averaged, had two levels: 20
days (light and temperature levels were switched after 10 days) and 2 days (light and
temperature levels were switched every day). Temperature was adjusted to light in
two ways: in Phase, high temperature at high light intensity, low temperature at low
light intensity; or Antiphase: low temperature at high light intensity, high temperature
at low light intensity. High light intensity was 400 pmol m 2 s ! and low light intensity
was 200 umol m2 s7! (at the top of the canopy) (Figure 3.1B, C, D, E). A ninth
treatment with an average daily temperature of 22 °C (23/20 °C day/night) and
constant light intensity of 300 umol m2 s™! was also performed (Figure 3.1A). All
treatments had received the same average light intensity (300 umol m2 s™!) and the
same average temperature (22°C) at the end of the experiment (day 20). In all
treatments air humidity was 70%, photoperiod was 16 h and no CO, enrichment was
applied.
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Figure 3.1. Temperature and light regimes applied in nine treatments: (A) Average
temperature 22°C (0°C temperature amplitude) and light intensity (300 umol m? s') were
constantly maintained. (B) Antiphase treatments (low light with high temperature followed by
high light with low temperature) in a 2-day integration period at two temperature amplitudes
(3 or 10°C). (C) Phase treatments (high light with high temperature followed by low light with
low temperature) in a 2-day integration period at two at two temperature amplitudes (3 or
10°C). (D) Antiphase treatments in a 20-day integration period at two temperature amplitudes
(3 or 10°C). (E) Phase treatment in a 20-day integration period at two temperature amplitudes
(3 or 10°C). All treatments received the same light intensity average (300 umol m? s') and
same temperature average (22°C) at the end of the experiment after 20 days.
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3.2.3 Destructive measurements

For each cabinet, six plants were destructively measured to determine their leaf and
stem dry mass (ventilated oven, 72h at 80°C) and leaf area (LI-3100 area meter, LiCor)
at days 0, 5, 10, 15 and 20. Because we wanted to investigate responses with a closed
canopy, density was changed every five days: 59 plants m> from day 1 to 5, 50 plants
m2 from day 5 to 10, 38 plants m from day 10 to day 15 and 26 plants m? from day
15 to day 20.

3.2.4 Starch and soluble sugar content

Leaf samples for total soluble sugars and starch content were taken on day 0 (before
treatment started) and on days 5, 10, 15 and 20. Leaf samples were taken at the end of
the light period. Sampling was done on every other leaf from the bottom to the top to
obtain a ‘canopy’ sample. In each selected leaf, one leaflet adjacent to the terminal
leaflet was collected. For every treatment (which was repeated 2 times) six replicate
plants per cabinet were taken at each time point (therefore, each time point consisted
of 18 samples). Samples were placed in vials, flash frozen in liquid nitrogen and stored
at -80C for further analysis.

Approximately 15 mg of ground leaf material was mixed with 5Sml 80% EtOH
(ethanol) in a shaking water bath at 80 °C for 20 min for the sugar extraction. After
centrifugation at 8500 g for 5 min, 1ml of the supernatant containing soluble sugars
was vacuum dried using a Savant SpeedVac rotary evaporator (SPD2010; Thermo
Fisher Scientific, Waltham, MA, USA) and dissolved in 1 ml Mili-Q water and diluted
20x for analysis of soluble sugars. Sucrose, fructose and glucose quantification was
done using a high-performance ion chromatograph (ICS-5000; Thermo Fisher
Scientific) with an anion CarboPac 2 x 250 mm exchange column (PA1; Thermo
Fisher Scientific) at 25°C with 100 nM NaOH as eluent at the flow rate of
0.25 ml min'. Pulsed amperometry was used for detection and Chromeleon (Thermo
Fisher Scientific) was used for analysis of the chromatograms and quantification of
sugar concentrations. The remaining pellet after sugar extraction was used for starch
determination. After discarding the supernatant that contained the soluble sugars, the
remaining pellet was washed three times with 80% ethanol, each time followed by
5 min centrifugation and removal of the supernatant. The remaining pellet was dried
for 20min in a SpeedVac rotary evaporator and resuspended in 2 ml
1 mg ml™' thermostable a-amylase solution (Serva Electrophoresis, Heidelberg,
Germany) and incubated for 30min at 90°C. Then, 1ml of
0.5 mg mI™! amyloglucosidase (10115; Sigma-Aldrich) in 50 mM citrate buffer (pH
4.6) was added and the mixture incubated for 15 min at 60°C so that the starch in the
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sample was converted into glucose. After centrifugation for 5 min at 8500 g, 1 ml of
the supernatant was diluted 50x and was used for quantification of glucose content as
described above. Glucose levels were analysed with the HPIC, which this time was
eluted with is 100 mM NaOH' 25 mM sodium acetate.

3.2.5 Statistical analysis

The experiment was carried out in a complete randomized block design with 9
treatments. The complete experiment was conducted 3 times (3 blocks). The 9
treatments that were repeated 3 times (hence 27 treatments including repetitions) were
randomized over four climate cabinets (experimental unit) making sure that no
specific treatment was repeated on the same climate cabinet. Significance of the main
effects and interactions at each time point was tested using a three-way ANOVA
model for the complete factorial design so excluding the control treatment (constant
conditions). The statistical tests were all conducted at a probability level of a = 0.05
applying Fishers protected LSD test for mean separation. Differences between
treatment means and constant conditions were tested using the LSD.

3.3 Results

3.3.1 Effect of light and temperature fluctuations on plant
growth and morphology

The effect of adapting light to temperature in Phase (high light with high temperature
followed by low light with low temperature) or in Antiphase (low light with high
temperature followed by high light with low temperature) on total dry weight
depended on the integration period (P=0.05, Table 3.1). For treatments with an
integration period of 20 days, Antiphase resulted in 12% higher plant total dry weight
(although not statistically significant), 35% higher stem dry weight and 28% longer
stem, 4% lower leaf mass fraction compared to Phase (Table 3.1). For treatments with
an integration period of 2 days, Antiphase resulted in 12 % lower plant total dry
weight, 20% lower stem dry weight, and 15 % shorter stem compared to Antiphase
(Table 3.1). Constant conditions had 11 - 12% less plant total dry weight, 26 % less
stem dry weight, and 20 —22% shorter stem compared to Antiphase 20 days and Phase
2 days respectively. Total plant dry weight, stem dry weight, stem length and leaf
mass fraction were not statistically significantly different between Constant and
Antiphase 2 days and Phase 20 days (Table 3.1). SLA and structural dry mass were
not statistically different between treatments (Table 3.1).
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Plants grown in Phase had 11% higher leaf area compared to Antiphase (Table 3.2).
Constant conditions had 13% less leaf area compared to Phase, but there was no
difference with Antiphase (Table 3.2). Plants grown at lower temperature amplitudes
(3°C) had 21% higher leaf area and 18% higher specific leaf area compared to plants
grown at 10 °C amplitude (Table 3.3). Constant conditions had 17% less leaf area and
specific leaf area compared to 3 °C amplitude but did not differ from Antiphase (Table
3.3).

For treatments with an integration period of 20 days, during the period from day 10
to 15, Antiphase had a 58% and 46% higher growth rate compared to Phase and
Constant conditions respectively (Table 3.4). For treatments with an integration
period of 2 days during the same time interval, Phase had 70% and 25 % higher growth
rate compared to Antiphase and Constant conditions, respectively (Table 3.4).
Constant conditions had a relatively constant growth rate at all time intervals (Table
3.4)

Table 3.2. Effect of adapting light to temperature in Phase (high light with high temperature
Jfollowed by low light with low temperature) or in Antiphase (low light with high temperature
followed by high light with low temperature) on leaf area of young tomato plants at day 20.
In a third treatment (Constant) average daily temperature and light intensity were constantly
maintained. Data are means of 3 blocks with 6 replicate plants per block and averaged over
two temperature amplitudes and 2 integration periods (so each value is based on 72 plants).

Phase/Antiphase Leaf area (cm?)
Phase 1822 a
Antiphase 1635 b
Constant 1593 b
F-probability main effect (Phase/Antiphase) 0.032

Standard error of the means (SEM) 80.4

LSD (P =0.05) 168
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Table 3.3. Effect of temperature amplitude (3 °C or 10 °C) on leaf area and specific leaf
area of young tomato plants at day 20. In a third treatment (Constant) average daily
temperature and light intensity were constantly maintained. Data are means of 3 blocks
(n=3) with 6 replicate plants per block and averaged over Phase and Antiphase and 2
integration periods (so each value is based on 72 plants).

Temperature amplitude (°C) Leaf area (cm?) Specific leaf area (cm? g)
3 1899 a 303 a
10 1558 b 256 b
Constant 1593 b 269b
F-probability main effect (Amplitude) <0.001 0.005
Standard error of the means (SEM) 80.4 13.86
LSD (P = 0.05) 142 28

Table 3.4. Effect of adapting light to temperature in Phase (high light with high temperature
Jfollowed by low light with low temperature) or in Antiphase (low light with high temperature
followed by high light with low temperature) and Integration Period (either 2 or 20 days),
averaged over 2 temperature amplitudes (3 or 10 °C) on growth rate of tomato plants over
time. In a fifth treatment (Constant) average daily temperature and light intensity were
maintained constantly. Data are means of 3 blocks with 6 replicate plants per block and
averaged over 2 temperature amplitudes (so each value based on 36 plants). Light intensity
(umol m? s7') and temperature (°C) are indicated in brackets.

. Growth rate  Growth rate  Growth rate = Growth rate
Integration

Phase/Antiphase Period (gDM d) (gDM d™) (gDM d™) (gDM d)
Day 0 to 5 Day S to 10 Day 10 to 15  Day 15 to 20
Phase 2 12.8 13.9 17.3 be 13.2
(320/22.65) (280/21.35) (320/22.65) (280/21.35)
Antiphase 2 9.96 14.1 10.0a 134
(280/22.65) (320/21.35) (280/22.65) (320/21.35)
Phase 20 14.8 13.6 12.7 ab 10.8
(400/25.3) (400/25.3) (200/18.8) (200/18.8)
Antiphase 20 9.15 13.9 20.1¢c 11.8
(200/25.3) (200/25.3) (400/18.8) (400/18.8)
Constant Constant 9.20 14.4 13.8 11.6
(300/22) (300/22) (300/22) (300/22)
F-probability interaction (Phase x 0.380 0.857 0.004 0.873
Period)
Standard error of the means (SEM)  2.21 1.68 3.01 3.36
LSD (P =0.05) 6.46
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3.3.2 Non-structural carbohydrate dynamics

For treatments with an integration period of 20 days, Antiphase (low light with high
temperature followed by high light with low temperature) showed a steep decline in
NSC from about 0.25 g CH>O g"'DM on day 0 to about 0.10 g CH>O g'! DM on day
5 at both temperature amplitudes (3 °C and 10 °C). The NSC concentration remained
constant from day 5 to day 10 (Figure 3.2D). From day 10 onwards, when light
intensity increased and temperature decreased, NSC increased again to 0.25 g CH,O
¢! DM for the 10 °C amplitude and to 0.14 g CH,O g'DM for 3 °C amplitude (Figure
3.2D). Treatments in Phase (high light with high temperature followed by low light
with low temperature) showed a linear decrease in the NSC from day 0 to day 10 in
both temperature amplitudes (3 and 10 °C). When temperature amplitude was large
(10 °C), the minimum NSC concentration (0.1 g CH,O g'DM) was reached at day
10, and afterwards the concentration remained constant. The NSC decreased at a
slower rate from day 0 to 10 in small temperature amplitudes (3 °C) and the minimum
(0.1 g CH,O g'DM) was reached on day 15 (Figure 3.2E). For treatments with an
integration period of 2 days, Antiphase maintained almost a constant NSC
concentration from day 0 to day 10. After day 10, the concentration decreased on days
with high temperature and low light intensity and increased again at day 20 on a day
with low temperature and high light intensity for both temperature amplitudes (Figure
3.2B). Treatments in Phase showed a general trend of a decline in the NSC pool (from
0.20 to 0.1 gCH,0O gDM™!) throughout the experiment (Figure 3.2C). Plants grown
under constant conditions showed a continuous decrease in NSC until day 15
(reaching a minimum of 0.14 gCH,O gDM ) and afterwards, the NSC concentration
remained constant (Figure 3.2).

3.3.3 Soluble sugar dynamics

For treatments with an integration period of 20 days Antiphase, at both temperature
amplitudes, had on average lower SS concentration (0.015 g CH,O g''DM) compared
to Phase (Figure 3.3D,E). Antiphase treatment at a 20-day integration period showed
a slight increase in the SS sugar at day 10 at 10 °C temperature amplitude once PPFD
increased from 200 to 400 umol m?s™! and temperature decreased from 28 °C to 18
°C (Figure 3.3D). For treatments with an integration period of 2 days, soluble sugars
were on average twice as high at 10 °C amplitude, compared with 3 °C amplitude no
matter whether in Phase of Antiphase (Figure 3.3B,C). Constant conditions resulted
in constant SS concentration over time (0.03 g CH,O g''DM) (Figure 3.3A). In all
treatments, SS rarely were above 0.06 gCH,O gDM.
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Figure 3.2. Time course of non-structural carbohydrate content of tomato leaves (sum of
glucose, fructose, sucrose and starch) for (A) constant light (300 umol m>s™) and temperature
(22 °C), (B) light and temperature in Antiphase and an integration period of 2 days (200 pmol
m2s! and 28 °C for 1 day followed by 400 umol m?s™ and 18 °C for 1 day), (C) light and
temperature in Phase and an integration period of 2 days ( 400 umol ms” and 28 °C for 1 days
Jollowed by 200 umol m?s™ and 18 °C for I day), (D) light and temperature in Antiphase and
an integration period of 20 days (200 umol ms™ and 28 °C for 10 days followed by 10 days at
400 umol m?s' and 18 °C) and e) light and temperature in Phase and an integration period of
20 days (400 umol m=s"'and 28 °C for 10 days followed by 10 days at 200 umol m?s”and 18
°C). Closed symbols are treatments with a temperature amplitude of 10 °C and open symbols
a temperature amplitude of 3 °C. White bars above the graphs indicate a low level of light
intensity (L) and temperature (T) and black bars indicate a high level of light intensity (L) and
temperature (T). Data are means of 3 blocks (n=3) with 6 replicate plants per block. Error bars
are +SEM.
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Figure 3.3. Soluble sugar content of tomato leaves (sum of glucose, fructose, sucrose) over
time for (4) constant light (300 umol m2s™!) and temperature (22 °C), (B) light and temperature
in Antiphase and an integration period of 2 days (200 umol ms™ and 28 °C for 1 day followed
by 400 umol m?s”'and 18 °C for I day), (C) light and temperature in Phase and an integration
period of 2 days ( 400 umol m>s™ and 28 °C for 1 days followed by 200 umol m-2s-1 and 18
°C for 1 day), (D) light and temperature in Antiphase and an integration period of 20 days (200
umol m2sland 28 °C for 10 days followed by 10 days at 400 umol m?s™"' and 18 °C) and e)
light and temperature in Phase and an integration period of 20 days (400 umol m?s' and 28
°C for 10 days followed by 10 days at 200 umol m?s” and 18 °C). Closed symbols are treatments
with a temperature amplitude of 10 °C and open symbols a temperature amplitude of 3 °C.
White bars above the graphs indicate a low level of light intensity and temperature and black
bars indicate a high level of light intensity and temperature. Data are means of 3 blocks (n=3)
with 6 replicate plants per block. Error bars are +SEM.
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3.4 Discussion

3.4.1 C storage and remobilization largely buffer the effects of
temperature and light fluctuations on growth

C reserves are hypothesized to play a fundamental role in a plant’s coping with
environmental fluctuations, at different temporal scales from within a day to seasons
(Dietze et al., 2014; Legros et al., 2009). Short-term temperature and light fluctuations
(every other day) lead to a similar time course (both a depletion / decrease) of the NSC
over 20 days independent from whether temperature and light intensity are in Phase
or in Antiphase (Figure 3.2C). Constant conditions also lead to a depletion of the NSC
over time, although in this case, the concentration of NSC start declining at a rate of
~0.012 gNSC day! from day 0 to 5, compared to Phase or Antiphase where during
this time period, there is almost no depletion. This may indicate that plants in constant
conditions were source-limited already from day 0 and had no C to allocate to storage.
Surprisingly, differences in structural dry weight between these treatments were
relatively small considering such contrasting temperature and light fluctuations (Table
3.1). Still, on the short-term, the dynamics of the NSC pools followed the patterns of
light and temperature: plants reduced the amount of stored NSC on days with a low
supply relative to the demand (i.e., days with low light intensity and high temperature)
for example at day 15 (Figure 3.2B) and accumulated NSC carbohydrates over days
with an excess supply (i.e. days with a high light intensity and a low temperature) for
example at day 20 (Figure 3.2B). While on the short term we can see patterns of
accumulation and depletion, on the long term we can see a continuous loss in the NSC
pools indicating a net depletion of the storage pools, meaning that plants were source
limited. If plants were grown at higher light intensities where source is higher than the
sink, then gradual increases on NSC are expected up to the moment when the NSC
pool reaches its limit, or until plants become source-limited again and NSC pool starts
depleting.

