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Abstract

During exposure to elevated temperatures, plants employ various mechanisms to survive and
maintain cellular functions, ultimately leading to increased thermotolerance. Heat affects mem-
brane integrity, protein function, enzyme activity and transport processes, impacting photosyn-
thesis and the primary carbohydrate metabolism. To adjust to the environmental conditions,
plants regulate their metabolism to stabilise growth and development. Especially photosynthe-
sis and the metabolism of carbohydrates, which are primary products of photosynthetic CO,

fixation, need to be adjusted to prevent irreversible tissue damage.

The metabolic and photosynthetic response to transient heat exposure of differing severity was
quantified in Arabidopsis thaliana accession Columbia-0 (Col-0), and two mutants deficient in
enzyme activities of starch and sucrose biosynthesis, plastidial Phosphoglucomutase (PGM1)
and Sucrose Phosphate Synthase A1 (SPSAT1), respectively. A mathematical carbon balance
model utilising Fourier polynomials was employed to analyse underlying dynamics of net car-
bon fluxes. Integrals and derivatives of the Fourier polynomials revealed a stabilising role of a

lowered activity of SPS during transient heat exposure.

To further understand the effect of carbohydrates on heat response, the acclimation of Ara-
bidopsis to elevated temperatures was analysed. Wild type Col-0 plants before and after 7 days
of acclimation to heat, ranging from moderate to severe, were analysed by photosynthesis and
electrolyte leakage measurements to assess their acclimation capability. Across a temperature
range from 22°C to 40°C, it was found that Arabidopsis most efficiently increases its heat tol-
erance during acclimation at 34°C. Leaf tissue of non-acclimated and acclimated plants was
analysed using the non-aqueous fractionation (NAF) technique, which enabled the quantifica-
tion of subcellular sugar distribution. Ultrastructural 3D measurements by serial block-face
scanning electron microscopy (SBF-SEM) resolved compartment volumes, which enabled esti-
mations of effective sugar concentrations. The compartment-specific concentrations of the three
sugars sucrose, glucose and fructose were quantified for vacuole, cytosol and chloroplasts. In
acclimated plants, cytosolic sucrose levels were stabilised by shifting invertase-catalysed su-
crose cleavage into the vacuole. Further, glucose and fructose concentrations were observed to
peak in the cytosol of acclimated plants, indicating a heat-induced deregulation of dissimilatory
pathways, e.g., glycolysis.

In summary, it is hypothesised that a coordinate heat response of sucrose transport into the
vacuole and a hexose-induced inhibition of sucrose cleavage in the cytosol stabilises carbohy-

drate metabolism and photosynthesis.



Zusammenfassung

Pflanzen haben eine Vielzahl an zelluldren Mechanismen entwickelt, um sich an erhohte Tem-
peraturen anzupassen. Hitze beeintrachtigt die Zusammensetzung und Funktion zelluldrer Mem-
bransysteme, sowie die Funktion von Proteinen und Enzymen, die sowohl die Photosynthese als
auch den Kohlenhydratstoffwechsel beeinflussen konnen. Um sich an dynamische Umweltbe-
dingungen anzupassen, regulieren Pflanzen ihren Stoffwechsel, um Wachstum und Entwicklung

zu stabilisieren und um irreversiblen Gewebeschaden abzuwenden.

In der vorliegenden Arbeit wurden Photosynthese und Kohlenhydratstoffwechsel in Arabidop-
sis thaliana wihrend transient auftretender Hitzewellen untersucht. Dafiir wurden Mutan-
ten im genetischen Hintergrund der Akzession Columbia-0 (Col-0) analysiert, die entweder
eine verringerte Aktivitdt der plastiddaren Phosphoglucomutase (PGM1) oder der cytosolischen
Saccharose-Phosphat-Synthase A1 (SPSA1) aufwiesen. Ein mathematisches Bilanzmodell wur-
de unter Einbindung von Fourierpolynomen verwendet, um zugrundeliegende Dynamiken des
Netto-Kohlenstoffflusses zu analysieren. Mit Hilfe von Integralen und Ableitungen der Poly-
nome konnte ein stabilisierender Effekt von verminderter SPS-Aktivitit wihrend einer Hitze-

welle aufgezeigt werden.

Um die Bedeutung des pflanzlichen Kohlenhydratstoffwechsels fiir die Anpassung an Hitze
zu untersuchen, wurden Pflanzen der Akzession Col-0 zunidchst vor und nach Hitzeakklima-
tisierung auf ihre Toleranz untersucht. Hierbei zeigte sich ein Optimum der Hitzeakklima-
tisierung bei 34°C iiber einen Zeitraum von sieben Tagen. Durch nichtwissrige Fraktionierung
(NAF) wurden kompartimentspezifische Zuckerkonzentrationen ermittelt, unterstiitzt durch ul-
trastrukturelle 3D-Analysen mittels serieller Rasterelektronenmikroskopie (serial block-face
scanning electron microscopy, SBF-SEM). In akklimatisierten Pflanzen zeigte sich eine stabi-
lisierte Saccharosekonzentration, die in einem kinetischen Modell durch Verlagerung Invertase-
katalysierter Saccharosehydrolyse aus dem Cytosol in die Vakuole erklidrt wurde. Zudem stiegen
die cytosolischen Konzentrationen der Hydrolyseprodukte Glukose und Fruktose in hitzeakkli-
matisierten Pflanzen deutlich an, was moglicherweise auf eine Regulation dissimilatorischer

Stoffwechselwege, wie beispielsweise der Glykolyse, hindeutet.