3.4.2 Plants build up NSC reserves when supply exceeds demand
up to a maximum

Fluctuations in the NSC pool are mainly driven by changes in assimilation vs. growth
and respiration, which in turn are highly dependent on temperature and light
environment. We hypothesize that a low light intensity results in reduced assimilation,
and when this coincides with high growth and respiration demands due to high
temperature, then C storage is quickly depleted. Conversely, a situation with increased
assimilation rate due to high light intensity and low growth or respiration demand due
to reduced temperature will result in a build-up of NSC storage. Our results show that
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NSC storage pools were able to recover after 5 days (i.e., Figure 3.2D from day 10 to
15), (accumulation of 3 times more compared to the minimum NSC observed) from
the C-limiting conditions after an increase in the light intensity. The rate of
accumulation depended on temperature, for example, at 18 °C the accumulation rate
was 0.038 gNSC day!, while at 21.5 °C the accumulation rate was lower with 0.014
gNSC day! (Figure 3.2D from day 10 to 15). Similarly, Klopotek & Kliring, (2014)
showed that once plants were moved from 26 °C to 16 °C (at 400 pmol m2s™!), in only
2 days, plants were able accumulate 3 times as much starch compared to the
concentrations measured just before the temperature change. A similar behaviour has
been long observed for Arabidopsis on a diurnal time scale (Gibon et al., 2009;
Mengin et al., 2017; Smith & Stitt, 2007; Sulpice et al., 2014) for example, when
during short days plant accumulate NSC (mainly in the form of starch) and these
reserves are used during the C limiting conditions of ‘darkness’ (the night). The
question remains: what are the limits for C storage in which growth then becomes
negatively affected? Most likely conditions in the present experiment were not
extreme enough compared to starvation conditions, which simply did not trigger or
impair growth of the plants. In a more extreme case, Weber et al., (2018) showed that
tissue concentrations of C reserves decreased in complete darkness, but seedlings
were able to recover quickly after a few days of re-illumination. However, in this case,
after re-illumination, the rebuilding of C reserves of seedlings was prioritized over
other C-sink activities such as growth (Weber et al., (2018), see Fig 5 and 6).

An increased growth rate was observed at long integration periods (20 days),
immediately after the increase in light intensity (Table 3.4) and coincides with a period
of high accumulation of NSC. This suggests that the stored NSC is used to give a
higher growth rate for a few days. This was previously observed by (Gent, 1986) in
tomato plants, where RGR was 43% higher and NSC content was 41.5% higher at
plants grown at high light intensity compared to low light intensity. However, in our
experiment, after 5 days with a high NSC concentration, the NSC pool and growth
rates started declining, indicating a possible feedback inhibition of photosynthesis,
and suggesting that the NSC pool reached a ‘limit’ at ~0.28 gCH,O gDM-'.
Altogether, this shows that NSC pools respond in a time scale of days to C source-
sink asynchronies and that C storage and remobilization largely buffer the effects of
temperature and light fluctuations on plant structural growth.

3.4.3 Stored NSC were not entirely remobilized even under
source-limited conditions

Previous studies have shown that plants keep a relatively high minimum NSC
concentration at all times (30 to 50% the percentage from the seasonal maximum)
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(Martinez-Vilalta et al., 2016) unless they are under extreme conditions leading to
death (Weber et al., 2018). From our results we can see that in all treatments, the NSC
pool seems to reach a minimum, roughly 33% from the maximum NSC observed
during the experiment which goes in line with previous research across different
species and climates (Martinez-Vilalta et al., 2016). In our study, if light intensity and
temperature remain the same, this ‘minimum’ level is maintained (Figure 3.2). This
simply reflects that at this point, plants are not allocating any new C to storage,
however, they are also not using any reserve although still 10% of the total plant mass
is NSC (Figure 3.2). From the remaining NSC, only around 30% are soluble sugars
(Figure 3.3) which denotes that there is still a fraction of starch that remains stored
despite that the C flows for respiration and growth could be potentially higher than C
assimilation (for example Figure 3.2D, day 5 to 10). Hence there is a fraction of the
NSC that is non mobilizable, and that plants are likely keeping this level to prevent
acute depletions of the NSC at all times, unless conditions are extreme.

3.4.4 Short-term fluctuations increase the concentration of
soluble sugars when temperature fluctuations are large

Unexpectedly, short-term (days) fluctuations of light and temperature lead to
constantly higher concentrations of soluble sugars in the leaves when temperature
fluctuations were large (Figure 3.3B, C) (i.e. when mean daily temperature fluctuated
between 18 and 28 °C) compared to a mean daily temperature fluctuating between
21.5°C and 23.5°C. Soluble sugars are involved in the response to a number of
stresses, as they act as signalling molecules (Couée et al., 2006). Under low
temperatures, accumulation of soluble sugars is typical as they contribute to the
stabilization of the osmotic cell potential (Martinez-Vilalta et al., 2016; Pommerrenig
et al., 2018a) and they have a protective role against ROS (Keunen et al., 2013).
Perhaps those days with low temperatures triggered a ‘cold acclimation’ type of
response in plants, or reduced respiration contributed to the accumulation of soluble
sugars. However, in that case we would also observe such a response in treatments
where plants were exposed to 18 °C constantly for 10 days (Figure 3.3D, E), but we
did not observe this. Most likely temperatures were simply not sufficiently low to
trigger a cold acclimation or to reduce respiration substantially. Another explanation
is that plants perceived the ‘repetitive sudden changes’ in temperature as a sign of
stress and triggered a response that led to an accumulation of soluble sugars. We
conclude that daily abrupt changes in temperature lead to an accumulation of soluble
sugars. Although extensive research has been conducted regarding accumulation of
sugars as a response to low temperature (Ruelland et al., 2009) or excess light
(Schmitz et al., 2014) there is limited research on the response of the soluble sugar

56



Chapter 3

pool to dynamic fluctuations in light and temperature and its interaction which is
relevant for plants exposed to naturally occurring environmental fluctuations.

Our findings also support the dual role of NS in plants: starch fluctuates and acts as a
storage for future use under C-limiting conditions or drought, while soluble sugars
stay relatively constant to perform immediate metabolic functions and are kept above
some critical threshold (Dietze et al., 2014; Martinez-Vilalta et al., 2016; Sala et al.,
2012).

3.4.5 Could temperature dependence of CO: assimilation explain
higher growth in Phase treatments at short-term
fluctuations?

The effect of adapting light to temperature in Phase or in Antiphase on total dry weight
depends on the integration period (Table 3.1). When temperature and light changed
every other day, adapting light to temperature in phase led to 14% higher total dry
weight, compared to adapting light to temperature in Antiphase. These results could
not be explained by changes in leaf morphology or allocation, as SLA, LA or LMF
did not significantly differ between treatments (Table 3.1). As discussed earlier, the
rate of depletion of the NSC was almost identical, so accumulation and remobilization
of NSC could not explain the differences either. It is possible that the influence of
temperature on CO; assimilation plays a significant role, as in many species, the
optimal temperature that maximizes leaf photosynthetic rate increases with increasing
growth temperature (Hikosaka et al., 2006). Most likely, C assimilation was
temperature limited for Antiphase treatments, when plants were grown at days with
high light intensity (400 pmol m? s™!) and low temperature (18 °C), where according
to (J. Thornley, 2016), temperature was below optimum for the given light intensity.
The next day, when plants were exposed to a low PPFD (200 umol m? s!) but a
relatively high temperature (28 °C) C assimilation was simply reduced because of the
lower PPFD but the higher temperatures lead to an increased respiration. If this pattern
is then repeated over time (e.g., 20 days) this may have led to a disadvantage compared
to fluctuations where the PPFD coincides paired with the optimal temperature for
photosynthesis, which is the case in the Phase treatment.

A similar reasoning could be followed for the temperature dependence of CO»
assimilation at different CO; levels, where there is a shift to a higher optimum
temperature at elevated CO; levels (Korner et al., 2009). While in our study we
maintained CO; at ambient concentrations, on a greenhouse where supplementing
with CO; is a common practice, these interactions must be considered.
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3.4.6 Inlong integration periods, ending with a high light
intensity leads to a large total dry weight

When temperature and light changed every 10 days, adapting light to temperature in
Antiphase led to 12% higher total dry weight, compared to adapting light to
temperature in phase. When plants grown at low light intensities (200 pmol m? s)
were switched to a high light intensity (400 umol m s2), there is a 44% increased
growth rate, compared with plants grown first at high light intensities and then
switched to low light intensities (Table 3.4). This was expected, as an increase in the
light intensity (and therefore in the photosynthesis rate) leads to an increase in the
growth rate (Walters, 2005), however, the increased growth rate was only sustained
for 5 days, and thereafter the growth rate was reduced from 20.1 to 11.8 gDM m™=.
The reduction in growth rate in day 15 to 20 was also accompanied by a reduction in
the NSC pool (Figure 3.2D). A possible explanation is that initially, the increase in
light intensity led to an increased growth rate, but after a while the NSC buffer was
‘completely full’ resulting in feedback inhibition of photosynthesis, which led to both,
a decrease in the NSC reserves and also in the growth rate (Gent & Seginer, 2012;
Paul & Foyer, 2001).

In both treatments (Phase and Antiphase), temperature changed equally (Figure 3.1E,
D) (high temperature during the first 10 days and low temperature during the last 10
days), therefore we can exclude temperature as a factor explaining the increased
growth rate. A remaining question is: would the growth rate be equally higher if the
switch to higher light intensities would be paired with an increased temperature?
Interestingly, in an additional experiment with an integration period of 14 days we
observed similar increase in growth rate (2.2 and 2.8 times higher) for the treatment
that ended high light intensity (400 umol m? s2) and low temperature (18 °C) and
treatment that ended with high light intensity but also high temperature (28 °C) (Table
A. 3.1). The main differences were that at low temperatures, around 42% of the total
dry weight was allocated to storage (starch and soluble sugars), while at high
temperatures only 25% is allocated to storage (Table A. 3.2).

Accumulation of structural dry mass was not different between Antiphase and Phase
at day 20 (differences less than 0.12 gSDM plant™!"), However, the absolute size of the
non-structural carbohydrate pool is 3 times larger, compared to Phase (Table 3.1).The
implications of these results are that the greater the mass of reserves, the higher the C
availability is to build new tissue (Wiley et al., 2019). In this case, if these plants
would then be exposed to an environmental stress such as high temperatures, drought,
or high salinity, they would have more resources available to remobilize and release
energy and sugars to help mitigate the stress (Thalmann & Santelia, 2017).
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3.4.7 Fluctuating temperature led to higher leaf area and
specific leaf area

In our study we observed changes in leaf morphology upon fluctuating temperature.
Fluctuating temperature with an amplitude of 3 °C reduced leaf thickness and
increased leaf area (Table 3) compared with larger temperature fluctuations (10 °C)
or constant conditions. A similar response was observed in plants grown under
fluctuating light regimes (Vialet-Chabrand et al., 2017; Zhang & Kaiser, 2020).
Additionally, when plants are grown under fluctuating light and temperature,
adjusting light to temperature in Phase (for example, high light levels together with
high temperature levels) results in a larger leaf area compared to adjusting light to
temperature in antiphase (high light levels together with low temperature levels) or
with constant conditions (Table 3.2). This is a remarkable response, as an increase in
leaf area or specific leaf area can lead to a larger light capture per unit biomass,
ultimately leading to a higher dry weight accumulation. This implies that constant
conditions (similar regimes used in greenhouse production or climate chambers) are
not necessarily optimal, at least for tomatoes.

3.4.8 Future implications

Whereas much of the earlier research focused on seasonal patterns of C accumulation
and remobilization (Huang et al., 2018; Sala et al., 2012; Tixier et al., 2013; Weber et
al., 2019) or diurnal C remobilization (starch degradation pattern) (Gibon et al., 2004;
Grafetal., 2010a; Pilkington et al., 2015; Scialdone et al., 2013), future studies should
explore in more detail the day to day effect of fluctuations on the C pool dynamics
and how these relate to growth. For example: what are the rates of accumulation and
depletion of C and to what extent do these depend on temperature? Or where are the
thresholds of minimum and maximum NSC before we can observe detrimental effects
on growth or prioritization of C accumulation over growth? Future research should
include gas exchange measurements, metabolic flux analysis, isotopic techniques and
dynamic growth monitoring with the use of sensors (e.g. De Swaef et al., 2013), to
have a better integration of the whole plant C economy over several days. As there is
almost an infinite number of possible combinations of light and temperature
fluctuations that lead to different source-sink relationships, parametrizing C
accumulation and depletion rates and calibrating a model would allow us to test
hypotheses over a larger range of environmental conditions.

Furthermore, we observed that short- and long-term fluctuations in light and
temperature influence structural mass accumulation only slightly, and that C storage
and remobilization plays a key role in buffering these fluctuations. These results raise
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the following question: is there a reason to shift our paradigm about the way we grow
crops in controlled environments? Throughout the years we have been growing plants
in greenhouses and climate rooms highly focused on maintaining the ‘perfect
constant’ climate and thus, reducing environmental fluctuations. It has now become
increasingly questionable whether this may be the best practice, since plants in nature
grow under highly variable conditions at all time scales (second to minutes, diurnally,
day to day or seasonally) (Athanasiou et al., 2010; Poorter et al., 2016; Vialet-
Chabrand et al., 2017). Rapid fluctuations in light (seconds to hours) (e.g.,Bhuiyan &
Iersel, 2021; Zhang & Kaiser, 2020) or daily fluctuations in light and temperature
(e.g., Dieleman & Meinen, 2007; Klopotek & Klaring, 2014) may not necessarily have
detrimental effects on plant growth and may even improve physiological traits that
lead to the same or improved biomass production in plants. Additionally, the fact that
crops can buffer fluctuations in light and temperature allow a higher freedom in
horticulture for allowing the climate to deviate from the set points. This has a profound
impact on the energy use efficiency, as flexible climate set points can reduce energy
consumption in greenhouse up to 20% (Korner & Challa, 2004; Van Beveren et al.,
2015)

3.5 Conclusions

Differences in final structural dry weight were relatively small, while NSC
concentrations were highly dynamic and followed changes of light and temperature
(a positive correlation with decreasing temperature and increasing light intensity).
High temperature and low light intensity lead to depletion of the NSC pool, but NSC
level never dropped below 8% of the plant weight and this fraction was not
mobilizable. Low temperatures lead to a faster accumulation of NSC and the NSC
pool reached a ‘limit’ at ~0.28 gCH,O gDM-!. After 5 days with a constantly high
NSC concentration, the NSC pool and growth rates started declining, indicating a
possible feedback inhibition of photosynthesis. Our results suggest that growing
plants under fluctuating conditions do not necessarily have detrimental effects on
plant growth and may improve biomass production in plants. These findings highlight
the importance in the NSC carbon pool dynamics to buffer fluctuations of light and
temperature on plant structural growth.
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3.6 Appendices
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Figure A. 3.1. Time course of CO: during a 24-hour measurement on experimental day 12 in
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growth cabinet 14. Average value over 24 hours is 412 ppm.
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Figure A. 3.2. Time course of CO: during a 24-hour measurement on experimental day 13 in

growth cabinet 15. Average value over 24 hours is 399 ppm.
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Figure A. 3.3. Time course of CO: during a 24-hour measurement on experimental day 12 in

growth cabinet 16. Average value over 24 hours is 441ppm

Table A. 3.1. Effect of adapting light to temperature in Phase (high light with high
temperature followed by low light with low temperature) or in Antiphase (low light with high
temperature followed by high light with low temperature) and Integration Period (either 2

or 20 days), averaged over 2 temperature amplitudes (3 or 10°C) on total dry weight, stem
dry weight, NSC, leaf dry weight and stem dry weight. Data are means of 3 blocks with 6
replicate plants per block and averaged over 2 temperature amplitudes (so each value based

on 36 plants).

Integration Total Dry NSC Leaf dry Stem Dry
Phase/Antiphase Period Weight (gCH,O  weight (g Weight (g m')

(days) (g DM m?) m™) m™)

Phase 2 216.1 22.34 173.9 42.12
Antiphase 2 190.3 25.66 156.8 33.54
Phase 20 190.1 14.74 169.8 32.24
Antiphase 20 213.0 40.04 169.8 429
Constant Constant 190.1 22.69 158.34 31.72
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Figure A 3.4. Total dry weight over time of tomato plants grown at 300 umol m? s and 22 °C
constantly for 20 days. Symbols indicate the mean of two replications (n=2) and bars are SEM.
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Figure A 3.5. Cumulative dry mass of tomato plants over time. Star black symbols stand for
constant conditions: constant light (300 umol m?s”') and temperature (22 °C), red closed
symbols are treatment in Antiphase light and temperature in Antiphase and an integration
period of 20 days (200 umol m?s™ and 28 °C for 10 days followed by 10 days at 400 umol m
25l and 18 °C and blue closed symbols is treatments in phase light and temperature in Phase
and an integration period of 20 days (400 umol m™s™ and 28 °C for 10 days followed by 10
days at 200 umol m?s™ and 18 °C. Data are means of 3 blocks (n=3) with 6 replicate plants
per block. Error bars are +SEM.
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Table A. 3.2. Growth rate of tomato plants grown in Phase (400 umol m? s and 28 °C for
7 days and then at 200 umol m? s and 18 °C for the last 7 day), Phase low (200 umol m~
s and 18 °C for 7 days and then at 400 umol m? s and 28 °C for the last 7 day) or in
Antiphase (200 umol m? s and 18 °C for 7 days and then at 400 umol m s™ and 28 °C for
the last 7 day).

Growth rate (gDM d") Day0to7  Growth rate (gDM d?) Day 7 to 14

Phase 9.17 8.91
Antiphase 6.33 14.2
Phase low 5.14 14.9

Table A. 3.3. Plant dry mass, non-structural carbohydrate and structural dry mass of tomato

plants grown in Phase low (200 umol m? s and 18 °C for 7 days and then at 400 umol m
25l and 28 °C for the last 7 day) or in Antiphase (200 umol m? s and 18 °C for 7 days and
then at 400 umol m? s and 28 °C for the last 7 day).

Plant dry mass (gDM m?) Non-structural carbohydrate (gCH,O m)
Time Phase low Antiphase
0 40 40
7 76.0 84.3
14 180 183

Data are means of 3 blocks (n=3) with 6 replicate plants per block. Error bars are +SEM.
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Chapter 4

Abstract

Temperature stress contributes considerably to yield losses by affecting various
reproductive processes, yet many crop growth models do not explicitly incorporate
these processes. The aim of this chapter was to develop a quantitative model to predict
fruit mass, seed set, and fruit set based on the effects of temperature stress and duration
of the stress on pollen quality (number of pollen, pollen viability and pollen
germination). To develop the model, we conducted an experiment where we exposed
dwarf tomato plants to 14°C for 4, 6, or 8 days, 30°C and 34°C for 1, 3, or 4 days, and
a control treatment at 18°C. We quantified pollen number, pollen viability, pollen
germination, fruit set, seed set, and fruit mass. Temperatures of 30°C and 34°C
reduced pollen viability and germination, resulting in lower seed set and fruit mass.
While fruit set remained unaffected at 30°C, both 14°C and 34°C led to reduced fruit
set. No correlation was observed between fruit set and pollen number, germination,
or viability. At low temperatures (14 °C) yield was predicted to decrease due to a
lower number of fruits in the truss (as a consequence of low fruit set) and due to a
reduced fruit mass compared to optimal temperatures (18 °C). At high temperatures
(30 °C) yield was predicted to decrease mainly due to a reduced individual fruit mass
(as a consequence of low seed set). Our model fits well the data for most of the
treatments, however, it overestimates fruit mass at very high temperatures (34 °C) and
long durations (3 or 4 days). By coupling this model with a crop growth model, a
control algorithm could weight the presence of flowers and the impact of temperature
fluctuations against the economic losses from harvesting smaller fruits or a reduced
number of fruits, making it a valuable tool for optimizing greenhouse temperature
strategies.
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4.1 Introduction

The reproductive phase in flowering plants is highly sensitive to temperature, even
more than the vegetative phase (Miiller et al., 2016). As projected climate changes
indicate a higher likelihood of extreme temperature fluctuations (Pereira et al., 2022),
this could lead to significant yield losses in fruit-bearing crops. This is due to the
reduced number of fruits resulting from poor fruit set or the decreased size of
individual fruits, which affects quality (Bertin, 1995). Fruit set is the process of
flowers developing into fruits, and this can occur independently of pollination (Ruan
et al., 2012). The balance between supply and demand for assimilates, also known as
the source-sink ratio, is often used to model fruit set (Bertin & Gary, 1993; Kang et
al., 2010; Marcelis, 1994; Vanthoor et al., 2011; Wubs, 2010) with temperature
playing an indirect role. Factors such as leaf area, radiation, and CO, levels can impact
source strength, while sink strength can be influenced by factors such as fruit number,
cultivar, and temperature (Li et al., 2015). The limited current understanding of fruit
set poses a challenge in developing accurate models.

The success of fruit and seed crop production depends on the interplay of various
processes such as pollen development, pollination, pollen tube growth, and
fertilization of female gametes (Santiago & Sharkey, 2019) which are highly sensitive
to temperature (Hedhly et al., 2005). The effect of temperature is a complex function
of intensity, duration, and timing of exposure (Sato et al., 2002; Zinn et al., 2010).
However, these processes are rarely included in crop simulation models, which can
impact the accuracy and reliability of yield predictions under fluctuating temperature
conditions. Improving our understanding of fruit set, seed set and fruit growth
processes is crucial for improving the accuracy of yield predictions under changing
climate.

An alternative to modelling fruit set based on the source sink-balance is the use of
deterministic or probability models that link temperature with pollination, fruit set, or
seed set failure. Coast et al. (2016) used a probability model based on optimum,
minimum, and maximum temperature to describe pollen germination in response to
temperature. Steduto et al. (2009) calculated the impact of pollination failure on
harvest index (HI) using a probability function, while Challinor et al. (2005)
calculated the flowering distribution and pod-set reduction coefficient based on high
temperature episodes. However, research often focus on establishing a correlation
between a single physiological process and fruit set, ignoring key intermediate
processes that are critical to the overall fruit growth. These studies typically compared
heat stress to optimum temperatures, providing limited information on the tomato's
response over a broader range of temperatures. There is less research on the effect of
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lower temperatures on reproductive processes in tomato and most of the research
focus on grain crops (e.g., Kiran et al., 2021; Ohnishi et al., 2010; Thakur et al., 2010)

Temperature stress affects pollen development at early, middle, or late stages, which
corresponds to 8-15 days before anthesis (Sato et al., 2002). At early stages, pollen
develops in the anthers where microsporocytes undergo cell division until they
become tricellular pollen with one nucleus and two sperm cells (Santiago & Sharkey,
2019). Exposure to high temperature (5 °C above optimum) at the early stage reduces
pollen production in tomato up to 40% (Pham et al., 2020; Sato et al., 2000; Prasad et
al., 1999). Temperature stress at the middle stage causes abnormal pollen wall
formation which results in unviable pollen (Chaturvedi et al., 2021), reducing the
probability of the ovule to be fertilized (Pham et al., 2020). High temperature at a later
stage starves pollen grains, inhibition the germination of the tube, which is needed to
fertilize the ovule (Santiago & Sharkey, 2019). Fruit set can occur without fertilization
(Ruan et al., 2012), resulting in seedless (parthenocarpic) fruit. The absence of seeds
is correlated with poor fruit shape and a lower fruit mass (Marcelis et al., 1997; Peet
et al., 1998).

The aim of this study was to develop a quantitative model to predict fruit mass, seed
set, and fruit set based on the effects of temperature stress and duration of the stress
on pollen quality (number of pollen, pollen viability, and pollen germination). To
develop the model, we conducted an experiment where we exposed dwarf tomato
plants to 14°C for 4, 6, or 8 days, 30°C and 34°C for 1, 3, or 4 days, and a control
treatment at 18°C.

4.2 Materials and methods
4.2.1 Plant material and growth conditions

Tomato (Solanum Lycopersicum cultivar F1 2414, Vreugdenhil, the Netherlands)
seeds were sown in trays with potting soil mix covered with a thin layer of vermiculite
and stored in a dark cold room at 4°C. After 24 hours, the trays with the seeds were
moved to a climate cabinet (Weiss Technik, the Netherlands) and temperature was set
at 18°C, relative humidity 70% and light intensity 230 umol m* s’ during a 16-hour
photoperiod. Light was provided by white LED modules (Hettich Benelux B.V.). The
desired photosynthetic photon flux density (PPFD) at canopy level was maintained by
dimming the lamps. Seedlings were transplanted 25 days after sowing (DAS) to 11 x
11 x 12 cm plastic pots filled with the same potting soil and distributed over three
climate cabinets with the same climate conditions as mentioned above. The growth
surface of each climate cabinet was 0.84 m?. Climate in the cabinet was controlled by
a climate computer. Plants were watered with a nutrient solution (electrical
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conductivity 2.1 dS m™!, pH 5.5) containing 1.2mM NH4", 7.2mM K*, 4.0mM Ca?",
1.8mM Mg?*, 12.4mM NOy, 3.3mM SO4%, 1.0mM PO, 35uM Fe’*, 8.0uM Mn?",
5.0uM Zn%*, 20uM B, 0.5uM Cu?’, 0.5uM MoO4*. The plant density inside the
cabinets was 30 plants m™. Only the first three trusses on the main stem were kept,
and all additional trusses were removed. The three trusses were numbered according
to their order of appearance. All trusses were pruned to 9 flower buds per truss to
eliminate potential treatment effects on flower initiation. Once the first flower was
open, we gently shook the plant's stem every other morning to facilitate self-
pollination of the flowers. In addition, throughout the experiment, emerging lateral
shoots were removed weekly.

4.2.2 Treatments and experimental set up

We conducted and experiment with two factors (temperature and duration) and a
control treatment (hence 10 treatments). The factor temperature had three levels: 14
°C, 30 °C or 34 °. The factor duration had five levels, but unbalanced: at 14 °C duration
was 4, 6, or 8 days and at 30 °C and 34 °C duration was 1, 3, or 4 days. The control
treatment was continuous at 18 °C, which in this study was considered the optimal
growth temperature. The temperature treatments were applied just before the first
flower of the first truss reached anthesis stage (approximately 49 DAS). At this
moment the second and third truss were already present but were less developed. The
same vapor pressure deficit (VPD) was maintained in all treatments resulting in 0.65
kPa. The relative humidity in the cabinets set at 34°C, 30°C, 14°C, and 18°C was set
as 88%, 85%, 61%, and 70% respectively. The experiment was carried out using 5
available cabinets. For the treatments, 3 cabinets were set to 14°C, 30°C, or 34°C
while the remaining 2 cabinets were set to 18°C. The plants were moved between
cabinets according to duration of the temperature stress. After all treatments were
completed, the temperature and humidity were reset to the standard conditions of 18°C
and 70% relative humidity in all cabinets.

4.2.3 Pollen number and viability

To calculate the number of pollen produced, and to calculate viability, the first flower
(position 1) of each truss (1, 2, or 3) was collected once it was fully open. The anther
cone was removed from the flower, inserted to a 1.5 mL Eppendorf tube and a
Carnoy’s fixation solution (Kearns & Inouye, 1993) (6 Ethanol: 3 chloroform: 1
glacial acetic acid) was added to allow storage of the cone until measuring time. At
measuring time, the anther cone was dried on tissue paper, dissected into four pieces
with a sharp razor blade and inserted again inside a 1.5 mL Eppendorf tube. Pollen
was stained by adding 200 pL of Alexander’s dye (Alexander, 1969) to the Eppendorf

70




Chapter 4

tube, vortexed for 20 s, and stored at room temperature for at least 24 h before
observation. Alexander’s dye consisted of 10 mL of 95% ethanol, 1 mL of malachite
green (1% solution in 95% ethanol), 54.5 mL of distilled water, 25 mL of glycerol, 5
mL of acid fuchsin (1% solution in water), 0.5 mL of orange G (1% solution in water)
and 4 mL of glacial acetic acid for a 100 mL solution (Kearns & Inouye, 1993). After
24h of staining, 10 pL of pollen suspension was loaded into a Fuchs-Rosenthal
haemocytometer (4 x 4 x 0.2 mm grid, 3.2 mm?). The counting chamber was observed
under a LEICA MZ APO stereomicroscope equipped with an Axiocam 305 color
camera controlled by Axio Vision 4.8.1.0 software. The counting chamber was
divided into 16 large squares (1 x 1 mm, 1 mm?), and each square was further divided
into16 small squares (0.25 x 0.25 mm, 0.0625 mm?). Two large squares (1 mm? each)
were randomly selected per load, and pictures were made, to further count viable and
unviable pollen with a cell counter plugin of Fiji - ImageJ (version 1.53c). For each
sample (flower) the haemocytometer was loaded two times, (therefore the average
viable, unviable, and total pollen number per flower is based on a total of 4 pictures)
(Figure A 4.3). Pollen grains stained dark purple were classified as viable, and those
that remained transparent were classified as dead (unviable). The fraction of viable
pollen was calculated as the ratio of viable to total (viable and unviable) pollen grains
on a 10 pL aliquot.

The total number of pollen per flower was calculated as:

pollen counted (in 10 uL)

l b l =
pollen number per flower volume of chamber (0.2 mm3) :

volume of the sample (200 pL) 4.1

4.2.4 Pollen germination

For the germination test, the second flower (position 2) of each truss (1, 2 or 3) was
collected once it was fully open. The anther cone was immediately dissected into four
pieces inside a 1.5 ml Eppendorf tube were 200 pL germination solution was added
and vortexed for 20 s to suspend the pollen into the solution. The germination solution
consisted of 100 g L' sucrose, 2 mM boric acid, 2 mM calcium nitrate, 2 mM
magnesium sulphate, and 1 mM potassium nitrate (Firon et al., 2006). The pollen
suspension was added to a petri dish (3.5 cm) with 1 mL agar layer previously
solidified (8 g of agar per L germination solution). This was left for 1 h to germinate.
Germination was observed with a LEICA MZ APO stereomicroscope equipped with
an Axiocam 305 color camera controlled by Axio Vision 4.8.1.0 software. Two
random areas of 0.9 mm? were selected (therefore the average pollen germination is
based in a total of 2 pictures) and pictures were made to further count pollen
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germination with a cell counter plugin of Fiji - ImagelJ (version 1.53c). Pollen was
classified as germinated when the pollen tube exceeded the diameter of the pollen
grain itself. The fraction of germinated pollen was calculated as the ratio of
germinated to total (germinated and non-germinated) pollen grains on a 0.9 mm? area.

4.2.5 Fruit set, seed set, and fruit weight observations

All trusses were harvested around 100 DAS. The number of fruits and the total weight
of all fruits larger than 1 cm in diameter (weight without sepal and pedicel) were
recorded for each of the trusses. Furthermore, the individual weight of the second fruit
(position 2) was determined and seeds from that fruit were counted. If the second fruit
was not available, we used fruit 1 or 3.

4.2.6 Statistical design and analysis

The experiment was carried out in an incomplete randomized block design with 10
treatments. The complete experiment was conducted three times (three blocks). For
each block, the four temperatures were randomized over four cabinets. All data was
analysed in GenStat (22" edition, 64-Bit) using a two-way unbalanced ANOVA
model. Mean separation was conducted with Fisher’s protected LSD test. The
statistical tests were all conducted using a significance level of « = 0.05.

4.2.7 Parameter estimation and model evaluation

The model consists of 5 main functions that each describe a process. The parameters
p that describe each process are estimated from the experimental data, using a least
squares regression. For each process j, the corresponding parameter vector p; is

estimated as

nj
p; = argmin Z(y}}ws — yjio% (p))>. 4.2
i=1

Here p = (Pnps Op1, Op2, 043,041, 0g2, 043, My, by, my) is a vector of all model
parameters, p; is the vector of parameters found to give the best fit, j is an index that
denotes the process number from 1 to 5 (i.e. y1 = Npouens Y2 = friabiepotiens Y3 =
fgermpotiens Ya = Nseeas) ¥s = Mgryit). Index i denotes the data point over a range

of temperature and durations for process j, y;;i"** is the measured data for process j at

data point i, and y}?"d“’l is the model predictions for process j at data point i. A list of

estimated and measured parameters is given in Table 4.2.
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The goodness of fit of the complete model (Eq. 4.13) to the measured data was
evaluated using the root mean square error (RMSE), defined as

RMSE = E (M R U PR () ’ 4.3
- . fruit; fruit; p) .
n i=1

model

where Mfmit:”es is the measured fruit mass at treatment i; Myy;¢ is the model

predictions of fruit mass at treatment i, and n is the number of treatments (10).

4.2.8 The model

We developed a model that describes how temperature and duration of the temperature
affects fruit mass. The model is composed by distinct processes. Firstly, it predicts the
effect of temperature on the number of pollen per flower. Secondly, it predicts the
effect of temperature and duration of the temperature on the number of viable pollen.
Thirdly, it predicts the effect of temperature and duration of the temperature on the
number of germinated pollen. The predicted values for the total, viable, and
germinated pollen are then used to predict the seed number. Finally, the seed number
is used to predict the fruit mass. A list of inputs and functions of the model is given in
Table 4.1, and a graphical overview of the modelled processes is presented in Figure
4.1. In the model, N stands for number, and f for fraction. For unit consistency, we
differentiate with {} between viable pollen (pollen grains that are capable of
fertilization) and germinated pollen (pollen grains that can grow a pollen tube).

Pollen number (Npoien, #pollen flower") was modelled as a quadratic function of

temperature (T, °C):

2(anp = Prp) _ (etnp = Prp) 2
T T

z 7 4.4

Npollen(T) = max |0, Pnp +

where pr,, (#pollen flower™) is a parameter estimated from the regression between T
and Npojen, @np (#pollen flower') is the maximum amount of pollen measured at
optimal temperature, and S (°C) is the optimum temperature. For a derivation of the
function see Appendix A, section 4.7.1.

Fraction of viable pollen fy,;4pieporien Was modelled as a function of T and duration
(D, days):

(av - pv(D)) T — ((X - pv(D))

7 g 17| 45

2
fviablePollen (T' D) = max 0' Dy (D) +

73



Modelling seed set and fruit mass

where a,, (-) is the maximum viability fraction measured at optimal temperature and
B (°C) is the optimal temperature.

p»(D) (-) is a function describing the relationship between duration of stress D and
the associated derived parameter p,,:

pU(D) = 91;1 + gsz + 91;3D2 4.6

Where 0, (-), 8,, (days?), and 6,3 (days?)are parameters estimated from the
regression between p,, and D. For a derivation of the complete function see Appendix
B, section 4.7.2.

Number of viable pollen (N,igpiepoiiens #pollen{viable} flower') was calculated as
NviablePollen = fviablePolleanollen 4.7

The fraction of germinated pollen (fyermpoten» -) Was modelled as a function of T and
D:

2 —py,(D —p (D
fgermPollen(T:D) = max 0,pg(D) + (ag ﬁpg( ))T_ (0! ;Z( )) 72| 4.8

where ag, (-) is the maximum germination fraction measured at optimal temperature

and f (°C) is the optimum temperature.

pg(D) (-) is a function describing the relationship between the stress duration D and

the associated derived parameter p:
pg(D) = B9 + 60,,D + 6,43D? 4.9

Where 6,1 (-), 04, (days™), and 043 (days?) are parameters estimated from the
regression between p, and D. For a derivation of the function see Appendix C, section
4.7.3

Number of germinated pollen (Ngermpoiien, #pollen{germinated} flower!) was

calculated as

N,

germPollen = fgermPolleaniablePollen 4.10

The number of seeds N, o4 (#seeds fruit!) was modelled as function of number of
germinated pollen Ngermpotien

Nseeds = mlNgermPollenCflowertofruit + bl 4.11
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where m, is the slope (#seeds #pollen'{germinated}), b; (#seeds fruit!) is a
coefficient estimated from the regression between Ngeeqs and Ngermpoiien, and
Criowertofruie (flower fruit!) is a conversion factor that assumes that 1 flower is

equivalent to 1 fruit.

Finally, fruit mass (Mg, gDM fruit'") was modelled as a function of number of

seeds (Ngeeds):
Mfruit = MyNseeqs + b 4.12

where m, is the slope (gDM #seeds™!) and b, (gDM fruit!) is a coefficient estimated
from the regression between Nggeqs and Mypy;¢.

Combining all of the above results in the following:

Mfruit (T: D) =m; (ml Npollen (T)fviablePollen (T: D)fgermPollen (T: D) + bl)

+b, 413

Table 4.1. List of functions and inputs

Nomenclature Unit Definition qu::mn
Functions
Number of pollen grains per flower
Nyoten fipollen flower asa functioz of ten%lperatl.rl)re 44
- Fraction of viable pollen as a
friablepolien function of temperature and duration 4.5
of the stress
Function describing the relationship
py(D) - between duration of stress and the 4.6
related estimated coefficient p,,
#pollen{viable} Number of viable pollen, the product
Noiavtcpotten flower™! of the total number of pollen and th 4.7
polle e .
fraction of viable pollen
Fraction of germinated pollen as a
fgermpotien - function of temperature and duration 4.8
of the stress
Function describing the relationship
py(D) - between duration of stress and the 49
related estimated coefficient pg
Number of germinated pollen, the
#pollen{germinated}  product of the number of viable
Ngermeotien flower’ llen and the fraction of poll 410
ower pollen and the fraction of pollen
germination
Nyeeas #seeds fruit™! Number of seeds per fruit 4.11
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Mpryir gDM fruit”! Fruit mass 4.12,4.13
Inputs
°C Temperature
D days Duration of the temperature
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Figure 4.1. Schematic illustration of the modelled processes (1) Pollen is developed in the
anthers where microsporocytes undergo cell division until they become tricellular pollen with
one nucleus and two sperm cells. (2) Exposure high or low temperatures causes abnormal
pollen formation, or an incomplete wall formation leading to unviable pollen. (3) For successful
fertilization to occur, mature pollen grains must land on the stigma and germinate and produce
a pollen tube. High or low temperatures prevent pollen tube to germinate due to a lack of
soluble sugars and starch reserves. During pollen germination, the pollen tube grows through
the style until it reaches the ovule. (4) Successful fertilization of an ovule leads to the formation
of seeds (seed set). (5) Developing seeds in the fruit trigger auxin and gibberellin signalling

pathways that promote fruit growth.
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Parameter Value Unit Meaning
symbol
Pup 1 24x10% f#pollen flower! Parameter estimated from the regression

between pollen number and temperature

Measured number of pollen at optimal

a 63,856 #pollen flower™
e P W temperature (18 °C)
B 18 °C Optimal temperature
@ 0.94 Measured fraction of viable pollen at optimal
v ’ temperature (18 °C)
Parameter estimated from the regression
2 -2.53x10"!
v * between p,, and duration D
Parameter estimated from the regression
2 1.03 days!
vz ays between p,, and duration D
Parameter estimated from the regression
2 6.71x10" days™
v * ays between p,, and duration D
« 031 Measured fraction of germinated pollen at
g ’ optimal temperature (18 °C)
0 1.14x10" Parameter estimated from the regression
9t e between py and duration D
0 435x10" davs” Parameter estimated from the regression
92 X ays between py and duration D
0 2 69x10" davs? Parameter estimated from the regression
93 X 2ys between py and duration D
m L60x10° #seeds #pollen™ Slope of the regression between Yyeeqs and
.60x .
B {germinated} YnNgermPpolien
b 223 sseeds fruit" Intercept of the regression between Vygeeas
. seeds frui
! and yNgermPollen
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m, 7.80x107 gDM #seeds’! P g Ymsruie
VNseeds
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and YNseeds

4.3 Results
4.3.1 Pollen production

Low and high temperatures significantly reduced the number of pollen grains
produced per flower by 45%, 38%, and 30% at 14 °C, 30 °C and 34 °C respectively
compared to the temperature of 18 °C (P < 0.001, Table A 4.1). The relationship
between pollen number and temperature was accurately described by a quadratic
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function (Eq. 4.4) at high temperatures, but with a large overestimation of pollen
number produced per flower at low temperatures (Figure 4.2).

4.3.2 Pollen viability

Compared to conditions at 18 °C, pollen viability was reduced at 30 C by 17%, 49%,
and 60% when 30 °C was applied for 1, 3, and 4 days respectively (Table A 4.1). For
34 °C the reduction was much more pronounced with 75%, 88%, and 98% less pollen
viability respectively compared to 18 °C. In contrast, a lower temperature (14 °C) had
a milder effect on pollen viability. Only at longer durations (6 or 8 days) we observed
a reduction of ~ 24%, although not statistically significant (Table A 4.1). The
relationship between pollen viability, temperature and duration was accurately
described by Eq. 4.5Error! Reference source not found. and Eq. 4.6 (Figure 4.3,
RMSE = 0.09 [-]). However, there is still a significant underestimation of the fraction
of viable pollen at short durations (1 day) around 30 °C (Table A 4.1).

4.3.3 Pollen germination

Temperature reduced the fraction of pollen germination depending on the duration of
the temperature stress (P = 0.018, Table A 4.1). Overall, germination fraction across
treatments was low and the maximum germination fraction observed for the control
treatment (18 °C) was 0.3 (Table A 4.1). A temperature of 30 °C for 1 day did not
reduce germination fraction, but for 3 and 4 days there was a reduction of 54% and
77% respectively compared to 18 °C (Table A 4.1). After 3 days under 34 °C,
germination fraction was reduced drastically to ~ 99% compared to 18 °C. Low
temperatures had a less pronounced effect compared with high temperatures and
germination was reduced by 30%, 32%, and 50% at 4, 6, and 8 days duration (Table
A 4.1). The relationship between pollen germination, temperature, and duration was
described accurately by Eq. 4.8 and Eq. 4.9 (Figure 4.4, RMSE = 0.04 [-]).

4.3.4 Fruit set, number of seeds and fruit size

Very high temperatures (34 °C) or low temperatures (14 °C) decreased the fraction of
fruit set, however, temperature duration did not play a significant role (Table A 4.1).
Fruit set was reduced by 16% and 19% at 14 °C and 34 °C respectively (Table A 4.1).
Temperature reduced the number of seeds by 47%, 73%, and 85 % at 14 °C, 30 °C
and 34 °C respectively (P < 0.001, Table A 4.1). Similarly, temperature reduced fruit
mass by 38%, 35% and 42% at 14 °C, 30 °C and 34 °C respectively (P <0.001, Table
A 4.1, Figure 4.6). Number of seeds increased linearly with increased number of
germinated pollen (R?=0.56, Figure 4.5). Similarly, fruit mass increased linearly with
an increased number of seeds (R?= 0.62, Figure 4.6).
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4.3.5 Sensitive stage for pollen failure

The stage at which temperature was applied did not influence pollen production per
flower. Only at very high temperatures (> 34 °C) when temperature is applied 8 days
before anthesis, pollen production is reduced by 72% compared to applying
temperature 4 days before anthesis or at anthesis (Table A 4.3). The sensitive period
for pollen viability was 4 to 8 days before anthesis (Table A 4.3), as in all cases,
applying temperature at anthesis resulted in a higher viability, although the response
was more pronounced at 30 °C and 34 °C compared to 14 °C. Surprisingly, we did
not find a specific sensitive stage for pollen germination. However, high and low
temperatures resulted in lower germination percentage compared to optimal
temperatures (18 °C).

4.3.6 Measured vs simulated fruit mass

The model predicts accurately almost all treatments (RMSE = 0.95 g). Most model
predictions fall within the middle 50% of the data (Figure 4.7), indicating a good fit
of the model to the data. Some exceptions are treatments with very high temperatures
(34 °C) at either 3 or 4 days, where the model overestimates the fruit mass.
Additionally, the model slightly overestimates fruit mass at 14 °C for 4 days, although
predictions still fall within the range of observed data.
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Figure 4.2. Relationship between temperature and pollen number per flower. Dots are

measured data from flowers where stress was applied at anthesis and 4 and 8 days before

anthesis. Data are means of 3 blocks with 4 replicate plants per block and averaged over truss

2 and truss 3 (so each value is based on 24 plants). Line is the model prediction. Model is

2(@np=pnp)

npTPnp)
B

WTZ , where f =18, a=639x10* and p,, = 1.24 x 10*. RMSE = 1.16 x

10*(pollen flower™).

described by the regression  function Npoyen(T) = max |0,pp, +
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Figure 4.3. Response surface of the predicted pollen viability values of plants grown at different
temperature stress (14, 18, 30, 34 °C) and different durations (0, 1, 3,4, or 6 days). Model is

described by the regression line: fyigpiepoiien(T,D) = max [0, pv(D) + WT -

WTZ] where B =18,a, = 0.94, and p,(D) = —0.2527 + 1.0308D — 0.6706D2.

RMSE = 0.09 (-).
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Figure 4.4. Response surface of the predicted pollen germination values of plants grown at
different temperature stress (14, 18, 30, 34 °C) and different durations (0, 1, 3, 4 or 6 days).

Model is described by the regression line: fgermpouien(T,D) = max [O,pg(D)+

z(ag—ﬁvg(D)T _ (“9‘;’29('”) TZ] where B =18, ay=031, and py(D)=—0.1144+

0.4354D — 0.2694D2. RMSE = 0.04(-).
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Figure 4.5. Relationship between number of seeds and number of germinated pollen for 4
temperatures and different durations. Data are symbols and regression line: Nggoqs = 0.0016 -
Ngermpotien + 2.2351. R? = 0.56. Data are means of 3 blocks with 4 or 6 replicate plants per

block and averaged over truss 2 and truss 3 (so each value is based on 36 plants).
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Figure 4.6. Relationship between number of seeds and fruit mass for 4 temperatures and
different durations. Data are symbols and regression line: Mgy = 0.078 * Ngpoqs + 2.06.

R? = 0.62. Data are means of 3 blocks with 6 replicate plants per block and averaged over
truss 2 and truss 3 (so each value is based on 36 plants).
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plot represents 36 data points). RMSE = 0.95 g. The + sign indicates an outlier in the data.
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4.4 Discussion

4.4.1 Pollen formation is more sensitive to cold temperatures
than warm temperatures

Exposure to low temperatures (14 °C) produced a similar amount of pollen compared
to exposure to high temperatures (30 °C), suggesting that pollen formation is more
sensitive to cold stress than heat stress. This could be attributed to the fact that low
temperatures slow down metabolic processes and cellular activity, including cell
division (Chaturvedi et al., 2021; Ohnishi et al., 2010). However, a reduction of pollen
at low temperatures did not correlate to number of seeds, fruit set or fruit mass (Figure
A 4.5, Figure A 4.6). This suggest that the number of pollen does not play a crucial
role in determining yield. Sato et al. (2000) also found a reduced number of pollen at
high temperatures and no correlation between total number of pollen and fruit set.
However, this response may be species dependant as Prasad et al., (1999) found a
positive correlation between pollen production and fruit set in groundnut.

4.4.2 Pollen viability and germination can explain the variation
observed in number of seeds and fruit mass, but not in
fruit set

Temperature stress reduced pollen viability and germination. This agrees with
observations in tomato (Pham et al., 2020; Sato et al., 2001), groundnut (Prasad et al.,
1999), cowpea (Ahmed et al., 1992), and wheat (Bheemanahalli et al., 2019; Osman
etal., 2021). The reduction in viability and germination increased with duration of the
temperature stress. Heat stress might cause early tapetum degradation, which is a layer
of nutritive cells vital for the nutrition of pollen (Chaturvedi et al., 2021). Premature
tapetum degradation leads to reduced nutrient translocation and ultimately, sterility
(Ahmed et al., 1992). Heat stress can negatively impact pollen germination by
reducing the starch content of the pollen, causing a shortage of energy resources
needed for germination (Firon et al., 2006; Pressman, 2002). Cold stress can also
result in decreased starch content (Kiran et al., 2021) and interfere with cell expansion
and cell wall formation during meiosis, leading to a decreased fertility (Chaturvedi et
al., 2021; Ohnishi et al., 2010).

Pollen germination is considered a critical factor in determining fruit set (Sato et al.,
2000a). However, our results did not show a correlation between pollen germination
and fruit set (Figure A 4.7). A positive correlation was found between the number of
seeds and the number of pollen germinated (Figure 4.5). These results suggest that
heat stress lowers the probability of obtaining seeded fruits due to fewer viable pollen
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capable of fertilizing the ovules, rather than through a reduction in pollen number.
This result is logical because if pollen grains are unable to germinate, ovule
fertilization will be prevented, leading to impaired seed development (Thakur et al.,
2010). Hence, we conclude that pollen quality (i.e., viability and germination) rather
than the amount of pollen produced per flower, determines number of seeds in this
tomato genotype.

4.4.3 Number of seeds and fruit mass

Number of seeds (as a function of number of germinated pollen) can explain the
observed variation in fruit mass (Figure 4.6). A linear relationship between number of
seeds and fruit mass has been previously observed in sweet pepper (Marcelis et al.,
1997) and tomato (Sato et al., 2001). The developing seeds have two functions in the
early developmental stages of fruit growth: first, they favour assimilate supply to fruit
acting as ‘sinks’ (Bangerth & Ho, 1984; Varga & Bruinsma, 1976) and second, they
trigger the fruit developmental program through the activation of auxin and
gibberellin signalling pathways (De Jong et al., 2009; Peet et al., 1997). Although fruit
mass positively correlates with the number of seeds, this relationship can reach a
saturation at high seed numbers (e.g. Bakker 1989, Table 5) because of different
factors such as competition between fruits or sink strength of the fruit itself. However,
in our case, we were still within the linear range of the relationship between seed
number and fruit mass, and saturation was not reached. Marcelis et al., (1997) found
that at low seed numbers, fruit set is positively correlated with seed number. However,
our results did not align with this, as no correlation was found between fruit set and
the number of seeds (Figure A 4.8).

4.4.4 The effect of temperature on fruit set is independent to the
effect of temperature on pollen quality

Fruit set can be described as a quadratic function of temperature (Figure A 4.4)
however, there is only a weak association between fruit set and both number of seeds
and fruit mass (Figure A 4.8, Figure A 4.9). Thus, we can conclude that for our
cultivar, the effect of temperature on fruit set is independent to the temperature effect
on pollen quality. This is in line with the understanding that fruit set and fruit growth
can occur without pollination (parthenocarpy) through hormonal regulation triggered
during flowering (Pandolfini et al., 2009), while seed development requires successful
fertilization, which includes formation of viable pollen, germination of the pollen
tube, and the delivery of sperm cells (Ruan et al., 2012). Since the temperature effect
on fruit set was independent from the effect on pollen quality, this process was not
considered in our model to predict number of seeds and fruit mass. Instead, we
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modelled fruit set only as a function or temperature (Figure A 4.4) independent of
pollen quality, in order to estimate yield per truss. This approach can be useful for
tomato cultivars where fruit set and pollen quality are affected differently, and where
a reduction in yield can result from decreased fruit set, smaller individual fruit size,
or a combination of both factors.

As an example, our model predicts that exposing plants to 30°C for 4 days will result
in an individual fruit mass of 2.9 g and to a relatively high fruit set fraction of 0.9.
Given that trusses can have a maximum of 9 flowers per truss, this would yield ~ 23.2
gDM per truss. Contrary, model predictions of plants exposed to 14 °C for 4 days,
will result in a higher individual fruit mass of ~ 3.2g, compared to heat stress.
However, the fruit set prediction for this plants is 0.7, this yields 20.1 gDM per truss.
This example demonstrates that when plants are exposed to heat stress or cold stress
for four days, their yield per truss is similar. However, under heat stress (30 °C), the
reduction in truss yield is due to lower individual fruit mass, while under cold stress
conditions (14 °C), the truss yield reduction is caused by both reduced fruit set and
individual fruit mass, compared to optimal temperature. Our results suggest that
relying solely on temperature effects on fruit set to predict yield can be inaccurate.
Other factors such as reduced fruit size, due to lower number of seeds per fruit, should
also be considered to improve the accuracy of yield predictions.

4.4.5 Sensitive period for fruit set and pollen development
during temperature stress

Sato et al., (2002) found that tomato flowers were the most susceptible to elevated
temperature stress 8 to 13 days before anthesis, which corresponds with the stage of
pollen formation. Surprisingly, only pollen viability was affected by the stage at which
temperature stress was applied (Table A 4.3). High temperature applied 4 to 8 days
prior to anthesis resulted in a larger reduction in pollen viability compared to applying
high temperature at anthesis. Neither pollen production nor pollen germination were
influenced by the stage at which temperature stress was applied (Table A 4.3),
although they were much lower compared to control conditions (18 °C). The only
remarkable exception was at very high temperatures (34 °C) applied at 8 days before
anthesis, which reduced pollen production by almost 72%. In a commercial tomato
production, there are multiple trusses on a plant and each of these is in a different
developmental stage. Therefore, it is important to identify which trusses are in the
most sensitive stage when a short period of high temperature stress occurs to
determine and predict accurately the fate of a flower and the impact on yield (Kang et
al., 2010).
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4.4.6 Towards prediction of fruit-set, seed set and fruit mass in
crop models

Quantifying the effects of temperature and other environmental factors on fruit set is
critical for accurate yield prediction in fruit crops (Liu et al., 2020). However, the
limited research on the effects of temperature over a broad range of non-optimal
temperatures and duration of these non-optimal temperatures has limited the potential
of simulation models. To bridge this gap, our research synthesizes the results into a
simple quantitative model that includes different of pollen development and links
them to seed set and fruit growth. Currently, the model overestimates fruit mass under
prolonged exposure (4 days) to very high temperatures (34 °C). Although there is not
a large variation in the data at that specific treatment (Figure 4.7), a better estimation
of the relationship between seed number and fruit mass is needed at very low or zero
seed count (see Figure 4.6). Furthermore, to evaluate the predictive power of the
model, we need independent data for validation, which would enable us to assess how
well the model generalizes to new data beyond the calibration dataset.

In the context of greenhouse climate control, it has been long recognized that flexible
climate control can lead up to a reduction in the greenhouse energy consumption by
up to 20% (Koérner & Challa, 2003; Van Beveren et al., 2015). However, these studies
frequently neglect the effect on crop yield itself or lack explicit simulation of fruit and
seed set. This raises questions: how realistic is in practice the suggested energy
reduction? For example, in Chapter 3 of this thesis we found that vegetative tomato
plants can integrate temperature fluctuations of = 10 °C over a period of 20 days
without major reductions in growth. However, fruiting plants are predicted to show a
decrease in the number of seeds of 40% according to our model which would lead to
a reduction in yield per truss of ~33 % compared with optimal temperature. This
highlights the relevance of incorporating the impact of temperature on the processes
that determine successful fruit and seed set and growth into crop models for an
accurate prediction of yield, specially under temperature stress. To optimally
determine the temperature boundaries in the greenhouse, the control algorithm must
weigh the presence of flowers and the impact of temperature fluctuations against
economic losses from harvesting smaller fruits or a reduced number of fruits. A model
that accurately predicts the number and mass of the fruits is crucial for the control
algorithm to make informed decisions while balancing the costs of maintaining
optimal temperature conditions against deviating from it.
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4.5 Conclusions

The aim of this chapter was to develop a quantitative model to predict fruit mass, seed
and fruit set based on the effects of temperature stress and duration of the stress on
pollen quality. Number of seeds, influenced by pollen quality was a major factor in
determining fruit mass. However, as fruit set did not correlate with pollen quality, it
was not included in the fruit mass prediction model. Instead, fruit set was modelled
independently as a function of temperature. At low temperatures, yield reduction was
a result of both reduced fruit set and smaller fruit size, whereas at high temperatures
(30°C), reductions in yield were primarily due to lower seed number, although this
response might be cultivar dependent. Our model provides valuable insights into the
effects of temperature stress and duration of the stress on seed set and fruit mass, can
inform decisions regarding temperature control to maximize yields or to improve
energy use.
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4.7 Appendices
4.7.1 Appendix A: Derivation of the N4, function

Because we did not observe a clear effect of duration of the temperature stress on the
number of pollen, we modelled the effect of temperature on pollen number with the
following quadratic function:

Npollen =p; +p, T+ p3T2 A4.1

Where Ynpouien is the number of pollen in a flower and T is temperature (°C). We

have 3 boundary conditions:

1. Number of pollen is maximal at § = 18 °C.

2. The maximum number of pollen in a flower is a,, = 63853 (determined
experimentally)

3. The number of pollen cannot be negative

. . . dn . .
Condition 1 results in the requirement that % (B) = 0, whereas condition 2 is

associated with the requirement that Ny,o;,0n (8) = @, = 63853.

Derivation of Eq. A4.1 results in

D3 = =55 D2 A4.2

And condition 2, combined with Eq. A4.2, results in

_ Z(an - pl)
B

Inclusion of condition 3, treating 8 as fixed at 18°C, and denoting p; = pyy, yields a

P, A43

model with one degree of freedom (parameter p,,, to be fitted to the data):

2(“np ~Pnp ) (“np - pnp)
N. T — T?
B p?

pollen(T) = max 0: pnp + Ad4.4
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4.7.2 Appendix B: Derivation of the f;.p1epotien a0d f germpotien

To model pollen viability, we first followed the steps described above (Eq. A4.1, Eq.
A4.2, and Eq. A4.3) for each duration to obtain parameter p at durations 1, 3, 4 and 6
days.

The 3 boundary conditions forf,,;spieporien Were:

1. Fraction of viable pollen is maximal at § = 18 °C.

2. The maximum fraction of viable pollen is @, = 0.94 (determined
experimentally)

3. The fraction of viable pollen cannot be negative

Next, the quadratic function (Eq. A4.4) was fitted to 4 data sets separately, where each
data set contained measured viability fractions under different temperatures while
keeping the duration of the temperature stress fixed. Altogether this resulted in 4
curves, each associated with a different parameter value p (Figure A4.1).
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Figure A4.1. Relationship between temperature and viability of tomato flowers grown at
different durations of stress. Dots are measured data from flowers where stress was applied 4
and 8 days before anthesis. Model is described by the regression function fyiapiepotien(T) =
2ay=py) ¢ _ (@y=py) Tz]”

max [0, Py + 5 52
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Next, the model was extended to describe viability as a function of duration of the
temperature stress. For this, the relationship between the duration of the stress D and
the derived parameter p was stablished by fitting a quadratic expression through the
4 values of D and the related estimated value for p. This relationship between
parameter p and the stress duration D was denoted p,, (D). Here, v stands for viability,
as p is a parameter for the curve representing the relationship between temperature
and pollen viability

Pv = 91;1 + gsz + 91;3D2 A4’.5
where D denotes duration in days.

The fit is shown in Figure A4.2.
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Figure A4.2. Parameter (p) estimation for viability at different durations. Red dotted line is
the polynomial function: p,(D) = —0.2527 + 1.0308D — 0.6706D?. Blue dots are data
measured for viability at durations 1, 3,4 and 6 days.

Combining Eq. A4.4 and Eq. A4.5 gives the final model for viability as function of
temperature T and duration D:
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(av_pv(D)) _(av_pv(D)) 2
Y TR

Py = Op1 + OpaD + 0,3D? A47

A4.6

2
fviablePollen(TJ D) = max |0, pv(D) +

4.7.3 Appendix C: Derivation of thef jermpotien

To model pollen viability fractionfyermpouen, We followed the same procedure as for

friablepolien but following 3 boundary conditions:

1. Fraction of pollen germination maximal at § = 18 °C.
2. The maximum fraction of pollen germination is a; = 0.31 (determined

experimentally)
3. The fraction of pollen germination cannot be negative

Here the subscript g for parameters p and 6 which stands for germination.
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4.7.4 Appendix D: Additional figures and tables

0.25 mm‘|r
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Figure A 4.3. Schematic representation of the Fuchs-Rosenthal haemocytometer (4 x 4 x 0.4
mm grid, 3.2 mm3). The counting chamber was divided into 16 large squares (1 x 1 mm, 1
mm?), and each square was further divided intol6 small squares (0.25 x 0.25 mm, 0.0625 mm?).
Two large squares (1 mm?) were randomly selected per load, and pictures were made, to further
count the pollen with a cell counter plugin of Fiji - ImageJ (version 1.53c). For each sample
(each flower), the haemocytometer was loaded two times, (therefore the average pollen number
per sample is based in a total of 4 pictures)
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Figure A 4.4. Relationship between temperature and fruit set fraction. Dots are measured data
from flowers where stress was applied at anthesis and 4 and 8 days before anthesis. Data are
means of 3 blocks with 4 replicate plants per block and averaged over truss 2 and truss 3 (so
each value is based on 24 plants). Line is the model prediction. Line is described by the
regression functiony = —2.65 X 1073T? + 1.24 x 107! — 5.14 x 10~%.
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Figure A 4.5. Relationship between firuit set fraction and number of pollen per flower for 4
temperatures and different durations. Data are symbols and regression line: y = 2.96 X 1076 -
m+ 0.6318. R? = 0.181.
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Figure A 4.6. Relationship between number of seeds and number of pollen per flower for 4
temperatures and different durations. Data are symbols and regression line: y =
3.29 x 10~*x — 0.95. R? = 0.23.
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Figure A 4.7. Relationship between fruit set fraction and germination fraction for 4
temperatures and different durations. Data are symbols and regression line: y = 0.3386x +
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Figure A 4.9. Relationship between fruit mass and fruit set fraction for 4 temperatures and
different durations. Data are symbols and regression line: y = 6.346x — 1.75. R? = 0.39.
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Table A 4.1. Interaction effect of temperature x duration on pollen number per flower,
pollen viability fraction, pollen germination fraction, fraction of fruit set, fruit weight and
number of seeds per fruit. Data are means of 3 blocks with 4 or 6 replicate plants per block
and averaged over truss 2 and truss 3 (so each value is based on 24 plants).

Duration Temperature Pollen Viability Germination Fruit set Fruit Number
uratio °C) number fraction fraction fraction weight of seeds
Constant 18 63,467 0.95 031d 0.83 4.7 29
30 34,661 0.75 0.29d 0.83 33 16
1 day
34 22,151 0.23 0.07 ab 0.71 2.398 8.0
30 41,922 0.48 0.13 be 0.85 2.5 32
3 days
34 26,365 0.11 0.001 a 0.61 1.8 43
14 32,484 0.89 0.22cd 0.70 3.0 15
4 days 30 39,474 0.37 0.07 ab 0.83 3.1 4.9
34 15,854 0.009 0.0la 0.70 1.8 2.1
6 days 14 36,344 0.74 021 cd 0.68 2.8 19
8 days 14 39,078 0.73 0.15 be 0.69 2.6 12

F-probability interaction ) ;o0 35 0.018 0378  0.609 0341
(temperature x duration)

Standard error of the

6,691 0.0521 0.02 0.0 0.400 4.352
mean (SEM) 69 7 7

Table A 4.2. Temperature effect on pollen number per flower, pollen viability fraction,
pollen germination fraction, fraction of fruit set, fruit weight and number of seeds per fruit.
Data are means of 3 blocks with 4 or 6 replicate plants per block and averaged over truss
2 and truss 3 (so each value is based on 24 plants).

Fruit
Pollen Viability Germination rul Fruit Number
Temperature (°C) . . set .
number  fraction fraction X weight  of seeds
fraction
14 34,575b  0.82¢ 0.20 0.69 ab 290b 154b
18 63,467¢c  095¢ 0.31 0.83bc  4.67c 29.0c¢
30 38,798b  0.51b 0.13 0.83 ¢ 299b  7.60a
34 20,656a 0.10a 0.02 0.67 a 197a 445a
F-probability main <0.001  <0.001 <0.001  <0.001 <0.001
effect (temperature)
Standard error of the 4204 0.05 0.023 0.05 040 336

mean (SEM)
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Table A 4.3. Effect of the stage at which temperature is applied (30 °C, 34 °C or 14 °C) on
pollen number, viability, and germination. Data are means of 3 blocks with 4 replicate plants
per block and averaged over all durations (so each value is based on 36 plants except for
the control which is 12).

Pollen number

Period 18°C 30°C 34°C 14°C
Anthesis 71,236 43,188 32,417b 42,139
4 days before anthesis 62,187 39,767 33,743 b 35,465
8 days before anthesis 64,747 37,604 9,170 a 36,472
F-probability period 0.93 0.683 0.007 0.558
(Sstg\‘}srd error of the means 24,265 6,398 7,841 6576
Viability

Period 18°C 30°C 34°C 14 °C
Anthesis 0.93 0.80b 0.52b 0.87b
4 days before anthesis 0.94 0.56a 0.13a 0.80 ab
8 days before anthesis 0.96 05la 0.10a 0.76 a
F-probability 0.467 0.012 0.002 0.091
(Sstegﬁ?rd error of the mean 0.0204 0.095 0.1133 0.0510
Germination

Period 18°C 30°C 34°C 14 °C
Anthesis 0.32 0.20 0.09 0.19
4 days before anthesis 0.29 0.16 0.01 0.21
8 days before anthesis 0.32 0.14 0.04 0.17
F-probability 0.249 0.828 0.322 0.309
(Sstgﬁe;rd error of the mean 0.0211 0.0874 0.0544 0.0278
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Chapter 5

Abstract

The storage and remobilization of non-structural carbohydrate (NSC) allow plants to
support growth during periods of asynchrony between carbon (C) supply (source
strength) and C demand (sink strength). This asynchrony is strongly influenced by
changes in light and temperature. NSC consists of starch, which serves as a long-term
reserve of C, and soluble sugars, which are used either to satisfy immediate respiratory
needs or are transported to sink organs. Because starch and sugars have distinct
functions and respond differently to environmental conditions, it is crucial to
explicitly differentiate between these two pools in models to accurately predict the
effect of NSC on growth. The aim of this study is to develop a plant growth model
that can explain the day-to-day variations in starch, soluble sugars, and structural
growth of vegetative plants under fluctuating conditions of light and temperature. To
achieve this, we extended the existing crop growth model by separating the non-
structural carbohydrate pool into a soluble sugar and starch pool. The interconversion
between starch and soluble sugars was described by a kinetic reversible reaction. The
simple structure of the model, consisting of only three states and 19 parameters, makes
it suitable to be used in optimal control. The model accurately predicted growth in all
conditions except for high light intensities and low temperatures. Under these sink-
limited conditions, the model overestimated structural dry mass and underestimated
starch concentration. The model can be improved by incorporating the direct influence
of temperature on meristem activity or also consider the rate of starch degradation into
soluble sugars.
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5.1 Introduction

Non-structural carbohydrate (NSC) storage plays an essential role in productivity of
plants (Dietze et al., 2014). As there is no perfect match in timing of NSC acquisition
and their utilization for growth and respiration, NSC must be temporarily stored
(Goudriaan & van Laar, 1992). Therefore, the NSC pool acts as a ‘buffer’ whenever
there is asynchrony between source activity (i.e., photosynthesis) and sink activity
(i.e., utilization of NSC). NSC—including glucose, fructose, sucrose, and starch—are
produced via photosynthesis, then partitioned among processes such as respiration,
structural growth, reproduction, storage and defence (Chapin et al., 1990; Huang et
al., 2019). Structural carbon (SC) is fixed in plant structure and cannot be reused in
the future (Furze et al., 2018; Hilty et al., 2021). Furthermore, soluble sugars and
starch serve different functions in the plants (MacNeill et al., 2017). The allocation of
newly assimilated NSC between starch and soluble sugars are key processes in the
dynamic process of NSC storage (Smith & Stitt, 2007; Chapter 2 of this thesis).
Annual crops commonly store C in the form of starch, utilizing the stored energy to
support resprouting in spring (Clarke et al., 2013; Wiley et al., 2019) or to fill grains
in cereals (Pollock & Cairns, 1991). Starch is also an important diurnal C reserve in
herbaceous plants as a fraction of starch is stored during the day to meet the C demand
during the following night (Graf & Smith, 2011; Stitt & Zeeman, 2012). Another
fraction of C is allocated to soluble sugars for the immediate respiratory and growth
needs (MacNeill et al., 2017b; Ruan, 2014). Soluble sugars also contribute to
sustaining osmotic balances (Talbott & Zeiger, 1998), act as signalling molecules for
regulating gene expression, for crosstalk with hormones (Ruan, 2014), and are also
used as transport sugar (sucrose) (Hartmann & Trumbore, 2016).

The relative fraction of NSC partitioned into starch is strongly dependent on
photoperiod but weakly dependent on light intensity (Chatterton & Silvius, 1980;
Mengin et al., 2017; Pilkington et al., 2015). Therefore, in shorter days, a larger
fraction of C is allocated into starch to anticipate the long night (Graf & Smith, 2011).
This process is regulated via the circadian clock (Seki et al., 2017). Starch
accumulation can also occur via the overflow mechanisms that is triggered when
soluble sugar levels are too high (Stitt, 1996), for example under high light intensities
and low temperatures (Pommerrenig et al., 2018; Ruelland et al., 2009; Thalmann &
Santelia, 2017). When the supply of carbohydrates from photosynthesis is greater than
the demand for growth, the surplus can be stored as NSC, adding to total biomass but
not to structural mass (Gent & Seginer, 2012). High starch levels in leaves can further
lead to an inhibition of photosynthesis through a decrease in the phoptosynthetic gene
expression (Paul & Foyer, 2001). At low light intensities, the net production of
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assimilates might not meet the net demand of assimilates, thereby limiting plant
growth (Smith & Stitt, 2007). When low light intensities coincide with high
temperatures, there can be a depletion in NSC due to an increased demand for energy
for respiration and growth, coupled with low assimilate supply under low light
intensity (Atkin & Tjoelker, 2003).

Crop growth models are essential in decision support systems, greenhouse climate
control and prediction and planning of production (Marcelis et al., 1998). Most crop
production models are driven by the effect of shoot environment on gross
photosynthesis and respiration over a day (Poorter et al., 2013). Growth is then
modelled as the net result of daily C input from photosynthesis minus C lost in
respiration (Spitters et al., 1987). However, this approach assumes that all
carbohydrates are immediately used for growth and maintenance, ignoring the
temporary storage of C when supply exceeds demand. This oversimplification may
not accurately capture growth patterns on a day-to-day basis.

A more accurate analysis of C gain and losses over the diurnal cycle should consider
the asynchrony between the timing of acquisition and utilization of NSC (Goudriaan
& Van Laar, 1992). Van Henten (1994) separated the NSC pool from structural
growth in his lettuce model. A limitation of this model is that growth is restricted to
the light periods and does not include knowledge in how C is used for metabolism and
growth at night. Only in cases of excess daytime NSC accumulation assimilates are
stored transiently for the next light period. Additionally, this model has only been
partially validated it with respect to total dry weight, but not for the NSC. This raises
questions about the validity of the model to predict NSC content in plants. Although,
Gent & Seginer (2012) explicitly included a NSC pool in their growth model and
successfully validated it for predicting total dry weight and NSC in tomato, sunflower,
and wheat under constant environmental conditions, it falls short in predicting diurnal
growth patterns. This is because in their model, there is no conservation of
carbohydrates until dawn. Instead, their model partitions C into structure with a daily
time step based on the supply and demand of carbohydrate for the entire day.

Environmental stress can lead to a shift in C allocation towards starch at the expense
of structural growth (Dietze et al., 2014; Gessler & Grosser, 2019; Huang et al., 2019;
Mengin et al., 2017). To the best of our knowledge, no crop model has yet separated
the NSC pool into a starch pool and a soluble sugar pool, despite their distinct
functions. An exception is the model developed by Rasse & Tocquin, (2006a) which
predicts structural growth, soluble sugars, and starch concentrations of Arabidopsis
grown at high CO; levels. However, it relies on several parameters (i.e., baseline
starch production coefficient, minimum sugar in leaves, proportion of night-time
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starch breakdown) determined in their own study using Arabidopsis plants, which
may not be applicable to other plant species. Additionally, the previous model’s
assumption of a fixed proportion of night-time starch breakdown limits the
applicability of the model, not being able to consider fluctuating environments such
as different daylengths.

The aim of this paper was to develop a plant growth model that can explain the day-
to-day variations in observed starch, soluble sugars, and structural mass of vegetative
plants grown under day-to-day fluctuations in light and temperature. To achieve this,
we extended the existing crop growth model published by Van Henten (1994) by
separating the NSC pool into a starch pool and a soluble sugar pool. The
interconversion between starch and soluble sugars was described by a kinetic
reversible reaction. We evaluate to what extent the model can explain the dynamics
of these three states (starch, soluble sugars, and structural mass) observed for plants
grown at different temperature and light fluctuations.

5.2 Materials and methods
5.2.1 Model description (3 state model)

To describe the dynamics between starch and soluble sugars dynamics in the leaf, we
propose a kinetic reversible reaction where soluble sugars (Xs,;, gCH,0 m™?) turns
into starch (Xg¢qren, gCH20 m™2) with a rate constant k; (s!) and the reversible
conversion (from starch to soluble sugars) has a rate constant of k, (s), so that
parameters k; and k, characterize the interconversion between soluble sugars and
starch based on (Luo et al., 2020):

kq
Xsor = Xstarcn
ka
In this model, plant dry mass is divided in three states: soluble sugars (Xs,;, gCH>O
m2), starch ( Xsegren, €CH20 m™2), and structural dry mass (Xggyce, g€CH20 m™2),
The dynamic model (Eq. 5.1, Eq. 5.2, and Eq. 5.3) is described by

dXSol
dt = (_kl *Xsor + kZ ' XStarch) + Ctx¢phot - ¢MainResp — Pstructerowth
_¢Gr0wthResp 5.1
dXSt h
% = —ky. Xstarch + k1-Xsor 5.2
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dXStruct
T = ¢struct6r0wth 5.3

where ¢, is the gross canopy photosynthesis rate (2CO; m™ s) and ¢, is the
conversion factor from carbon dioxide into sugar equivalents (gCH,O gCO™). Gross
canopy photosynthesis is calculated in accordance with (Goudriaan & Van Laar,
1978) with the following empirical relation:

¢ph0t = ¢ph0t,max(1 - e_CkLAI) 5.4

where ¢, is the light extinction coefficient (-), and LAI is the leaf area index (m? [leaf]
m [soil]) and is calculated as

LAI = cpag * Xstruct 5.5

where ¢, 45 is the ‘structural’ leaf area ratio (m? [leaf] gSDM™) and Xg;pyce (2CH20
m?) is the structural crop dry mass.

Maximum canopy photosynthesis Phot,,, (gCO>» m?) is a function of
photosynthetically active radiation PAR (umol[photons] m? s!) and carbon dioxide
concentration (gCO> m). This model accounts for photorespiration and temperature
effects on the light use efficiency as well as temperature effects on the carboxylation
conductance in the leaf:

SLO—COZ (Ca - F)

5.6
eL + 0¢0,(Cq —T)

Photpuy =

in which & (gCO, umol[photons] ') is the light use efficiency, L (umol[photons] m™
s") is PAR, Oco, (M s71) is the canopy conductance for carbon dioxide transport into

the leaves, C, (g m™) is the carbon dioxide concentration, and I (g m™3) is the carbon
dioxide compensation point which accounts for photorespiration at high light levels.

The carbon dioxide compensation point I', (g m™) is a function of air temperature,
T (C), described by:

T-20
= Crcqlg'r 10 57

in which ¢ (g m ™) is the carbon dioxide compensation point at 20°C. The temperature
effects on I' are accounted for by a Q10 factor cpqq 1.

The effect of photorespiration on the light use efficiency (gCO, pmol[photons]™) is
described by:
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E=Ci—— 5.8

in which ¢, [gCO; umol[photons]™!] is the light use efficiency at very high carbon
dioxide concentrations (Goudriaan et al., 1985).

The canopy conductance d¢o, [m s™'] for carbon dioxide transport from the ambient

air to chloroplast is determined by three conductance in series

1 1 1 1
=—+ +

Gcoz Cbnd Cstoem Ocar

5.9

where Cpna, Cstoem and 0.4, (m s7!) are the boundary layer conductance, the stomatal
conductance, and the carboxylation conductance, respectively. The boundary layer
and the stomatal conductance are assumed to be constant. The carboxylation
conductance is described with by

Gcar = Ccar,sz + Ccar,ZT + Ccar,3 510
Maintenance respiration of the crop ¢mainresp, (§CH20 m?) is described by

()

5.11

¢mainResp = Cresp XStruct CQl 0,resp

where ¢y, is the maintenance respiration rate for the shoot 25°C (g CH,0 gDM™!

s and Co1o,resp 18 the Q10 factor of the maintenance respiration.

Structural growth @srrycegrowen (€CH20 m=2s-1) is the rate in which sugars (Eq. 1)
are being used for growth of the structural dry mass. It is calculated as

¢structGr0wth = 7"ngStruct 5.12

where the specific growth rate coefficient 7, (s™") describes the transformation of

soluble sugars to structural dry mass following a Michaelis-Menten relation (Thornley
& Hurd, 1976b)

T-20

X
T, sol )chO,gr 10 5.13

= C. (
gr T,gr,max
XSol + XStarch + XStruct

where ¢, g7 max (s™!) is the saturation growth rate at 20 °C and Coto,gr (-)1s the Qo
factor for growth. The main difference with respect to the two state-model is that here,
structural growth rate is dependent to the soluble sugar level, while in the two-state
model according to Van Henten (1994), structural growth rate is dependent on the
non-structural carbohydrate concentration.
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Growth respiration of the crop ¢growtnresp (ECH20 m=2s1) is described by:

Where cg (-) account for the respiratory and synthesis losses during the conversion of

¢GrowthResp =

1_Cﬁ
Cp

¢StructGrowth

carbohydrates to structural material (De Vries et al., 1974).

Total crop dry mass (TDW, gDM m?) is related to the three states according to the

TDW = XSol + XStarch + XStruct

Phot
[Eg.5
D)

4,55
5158159

Photosynthesis

Maintenance res-

piration ¢

relation:
Light
o€, intensity L Temperature T
e S i
,,,,,,,,,,,,,, .
v
Starch
Starch ‘ N
[Eqg.5.2] [Eq.5.1]

¢Growthﬁesp

[Eq. 5.14]

Growth respiration

> StructGrowth

Structural growth

mainRes,

Structural dry

mass XSrrucr

[Eq.5.3]

«— Massflow <

I:I State D Rate O Parameter

Information flow —@— Input

Figure 5.1. Forrester diagram of the growth of a vegetative plant. Boxes are state variables.
Circles are parameters and valves are rate variables. Solid lines represent carbon flow and

dashed lines represent information flow.
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5.2.2 Parameter estimation and calibration

The two-state model and the parameters describing plant growth in Van Henten
(1994) were used as a basis for model evaluation (nominal parameters). However, this
model was originally calibrated for simulation of a lettuce crop. We modified two
parameters to describe the growth of a vegetative tomato crop: light extinction
coefficient ¢, (-) based on (Heuvelink, 1996), and the ‘structural’ leaf area ratio (¢, 4,
m?[leaf] gSDM™). Additionally, six parameters (Table A 5.1) were calibrated
(optimal parameters) based on time series data of vegetative tomato plants grown
under different light and temperature fluctuations (in total 9 treatments; for a detailed
description of the experiments see Chapter 3). The uncertainty ranges for the
parameter value are know from literature. We limited the number to 6 to avoid
overfitting. These parameters were calibrated via parameter optimization using a local
search algorithm (finincon, MATLAB, 2017). The admissible range for the parameter
optimization was based on literature research and is summarized in (Table A 5.1).

The optimal parameters estimated from this procedure were fitted to the experimental
data. This calibrated model served as a basis for the development of the three-state
model (Eq. 5.1, Eq. 5.2, and Eq. 5.3). The three-state model resulted in 2 additional
parameters, k; (s™!) describing the rate constant from soluble sugars to starch, and k,
(s!) describing the rate constant degradation of starch to soluble sugars. Additionally,
as in the three-state model growth depends on the soluble sugar and not the NSC
concentration, parameter C, g, mq,Was calibrated. These three parameters were
calibrated based on time series data of total dry weight, starch and soluble sugar
concentrations based on experiments from Chapter 2, using a local search algorithm
(fmincon). Optimal values for the three-state model are given in (Table A 5.1).

5.2.3 Evaluation of predicted structural dry weight, soluble
sugar and starch concentration

In order to evaluate how well the three states of the model (starch, soluble sugars, and
structural dry weight) are predicted, the environmental conditions light intensity
L, (umol m?s~1) and temperature T, (°C) for the 9 treatments (see Chapter 3) were
used as inputs and optimal parameters from the calibration were used. The CO,
concentration was assumed to be 400 ppm. Simulations were performed using
MATLAB, 2017b environment. Ordinary differential equations (ODEs) were solved
using Forward Euler integration, using 1 hour time steps. Initial values used for the
simulation Xs,;¢0) (8CH20 m?), Xsrarcn(o) (@CH20 m?), and Xgtpycro) (CH20 m™2)
were the initial values measured in Chapter 3. Simulated Xg,; Xs¢qrcn, and Xsppcr
were compared against the measured values by calculating the relative root mean
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squared error (RMSE). Because the same data sets were used for calibration and
evaluation, a leave-one-out cross validation was performed. This means that the model
parameters were calibrated using data from 8 treatments, then the optimal parameters
were used to evaluate model performance on the 9% treatment (Table A 5.2)

The root mean square error was defined as

RMSE = % Zvljnzl(yimes _ yljmodel)z 5.16
where y/™S is the measured value at time i; y/™%¢! is the model predictions at time i;

and n is the number of measurements. Measured data was always at the beginning of
the light period. The measured and modelled data were sampled at every 5 days. The
RMSE provides a measure of prediction error, in the same unit as the measured
variable y™¢°. An RMSE close to zero indicates good model prediction.

Table 5.1. List of rate variables, states, auxiliary states and inputs

Nomenclature Definition Unit
Rates
Donot Rate of photosynthesis gCO,m?s’!
Dmainresp Maintenance respiration rate gCH,0 ms!
Dgrowthresp Growth respiration rate gCH,0 ms™!
PstructGrowth Structural growth rate gCH,0 ms™!
States
Xso1 Soluble sugar content gCH,0 m™
Xstarch Starch content gCH,0 m™
Xstruct Structural mass gCH,0 m™
Auxiliary states
LAI Leaf area index m~[leaf] m[soil]
Phot,,qx Maximum canopy photosynthesis gCO,m?
r Carbon dioxide compensation point gm?
€ Effect of photorespiration on light use gCO, pmol[photons]’!
efficiency
Oco, Canopy conductance ms’!
Ocar Carboxylation conductance ms!
Tyr Relative growth rate s!
Inputs
T Temperature °C
L Photosynthetically active radiation, umol(photons) m?s’!
wavelength of 400 to 700 nm
Ca Carbon dioxide concentration gCO2 m?

113



Three-state model: starch, soluble sugars and structure

Table 5.2. List of model parameters and symbols.

Parameter Value Meaning Unit Reference
symbol
Ca 0.68 Conversion of assimilated CO, gmol'/gmol!'  Physical
into sugars (CH,O) (molecular constant
weight of CH,O/CO, 30/44)
Cp 0.8 Factor accounting for respiratory - (Penning De
and synthesis losses during the Vries et al.,
conversion of CH,O to 1974)
structural material
Chna 0.004 Boundary layer conductance ms! Stanghellini
1993
Cearn -1.32x10°  Parameters from polynomial ms!'C? Estimation from
regression Goudriaan
(1987)
Cearz 5.94x10-4  Parameters from polynomial ms!°C! Estimation from
regression Goudriaan
(1987)
Cear3 -2.64x10°  Parameters from polynomial ms! Estimation from
regression Goudriaan
(1987)
Ce 3.69* Light use efficiency (LUE) at gCO, Goudriaan et al.
very high CO, concentrations. mol[photons]”! (1985)
cr 0.0732 Carbon dioxide compensation gCOo, m* Goudriaan et al.
point at 20 °C (1985)
Ci 0.72 Leaf extinction coefficient - Heuvelink
Clar 2.6x1072 Structural leaf area ratio m?[leaf] Measurements
g[SDM]! (Zepeda et al.,
2022b)
Cqio,r 2 Temperature effects on the - Goudriaan et al.
carbon dioxide compensation (1985)
point
Cq10.gr 1.6 Temperature effects on - Sweeney et al.
structural growth 1981
Cq1oresp 2 Temperature effects on - Van Keulen et
respiration al. (1982)
Cr.grmax 6.8x107 Saturation growth rate at 20 °C - Estimation from
this study
Cresp 3.47x107 Maintenance respiration rate at s! Van Keulen et
25 °C (mass of glucose al. (1982)
consumed)
Cstm 0.007 Stomatal conductance ms’! Stanghellini
1993
ky 1.2x10* Rate constant conversion of s! Estimation from
soluble sugars to starch this study
k, 2.20x10" Rate constant conversion from s! Estimation from
starch to soluble sugars this study
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Cc pm 1 Conversion factor for expressing  g[DM] g[CH,OJ
plant mass in CH,O to express it !
as dry mass

*Original parameter value was 17x10 kgCO, J[PAR from sunlight]"' and was converted to gCO,
mol[photons]" using the conversion factor 4.6mol[photons] = 1 MJ.

5.3 Results
5.3.1 Starch concentration

Measured starch concentrations declined over time in all treatments (Figure 5.2 A-F,
H) except in antiphase treatments (low light with high temperature followed by high
light with low temperature) with an integration periods of 20 days (Figure 5.2 G, I).
The model accurately predicted these starch patterns over time, except in constant
conditions (300 umol m?2s™! and 22 °C) where starch concentrations were slightly
underestimated at all time points (Figure 5.2 A). The model underestimates starch
accumulation at high PPFD (400 umol m s2) combined with low temperature (18 °C)
(Figure 5.2 1, day 10 onwards). A less severe underestimation was also observed when
temperature decreased to 20.5°C (Figure 5.2 G, day 10 onwards), although the
underestimations were less severe in this case. In all treatments, the starch pool
reached a minimum level of approximately 0.09 gCH,O gDM!. The model also
predicted a similar minimum level of approximately 0.07gCH,OgDM. The main
difference was for constant conditions (300 pmol m?s™! and 22 °C) where the model

underestimates the minimum starch concentration by 40% (Figure 5.2 A).

5.3.2 Soluble sugar concentrations

The model accurately predicted trends in soluble sugar concentration across the
treatments (Figure 5.3). Antiphase treatments ending with 10 days of high light
intensity and low temperature resulted in an increased soluble sugar concentration
after the change in temperature (Figure 5.3 G, 1), which was correctly captured by the
model. The main discrepancy between measurements and simulations was for the
antiphase treatment 10 °C 2 days (Figure 5.3 E), where the model consistently
underestimated the soluble sugar concentrations at all time points.

5.3.3 Structural dry mass

The model overestimated structural mass accumulation by ~40% in the Antiphase
10 °C 20 days treatment (Figure 5.4 I), when plants are exposed for the last 10 days
to high light intensity (400 pmol m s?) and low temperature (18 °C). Furthermore,
in constant conditions (300 umol m s and 22 °C), the model also overestimated the
structural dry mass during the last 10 days of growth (Figure 5.4 A). The model
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consistently underestimated structural growth at short integration periods (2 days, as
seen in Figure 5.4 C, E). In contrast, in long integration periods (Figure 5.4 G, H, 1),
the model initially underestimated structural growth but then quickly overestimated it
steeply from day 10.

Constant Phase 3 °C 2 days Antiphase 3 °C 2 days
HEEEEEEEEN HEEEEEEN u
HE ...
04l B
0.3
0.2 I
o ‘ . . . . . . .
= 0 5 10 15 20 o 5 10 15 20
ntiphase 1 ays ase ays
> Antiphase 10 °C 2 day Phase 3 °C 20 day
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M N N E e ..
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Figure 5.2. Measured (error bars) and simulated (lines) starch concentration as a function of
time as described in Eq. 5.1, 5.2 and 5.3. Treatments are (4) constant light (300 umol m? s7')
and temperature (22 °C), (B) light and temperature in phase, integration period of 2 days and
3 °C amplitude (400 umol m? s and 23.5 °C for I day followed by 200 umol m s-1 and 20.5
°C for 1 day), (C) light and temperature in antiphase, integration period of 2 days and 3 °C
amplitude (200 umol m-2 s-1 and 23.5 °C for 1 day followed by 400 umol m? s”'and 20.5 °C
for 1 day), (D) light and temperature in phase, integration period of 2 days and 10 °C amplitude
(400 umol m? s7'1 and 27 °C for I day followed by 200 umol m? s and 18 °C for I day), (E)
light and temperature in antiphase, integration period of 2 days and 10 °C amplitude (200 umol
umol m? s and 27 °C for 1 day followed by 400 umol m? s and 18 °C for I day), (F) light
and temperature in phase, integration period of 20 days and 3 °C amplitude (400 umol m? s
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and 23.5 °C for 10 days followed by 200 umol m? s and 20.5 °C for 10 days) (G) light and
temperature in antiphase, integration period of 20 days and 3 °C amplitude (200 umol m? s
and 23.5 °C for 10 days followed by 400 umol m? s and 20.5 °C for 10 days), (H) light and
temperature in phase, integration period of 20 days and 10 °C amplitude (400 umol m> s' and
27 °C for 10 days followed by 200 umol m? s and 18 °C for 10 days), (I) light and temperature
in antiphase, integration period of 20 days and 10 °C amplitude (200 umol m? s and 27 °C
for 10 days followed by 400 umol m? s and 18 °C for 10 days). White bars above the graphs
indicate a low light intensity or temperature and black bars indicate a high light intensity or
temperature. Data are means of three blocks (n=3) with 6 replicate plants per block.
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Figure 5.3. Measured (error bars) and simulated (lines) soluble sugar (glucose, fructose,
sucrose) concentration as a function of time as described in Eq. 5.1, 5.2 and 5.3. Treatments
are as described in Figure 2. White bars above the graphs indicate a low light and temperature
level and black bars indicate a high level of light intensity and temperature. Data are means of
three blocks (n = 3) with 6 replicate plants per block.
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Figure 5.4. Measured (error bars) and simulated (bold lines) soluble sugar (glucose, fructose,
sucrose) concentration as a function of time as described in equation 1. Treatments are as
described in Figure 2. White bars above the graphs indicate a low light and temperature level
and black bars indicate a high level of light intensity and temperature. Data are means of three
blocks (n=3) with 6 replicate plants per block.

5.4 Discussion

Starch and sugar pools in plants are regulated by a complex enzymatic network (Dong
& Beckles, 2019; Rasse & Tocquin, 2006) causing concentrations to fluctuate on short
(<1 day) and long (> 1 day) timescales. These variations have a profound effect on
plant structural growth (Gent, 1986; Smith & Stitt, 2007) but often they are not
explicitly included in crop models. The aim of this paper was to develop a plant
growth model that can explain the day-to-day variations in observed carbohydrate
levels and growth of vegetative plants grown at daily and weekly fluctuations in light
and temperature. We describe the interconversion between the soluble sugar and
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starch pool using a kinetic reversible reaction. Our three-state model has only an
additional state (Xs,;) and two additional parameters (k; and k,) compared with the
two-state model from van Henten (1994). The model described most of the trends
observed for soluble sugars and starch accumulation and depletion in plants grown at
fluctuating light and temperature.

5.4.1 Structural growth and carbohydrate accumulation

Our model assumes a linear relationship between relative growth rate and soluble
sugar concentration in leaves. This assumption is supported by observations from
Thornley and Hurd (1976), that show a direct correlation between the two variables
(Fig. 3 in Thornley & Hurd, 1976). This relationship is highly sensitive to increasing
concentrations of soluble sugars. This assumption can lead to a large overestimation
of structural mass. This does not mean that the formulation is wrong, instead, it
suggests that this function is only suited for plants grown at source-limited conditions
(i.e., when the potential supply of photosynthesis is low compared to the potential
demand for assimilates). This reasoning could explain the higher structural growth
rates observed at high light intensity and low temperatures in our simulations. While
at low temperatures the relative growth rate is decreased following an equation with
a Qo factor =1.6, the increased NSC concentration from the high PPFD levels will
lead to an overall increase in the relative growth rate. A more suitable formulation for
our model would be that the correlation between soluble sugars and relative growth
rate follows a saturation type of curve (i.e., a Michaelis-Menten saturation function).
Beyond a saturation point, temperature becomes the primary factor influencing
growth rate, rather than the carbohydrate availability (Fatichi et al., 2019).

5.4.2 Sink limitation of growth at low temperatures and high
light intensity

In high-tech greenhouses, optimal temperatures are maintained, and water and
nutrient availability are not limiting factors, thus growth is primarily limited by light
availability (source-limited growth). However, elevated CO; and high light intensities
generally lead to an accumulation of carbohydrates. The factors limiting growth in
this case are metabolism or sink activity (tissue expansion and cell division) rather
than source activity (C assimilation, Fatichi et al., 2014). At high light intensity and
low temperature, there is a higher allocation of C to starch at the cost of structural
growth, however this cannot be well simulated by our model. Leuzinger et al. (2013)
incorporated sink-limited growth in their tree model based on the assumption that
maximum plant growth is reached asymptotically as growing degree days increase.
Bucksch et al. (2017) improved the simulation accuracy of tree growth in Dynamic
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Global Vegetation models by considering intrinsic limitations of meristems and
cellular growth rates, though the model remains complex with many parameters.

It is important to note that from our perspective, source-limited and sink-limited
growth are not mutually exclusive but rather dependent on the environmental
conditions. Whichever mechanism dominates can change over time and with changes
in the environment. For example, Escobar Gutierrez et al. (1998) modelled structural
growth over time as the minimum of supply and demand (see Eq. 20 Escobar
Gutierrez et al., 1998b), similar to the approach used by Seginer & Gent (2014).

In our model, there is an implicit assumption that carbohydrates act solely as a
substrate for structural growth. However, it is likely that carbohydrates have a
signalling role (Pollock & Farrar, 1996). Low temperature can reduce the sink
(meristem) activity, and thus result in an increase in carbohydrate levels. Changes in
sugar concentration over a period of hours to few days can indicate imbalance between
assimilate production in source tissues and consumption in sink tissues. This
emphasizes the need to consider carbohydrates as both a substrate and signal in crop
models for more accurate predictions of growth and productivity. Future
improvements must include the implementation of these signalling mechanisms.

5.4.3 Feedback inhibition of photosynthesis due to high
concentration of carbohydrates

Our model currently overestimates structural dry weight and total dry weight when
there is a low temperature relative to available light. This may be due to feedback
inhibition of photosynthesis caused by carbohydrate accumulation, which is not
included in our model. However, when plants are exposed to more balanced
conditions (e.g., light level is adjusted to temperature, Figure 5.2F) our model
predictions are accurate for starch, soluble sugars, and structural dry weight. Sink
activity can regulate source leaf photosynthesis via assimilate accumulation (Stitt,
1996). An increase in carbohydrate concentration can directly downregulate
photosynthesis by inducing phosphate deficiency or a high concentration of triose-
phosphate which inhibits RuBP-carboxylase activity (Azcon-bieto, 1983; Paul &
Foyer, 2001a). Although net photosynthesis substantially increases when plants are
grown at high atmospheric CO», this increase is not sustained in some species (Stitt,
1991) after doubling CO; concentrations. Because fluctuating temperature and light
can lead to an accumulation of carbohydrates, it is necessary to improve crop model
predictions by including the feedback mechanisms between carbohydrates and
photosynthesis. It is important to note that photosynthesis inhibition might not occur
in high-producing crops. Experiments in semi-closed greenhouse with elevated CO»
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levels did not cause feedback inhibition in fruiting tomato or cucumber crops. This is
because these plants had sufficient sink organs (fruits) to use the extra assimilates
(Marcelis, 1991; Qian et al., 2012). However, vegetative tomato plants can much more
easily reach sink limitation compared to fruiting crops (Li et al., 2015). Gent &
Seginer (2012) incorporated photosynthesis inhibition in their vegetative plant model;
it occurs whenever the assimilate pool is completely full (Seginer & Gent, 2014).

Similarly, Vanthoor et al. (2011) included an inhibition term that is activated once the
carbohydrate amount in the buffer exceeds its maximum storage capacity (see eq. 9.11
in Vanthoor et al., 2011). However, neither of these implementations have been
validated or based on experimental quantification of photosynthesis inhibition.
Therefore, a more accurate mathematical approximation based on experimental data
is needed to describe this process. Our results highlight the importance of further
investigating the impact of high soluble sugar on photosynthesis inhibition and its
effect on plant growth.

5.4.4 Starch accumulation mechanisms

One of the main limitations in our model is its inability to accurately predict starch
accumulation at high light intensities and low temperatures. Rasse & Tocquin (2006)
simulated starch accumulation through two mechanisms: (1) a programmed baseline
rate of starch synthesis when photosynthesis is low (Sun et al., 1999) and (2) an
overflow mechanism when photosynthesis exceeds organ growth demand and
respiratory costs (Stitt, 1996). An overflow mechanism could be implemented in our
model by linking k; (soluble sugar conversion to starch) to the soluble sugar levels
wherein, above a certain threshold, k; would be higher to promote more sugar
accumulation. However, we could not retrieve sufficient information in literature to
quantitatively relate sugar concentration with starch accumulation. The
interconversion between soluble sugars and starch in plants is likely influenced by
temperature (Sperling et al., 2019; Zwieniecki et al., 2015). This can be modelled by
considering the temperature kinetics of both compounds. At high light, starch
production is high, but if temperature is low, degradation of starch into soluble sugars
will also reduce due to a lower reaction rate of starch degrading enzymes

5.4.5 Possible model extensions

Our model represents an appealing scheme to introduce C allocation and sink control
in a mechanistic way. Here, we identify major knowledge gaps that can further refine
the model and generalize it towards a larger range of crops and climate fluctuations.
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First, the model should be extended with functions that describe growth
under sink-limited conditions. Elevated CO,, low temperatures and high light
intensities generally lead to carbohydrate accumulation. The factors limiting
growth in this case are metabolism or sink activity (tissue expansion and cell
division) rather than source activity (C assimilation Fatichi et al., 2014).
However, there is not enough quantitative information that describes the
relationship between high levels of NSC accumulation and growth. A first
attempt to describe sink-limited growth could be to determine the
relationship between relative growth rate and carbohydrate level
experimentally. Our model assumes a linear relationship, however relative
growth rate and carbohydrate levels may share a non-linear relationship. It
needs to be determined whether additional feedback mechanisms must be
included. As pointed out in previous reviews of crop growth models (e.g.,
Poorter et al., 2013) inclusion of source-sink interaction in mechanistic
models should be prioritized to improve understanding on how physiology
responds when the environment changes.

Second, improvements are needed in the estimation of rate constants for
starch and soluble sugars (k; and k,) across a wider range of temperatures,
as it is likely that these rate constants are temperature-dependent (Sperling et
al., 2019; Zwieniecki et al., 2015). As such, the kinetics of these parameters
should be included, specifically with respect to their temperature
dependence.

Third, future extensions of the model should include the regulation of C
partitioning via the circadian clock (endogenous rhythm), for example with
phase oscillators (e.g. Seki et al., 2017). In this way the model could account
for changes in the daylength.

Practical implications

Improving energy use efficiency while maintaining crop yield can be realized by a

flexible control of the climate set points, which can reduce energy consumption of the
greenhouse up to 20% (Korner & Challa, 2004; Van Beveren et al., 2015). One major
bottleneck for improvement in optimal climate control is the need for a suitable crop

model. Fine climate control requires integration over different time scales (hourly,

daily, monthly); therefore, the crop models should include refined physiological

processes that account for short-term responses. Our model could be used to predict

the effect of climate control strategies on the diurnal or hourly C balance of the plant,

in order to steer the climate towards desired state trajectories and to avoid unwanted

trajectories (e.g., too high or too low starch levels). Seginer (2022) showed that the
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choice of crop model used for indoor environmental control of a greenhouse (e.g., a
model without a NSC pool vs a model with an NSC pool) has a large influence on the
control strategies. It is essential to note that the reproductive processes of crops
become the primary bottleneck for implementing flexible climate control once the
crop has flowered, as discussed in Chapter 4. To accurately simulate realistic
greenhouse scenarios, it is crucial to include the simulation of processes such as fruit
and seed set. By doing so, the implementation of flexible climate control can be
optimized, and more realistic results can be obtained.

5.5 Conclusions

In conclusion, the trends of soluble sugar and starch accumulation and depletion in
plants grown under day-to-day fluctuating light and temperature can be explained by
a model that incorporates an interconversion between the soluble sugar and starch
pool using a kinetic reversible reaction. This increases the model complexity only
slightly, with the addition of one state and two parameters compared to a previous
two-state model (Van Henten, 1994). The simulation model shows reasonable
agreement with measurements; however, one limitation of our model is its inability to
predict structural growth under sink-limiting conditions, such as high light intensity
and low temperature.
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5.7 Appendices
5.7.1 Appendix A: Additional tables

Table A 5.1. Nominal and optimal parameters of the two-state variable growth model.
Lower Upper Optimal

Parameter Nominal Value bound bound value Units Source
g 0.8 (canonly go 0.6 0.8 0.7 - Sweeney et al.
from 0 to 1) (1981)
Ceart -1.32x107° —6.6 —2.64 -1.32 ms'’C?  estim. from
%X 1076 x 1075 x 1075 Goudriaan
(1987)
Cearz 5.94x 107* 2.97 1.2 5.94 ms'’C!  estim. from
x 1074 x 1073 x 1074 Goudriaan
(1987)
Cears —2.64%x 1073 -1.3 —-53 —2.64 ms?! estim. from
x 1073 x 1073 x 1073 Goudriaan
(1987)
Ce 17 x 107° 7%x107° 1.9 17 kg J! Goudriaan et. al
x107®  x107° (1985)
Cr.grmax 5.6 X 107¢ 1x10°° 8.6 5.6 s! van Holsteijn
x 1076  x 107 (1981)

Table A 5.2. Average and standard deviation of the cross-validation predictions.

RMSE soluble  RMSE starch RMSE Weighted
sugars (gCHOgDM™) structural dry RMSE total
(gCHOgDM™) weight -)
Average 0.013 0.036 0.623 3.22
Standard deviation 0.0106 0.0136 0.3252 1.79
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Precise control of the indoor climate in greenhouses allows for consistent crop
production and high yields, regardless of external weather conditions (Bot, 2001).
However, this requires high energy inputs, particularly during the cold and dark winter
months in temperate climates (Van Beveren et al., 2015). The Dutch horticultural
sector has set a goal to become climate neutral by 2050 (Landbouw & Zaken, 2020)
and achieving this requires substantial reductions in energy use in the greenhouse.
Flexible greenhouse climate control based on plant physiological processes has the
potential to save a significant amount of energy (Korner & Challa, 2003). The aim of
this thesis was to contribute to the understanding of the crop’s ability to buffer climate
fluctuations, and to capture this knowledge into a model.

6.1 Plants as a ‘Battery’ — The Role of a
Dynamic C Pool

Plants adapt to fluctuations in light intensity and temperature through the storage and
remobilization of non-structural carbohydrates (NSC). Plants distribute the recently
assimilated carbon (C) from the leaves, which serves as a source, to sinks for growth,
metabolic maintenance, storage, and defence (Chapin et al., 1990). NSC are
accumulated as soluble sugars and starch (Martinez-Vilalta et al., 2016) when the net
production of carbohydrates exceeds the demand and growth is limited by assimilate
usage. Chapter 3 showed that when plants are exposed to different temperature and
light fluctuations, the differences in total dry mass are relatively small while NSC are
highly dynamic. This highlights that changes in NSC levels do not necessarily result
in substantial alterations in the overall total plant biomass. Instead, temperature and
light fluctuations impact growth of structural mass. This insight is crucial, as it implies
that plants could serve as an effective ‘battery’ for C storage, buffering asynchronies
between supply and demand for assimilates.

Defining the buffering capacity is a crucial aspect of the ‘plants-as-a-battery’ analogy.
In vegetative plants, the buffering capacity depends on the characteristics of the C
pool, such as how much C the plant can accumulate before growth is significantly
reduced, how quickly C can be remobilized, and whether a fraction of C remains non-
mobilizable. However, in mature plants with flowers, the hierarchy of limitations
changes as here, crop flexibility will be determined by the thermosensitivity of
reproductive processes rather than by the C pool itself. However, this will be further
discussed in section 6.4.
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6.2 The ‘balanced crop’: source-sink ratio vs.
photothermal ratio

There is significant interest among researchers and growers in maintaining a ‘balanced
crop’ in order to optimize vegetative growth and prevent the risk of physiological
disorders (Elings et al., 2006; Geelen et al., 2015; Li et al., 2015). Physiologically,
this balance refers to the source-sink ratio, which is the ratio between the supply of
assimilates and the demand for assimilates. The supply of assimilates in an adult crop
is primarily determined by the net rate of CO, assimilation, which is largely influenced
by incoming radiation and CO, concentration. The demand for assimilates, or
potential growth rate, is determined by the competition between organs for assimilates
and the individual demand of each organ, the latter of which is highly temperature
sensitive. While the source-sink ratio can give an indication on the ‘C status’ of the
plant (i.e. whether growth is source- or sink-limited), it is a complex parameter that
cannot be easily measured as it requires calculating the source and sink strength with
a crop growth model. The photothermal ratio (PTR) is an easily measured alternative
and practical tool that can provide insight into the balance between the supply of
sugars through photosynthesis and the demand of sugars through the rate of cell
division (Poorter et al., 2016). PTR is calculated as the ratio of daily light to the
average daily temperature above 0°C (Liu & Heins, 1998; Poorter et al., 2016).
Balanced growth through the PTR (Geelen et al., 2015) is achieved by adjusting the
daily mean temperature to the daily light integral (see Figure 6.1).

While the PTR offers more flexibility as a guideline for controlling greenhouse
climate compared to predetermined climate set points, it does not necessarily result in
energy savings in the greenhouse. With the PTR, the decision to heat up the
greenhouse, thereby consuming gas, is primarily based on the radiation levels, rather
than factors such as gas prices or wind speed. An alternative would be to widen the
temperature bandwidth, allowing the temperature to fluctuate within certain limits.
This has been shown to result in energy savings from 4% at a bandwidth of 2 °C in
tomato (Elings et al., 2005), and up to 13% at a bandwidth of 10 °C for a rose crop
(Buwalda et al., 1999). Despite the flexibility of this approach, the constrains are still
directly on climatic factors (although based on the crop). The ultimate goal for a
flexible climate control based on the concept of ‘plants as a battery’, is to replace
direct constraints on climate set points by constraints determined by the crop’s
response and physiology (Van Straten et al., 2000). However, this requires a reliable
crop prediction model that can accurately account for varying climate conditions,
which is also one of the main goals of this thesis as discussed in Chapter 4 and
Chapter 5.
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Figure 6.1. Graphical illustration of two different forms of flexible climate control in the
greenhouse. (A) Photothermal ratio (PTR, daily light integral to daily temperature integral).
Here, temperature constrains can be widened to allow more flexibility on the climate control,
however the constrains are on the temperature set points. (B) Flexible climate control using the
‘plants as a battery’, where direct constraints on climate set points are replaced by the crops
physiological response, which requires a crop growth model that can account by reversible and
irreversible processes.

6.2.1 Temperature integration

Temperature integration has long been recognized as a strategy to minimize the energy
required to heat a greenhouse (Korner, 2003). The objective here is to shift heating to
times when heat loss is low, such as low-wind days or during the night when the
thermal screens are in use (Huang & Chalabi, 1995). Heating the greenhouse above
the desire temperature during the day for free (by the sun), then compensating by less
heating at night to maintain a desired average temperature is a diurnal approach for
energy savings (Hemming et al., 2019b). Over long-term seasons, reducing heating
by a few degrees on cold days when the forecast predicts warmer weather in the future
could also save energy without significant yield losses. However, determining the
optimal temperature setpoint trajectory over a certain period requires forecasting the
windspeed or temperature, which represents an additional challenge due to the
inherent uncertainty of these inputs (Payne et al., 2022).

6.2.1.1  Starch accumulation over structural growth

Chapter 3 shows that vegetative tomato plants have a large temperature integration
capacity (up to 20 days) when looking at the total dry mass of the plants. Specifically,
plants grown under daily alternating temperature (18 °C and 28 °C) and light
conditions (200 and 400 umol m™ s!) for 20 days showed no significant difference in
total dry mass accumulation compared to plants grown for 10 days at 28 °C and 200
umol m? 5!, followed by 10 days at 18 °C and 400 umol m2 s™!. The main difference
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was that plants under high light levels and low temperature allocated more C into
starch, at the expense of structural growth (Figure 6.2). This supports the argument
made in Chapter 2, plants can buffer the temperature and light fluctuations through
the starch pool specifically. One question that remains unclear is whether the
increased C storage is the result of active allocation by the plants, or whether it is it
simply a consequence of reduced structural growth?

In any case, this change in allocation has a significant impact according to the
phenology of the plant: if C storage is prioritized over structural growth during the
exponential growth phase, it could result in a reduction in leaf area (an irreversible
process), which ultimately decreases the amount of light captured. However, our
research did not observe this effect as the plants were grown with a high leaf area
index, resulting in linear growth. In general, prioritizing C storage (as starch) over
structural growth has implications on the overall morphology of plants, as the lack of
resources for growth may limit the development of various organs. Focusing on
structural growth might be appropriate when the plants are young, while prioritizing
the accumulation of starch might be desirable in adult crops (as an increased
concentration of starch or soluble sugar content in the leaves is sometimes described
as a quality trait).
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Figure 6.2. Graphical illustration of findings from Chapter 2. Tomato plants were grown for
20 days at (A) an alternating light intensity of 200 umol m? s and 18 °C for 1 day followed by
400 umol m? s and 28 °C the next day or (B) light intensity of 200 umol m s and 28 °C for
10 days followed by 400 umol m? s and 18 °C for the next 10 days. At the end of the treatment
both (A) and (B) had the same light and temperature integral.
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When exploring boundaries for temperature integration, a distinction must be made
between reversible processes and irreversible ones. Reversible processes are those that
can be restored by adjusting the temperature, for example, the C balance, as seen in
Chapter 3. Negative irreversible processes must be avoided — for example, delayed
LAI development during the beginning of the season, could lead to a reduced light
interception and thus a lower growth. Abortion of flowers is another irreversible
process that should be considered in the temperature integration strategy; however,
reproductive processes will be further discussed in subsection 6.3.

6.3 Modelling the C pool: how far are we?

Models are simplifications of complex systems, defined by specific boundaries.
Mechanistic models offer an understanding of the underlying processes, making them
valuable tools for testing and exploring hypotheses (Hammer et al., 2004). In Chapter
2 I argue that current crop growth models inadequately represent the dynamic C pool.
Crop growth models often include storage as a passive process whenever there is
excess of C. However, modelling the accumulation and remobilization of C (a
dynamic C pool) is challenging due to the complexity of the process. Two key
mechanisms for the active regulation of storage are identified in Chapter 2: (i)
partitioning of assimilates between soluble sugars and starch and (ii) degradation and
remobilization of storage compounds. Other research (e.g. Gibon et al., 2009;
Pokhilko et al., 2014.; Stitt & Zeeman, 2012) has primarily focused on studying starch
turnover and its relationship with biomass in Arabidopsis on a diurnal basis. Several
models have been proposed to explain the ‘near to complete’ starch degradation at
night, with the simplest being the ‘Arithmetic Division’” model (Scialdone et al.,
2013). This model assumes that the plant adjusts the rate of starch degradation at the
end of the day, such that it is nearly entirely consumed by the end of the night.
However, a critical aspect in this model is that physiologically, this ‘near to complete’
remobilization occurs only when plants are source-limited. As a result, this model
does not account for progressive accumulation of starch under conditions of high light
intensity and low temperatures, as observed in Chapter 3.

The initial model proposed in Chapter 2 had a complex structure with many
parameters and rule-based processes, which requires the estimation of numerous
thresholds and limits. This complexity made the model less robust. By contrast, in
Chapter 5, we adopted a different approach by modelling the starch-soluble sugar
dynamics using a reversible kinetic reaction that only required two additional
parameters. This approach has been used in other studies, such as simulating the rates
of conversion from starch to soluble sugars at fruit maturation in tomato (Luo et al.,
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2020). This new model predicted the minimum and maximum starch and soluble sugar
concentrations as inherent properties of the model, which improved its robustness.

The model developed in Chapter 5 proved to be a simple and accurate model for
predicting starch, soluble sugars and structural growth in plants under different light
and temperature fluctuations. However, there are some limitations in the experimental
dataset used for model calibration and evaluation. Data was collected every 5 days,
which does not provide a comprehensive understanding of the diurnal dynamics of
these C pools. A more complete study in the future should include measurements of
starch and soluble sugar concentrations at the beginning and end of both the light and
the dark periods. Additionally, the experimental design should incorporate a wider
range of C status in the plant, from very source-limited (e.g., low light intensity) to
very sink-limited (e.g., high light intensity) at various temperatures. The model could
be further improved by considering the effects of varying photoperiods, such as
alternating long and short days (Feugier & Satake, 2014; Webb et al., 2019). This
would provide a more comprehensive representation of the plant's growth under
different photoperiodic conditions.

6.4 Flexible climate control and fruit, seed set —
the weak link

As highlighted in subsection 6.1. is important to differentiate between reversible and
irreversible processes when exploring the boundaries for temperature integration
strategies. In this general discussion I have focused so far on the C balance of
vegetative plants, where C can accumulate and later be depleted without adverse
effects on total plant mass. However, reproductive processes are highly
thermosensitive, and temperature stress during the reproductive phase is usually
irreversible, although it depends on the duration (or ‘dosage’) of the stress (Korner,
2019). Many studies (e.g., Chaturvedi et al., 2021; Pham et al., 2020; Santiago &
Sharkey, 2019; Sato et al., 2006; Zinn et al., 2010) have extensively quantified the
effects of temperature stress on reproductive processes in field crops, including
cereals and grains. However, little of this has focused on stress duration, although
there are exceptions (e.g., Prasad et al. 1999). Results in Chapter 4 show the
consequences of the ‘temperature-dose’ response (temperature x duration) on the
germination of tomato pollen. Specifically, the study found that exposure to 30°C for
one day resulted in a relatively high rate of pollen germination leading to a seeded
fruit with high mass. However, exposure to 30°C for three days or longer resulted in
a close to zero germination rate, leading to reduced seed set and reduced fruit mass.
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Simple regression models that account for temperature effects on flower abortion,
fruit set, or harvest index are often introduced to field crop models to predict yield. In
a horticultural context, fruit set is often modelled as a function of the source-sink
balance, or simply set to be a fixed fraction under the assumption that temperature is
maintained within certain bounds to maximize fruit set. Excluding the simulation of
reproductive processes in crop models can lead to inaccurate yield predictions. For
example, Chapter 3 showed that plants grown for 10 days at 18 °C and the following
10 days at 28 °C did not have reduced total plant mass, but rather showed increased
allocation of C to storage (NSC) and less to structural mass. However, the fruit mass
prediction model developed in Chapter 4 estimates a potential 50% reduction in
individual fruit mass for flowering plants.

6.4.1 Coupling fruit set models with crop growth models is
essential to explore boundaries for temperature integration

In the context of greenhouse climate control, including the prediction of reproductive
processes as a function of temperature (intensity and duration) has important
implications for the optimal control algorithm. When computing optimal trajectories
or climate set points, the controller must consider the presence of flowers, as well as
the amplitude and duration of the temperature fluctuations. This will then involve a
balancing of costs to maintain optimal temperature conditions against the economic
losses that may result from harvesting a lower number or fruits or smaller fruits. For
the controller to effectively make these decisions, a reliable fruit set and fruit mass
model is necessary to account for these factors. The predictive model for fruit mass
developed in Chapter 4 could be coupled to a fruiting crop to predict the effect of
different temperature integration regimes on individual fruit mass. Furthermore, to
accurately predict the yield per truss, the independent quadratic relationship between
temperature and fruit set that was observed can be incorporated into the model. A key
consideration is that the crop model must accurately distinguish the developmental
stage of the flowers or trusses. This is because the model developed in Chapter 4 only
accounts for effects prior to anthesis. One way forward could be to adopt the method
used by Challinor et al. (2005), which involves identifying periods of temperature
stress and relating them to trusses that are vulnerable to failure.

6.5 Do we need more complex models?

Measuring feedback (from sensors) and estimating the crop state is required to make
rational control decisions in the greenhouse or for the decision support system to give
advice to the grower (Korner, 2019) as highlighted in Chapter 1 (Figure 1.1).
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However, in optimal control, very complex crop models are often undesirable because
they make optimization difficult (Van Straten et al., 2010). In many cases, this results
in an oversimplification of the problem where the crop is not explicitly included in
the optimization algorithms, but rather represented as user-defined set points (e.g.,
Van Beveren et al., 2015). However, when we do not have enough information, then
there is a higher likelihood of obtaining a bad advice from the optimal control
algorithm. In Chapter 5, we developed a model that provided new information that
previous crop models did not have. This was done by considering two different
assimilate pools (soluble sugars and starch) that operate at different time scales and
have distinct functions. Overall, the model complexity increased only to an additional
state and three additional parameters compared to Van Henten’s (1994) two-state
model. Seginer (2022) demonstrated that the optimal control advice for the
greenhouse climate depends on the crop model structure. By incorporating an
assimilate pool into a crop model, he found that the correlation between mean daily
temperature and mean daily global radiation (PTR) was improved (i.e. ‘balanced
growth”) compared to models without an assimilate pool. The improved PTR in this
study was an inherent consequence of using a model with more information (i.e. an
assimilate buffer). This highlights the importance of choosing the right crop model
and incorporating a sufficient level of complexity to ensure accurate control advice.
The three-state model developed in Chapter 5, represents a promising option for
improving the precision and accuracy of greenhouse crop control; or at the very least,
it simulates more realistic scenarios under fluctuating climate conditions, though this
potential remains to be tested.

6.6 Dynamic climate control — the gap with
practice

Dynamic climate control has the potential to save significant amounts of energy (e.g.
Korner & Van Straten, 2008; Sigrimis et al., 2000; van Beveren et al., 2015)but it
requires the acceptance from growers (Van Straten et al., 2000). Growers may be
reluctant to adopt energy-saving measures when energy costs are not high and the
revenues are still acceptable (Van Straten et al., 2000). However, with recent energy
price increases, there is increased interest in reducing energy costs. Growers may also
be concerned that long-term temperature integration can lead to an “‘unbalanced crop’
and negatively impact crop yield. Adoption of new methods by growers will
ultimately depend on the accurate quantification of benefits and a thorough
assessment of associated risks (Van Straten et al., 2000).
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Summary

Precise control of the indoor climate in greenhouses allows for consistent crop
production and high yields, regardless of external weather conditions (Bot, 2001).
However, this requires high energy inputs, particularly during the cold and dark winter
months in temperate climates (Van Beveren et al., 2015). The Dutch horticultural
sector has set a goal to become climate neutral by 2050 (LTO Glaskracht, 2015), and
achieving this requires substantial reductions in energy use in the greenhouse. Flexible
greenhouse climate control based on plant physiological processes has the potential
to save a significant amount of energy (Kérner & Challa, 2003). The aim of this thesis
is to contribute to the understanding of the crop’s ability to buffer climate fluctuations,
and to capture this knowledge into a model.

In Chapter 1 (general introduction) the relevance of using flexible climate control to
reduce the energy consumption in the greenhouses is highlighted. By using a systems
approach, the research problem is clearly defined. In this chapter I propose the analogy
of plants as a battery: plants store energy in the form of sugars (soluble sugars and
starch) produced through photosynthesis, and the stored sugars can be used for the
growth and survival of the plant, similar to how batteries store and release energy.
Additionally, the chapter highlights how reproductive processes in plants limit
flexible temperature control in greenhouses and provides a brief overview of the role
of models in explaining crop flexibility. The chapter concludes by presenting the
research approach for this thesis.

In Chapter 2, the aim was to provide arguments supporting the view that an active C
pool needs to be included in simulation models to improve our understanding of plant
growth in fluctuating environments. Carbon (C) storage allows a plant to support
growth whenever there is a temporal asynchrony between supply (source strength)
and demand of C (sink strength). This asynchrony is strongly influenced by changes
in light and temperature. In most crop models, C storage is included as a passive
process that occurs whenever there is an excess of C from photosynthesis compared
with the demand of C for metabolism. However, there are numerous studies that
challenged this concept, and provided experimental evidence that C storage is an
active process that allows buffering of environmental fluctuations to support long-
term plant growth. In this opinion paper, we argue that an active C pool needs to be
included in simulation models for a better understanding of plant growth patterns
under fluctuating environment. Specifically, we propose that the two main
mechanisms actively regulating C storage in plants are the partitioning of assimilates
between soluble sugars and starch and the degradation and remobilization of storage
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compounds. The insights gained here are important to optimize crop performance
under fluctuating conditions and thus for developing more resource-efficient crop
production systems.

Despite the central role of C in plant growth, our understating of the dynamics of C
storage and remobilization under short-term (days) and long-term (weeks) climate
fluctuations is limited. In Chapter 3, the aim was to test the hypothesis that C storage
and remobilization can buffer the effects of temperature and light fluctuations on
growth of tomato plants. Differences in final structural dry weight were relatively
small, while NSC concentrations were highly dynamic and followed changes of light
and temperature (a positive correlation with decreasing temperature and increasing
light intensity). High temperature and low light intensity lead to depletion of the NSC
pool, but NSC level never dropped below 8% of the plant weight and this fraction was
not mobilizable. Our results suggest that growing plants under fluctuating conditions
do not necessarily have detrimental effects on plant growth and may improve biomass
production in plants. These findings highlight the importance in the NSC pool
dynamics to buffer fluctuations of light and temperature on plant structural growth

While Chapter 2 and Chapter 3 focus on the flexibility of vegetative plants, it should
be noted that the reproductive processes in flowering plants are highly sensitive to
temperature. As a result, these processes are often inflexible or irreversible. These
processes are often neglected in crop growth models, which can limit their accuracy
and reliability in predicting yield under fluctuating conditions. In Chapter 4, we
developed a quantitative model to predict seed set and fruit mass based on the effect
of temperature and duration of the temperature on pollen quality (pollen number,
viability, and germination). To develop the model, we conducted an experiment where
we exposed dwarf tomato plants to 14°C for 4, 6, or 8 days, 30°C and 34°C for 1, 3,
or 4 days, and a control treatment at 18°C. Temperatures of 30°C and 34°C reduced
pollen viability and germination, resulting in lower seed set and fruit mass. While fruit
set remained unaffected at 30°C, both 14°C and 34°C led to reduced fruit set. No
correlation was observed between fruit set and pollen number, germination, or
viability. At low temperatures (14 °C) yield was predicted to decrease due to a lower
number of fruits in the truss (as a consequence of low fruit set) and due to a reduced
fruit mass compared to optimal temperatures (18 °C). At high temperatures (30 °C)
yield was predicted to decrease mainly due to a reduced individual fruit mass (as a
consequence of low seed set). Our model overestimates fruit mass at very high
temperatures (34 °C) and long durations (3 or 4 days). By coupling this model with a
crop growth model, a control algorithm could weight the presence of flowers and the
impact of temperature fluctuations against the economic losses from harvesting
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smaller fruits or a reduced number of fruits, making it a valuable tool for optimizing
greenhouse temperature strategies.

Because soluble sugars and starch have distinct functions and respond differently to
environmental conditions, it is crucial to explicitly differentiate between these two
pools in models to accurately predict the effect of NSC on growth. In Chapter 5 the
aim is to develop a plant growth model that can explain the day-to-day variations in
soluble sugars, starch and structural growth of vegetative plants grown at day-to-day
fluctuations in light and temperature. To achieve this, we extended the existing crop
growth model by separating the non-structural carbohydrate pool into a soluble sugar
and starch pool. The interconversion between the soluble sugar and starch pool was
described by a kinetic reversible reaction. The model results agreed with the measured
starch, soluble sugars, and structural dry mass of plants grown for 20 days under 8
conditions of varying light and temperature conditions. The model only failed to
accurately predict growth at high light intensities and low temperatures. Under these
sink-limited conditions the model overestimated structural dry mass and
underestimated starch concentration. The model can be improved by incorporating the
direct influence of temperature on meristem activity or on the rate of starch
degradation into soluble sugars.

Chapter 6 concludes with an insightful discussion on the practical implications of the
concepts of temperature integration, photothermal ratio, and source-sink ratio. The
chapter also reflects on the current state of crop flexibility modelling and identifies
potential areas of improvement. Additionally, the gap between dynamic control in
theory and its implementation in practice is discussed and an outlook is provided to
bridge this gap.
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