Zusammenfassend lassen diese Befunde darauf schliefen, dass die Stabilisierung der cyto-
solischen Saccharosekonzentration eine zentrale Rolle bei der Anpassung von Photosynthese
und Stoffwechsel an erhohte Umgebungstemperaturen spielt. Dabei scheint der Transport von
Saccharose in die Vakuole an eine Hexose-vermittelte Produktinhibition der cytosolischen Sac-

charosespaltung gekoppelt zu sein.



1. Introduction

1.1. Elevated temperature — a challenge for plants

With climate change progressing, many organisms on Earth will be challenged to survive the
ensuing changes to their habitat. From extreme weather events to precipitation and tempera-
ture, the changes can be manifold and encompass the entire globe. Changing climate already
impacts agriculture and non-agricultural ecosystems alike and contributes to yield loss, insuf-
ficient food security, and to extinction of habitats and species (Lippmann et al., 2019; Gampe
et al., 2021; Kumar et al., 2022; IPCC, 2023). Those problems will progress further, and many
of the impacted organisms are already unable to fully compensate for the changing conditions
by migration or other means (Thuiller et al., 2005; Wilczek et al., 2014; IPCC, 2023). One step
in dealing with this global crisis is to understand the processes involved in it in order to take
steps in alleviating the negative effects. A prominent symptom of climate change is the rise
of annual mean temperature and the increasing number of high temperature extremes, such as
heatwaves, being observed across the globe since the 1950s. As global mean temperatures have
already risen 1.5°C above pre-industrial levels, a further increase of 1°C to 3.5°C is predicted
to occur by the end of the 21st century (IPCC, 2023).

The response and survival of plants during elevated temperature differs greatly depending on
the specific temperature resilience of a species, the severity of the heat, the duration of the
temperature exposure, combination with other stresses and previously acquired thermotoler-
ance (Mittler et al., 2012; Zhu et al., 2018; Xalxo et al., 2020; Samtani et al., 2022; Neuner &
Buchner, 2023; Jiang et al., 2024). In general, a temperature rise to between 10°C and 15°C
above the growth optimum can be considered heat stress (Wahid et al., 2007). Under natu-
ral growth conditions, a change in temperature is the norm for plants. The model organism
Arabidopsis thaliana mostly grows in temperate zones, where, during the course of the day,
temperature transiently increases and decreases, leading to a highly dynamic environment (see
example given in Figure 1A). In temperate climate, also annual temperature fluctuations can
easily span 20°C (see Figure 1B for reference). This shows the enormous variability in growth
temperature that plants experience, even without taking into account the increasing occurrences
of temperature extremes due to climate change. The capability to cope with those fluctuations

is integral for plant survival.

When temperatures increase moderately above the optimum, the plants are able to continue
growing and adjust physiological processes to maintain the equilibrium of their cellular reac-

tions. They have to adjust for a change in the thermodynamics and structures of proteins, RNA
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Figure 1. A: Temperatures recorded in 30-minute increments over the course of one week in July 2020 in Munich,
Germany. The corresponding data is collected in Supplementary Table I. Exemplary temperature difference AT
is indicated with a grey arrow. Data source: https://www.timeanddate.com/weather/germany/munich/historic?
month=7&year=2020, accessed 25.03.2022. B: Distribution plot of mean monthly temperatures of the last 30
years (1992-2022) from the weather station in Kocelovice, Czech Republic, 49.47°N, 13.83°E, Elevation 521m,
climate classification Cfb (warm temperate climate, fully humid, with warm summers) after Kottek et al. (2006).
Chart created with ClimateCharts.net (Zepner et al., 2020), data provided by the Global Historical Climatology
Network (https://www.ncdc.noaa.gov/ghcnm/).

species, components of the cytoskeleton and enzymatic reactions, as well as membrane fluid-
ity, impacting membrane transport (Ruelland & Zachowski, 2010; Mittler et al., 2012). The
severity of the temperature change is important for the response it elicits. Mild warming just
a few degrees over the optimal growth temperature (for Arabidopsis 24°C to 30°C) is sensed
by the photoreceptor Phytochrome B (PHYB) and leads to thermomorphogenesis, a growth re-
sponse entailing hypocotyl elongation and early flowering (Jung et al., 2016; Samtani et al.,
2022; Distéfano et al., 2024). Higher temperatures, between 30°C and 40°C, cause a change
in membrane fluidity and the permeability of calcium channels, triggering calcium signalling
cascades. The following responses encompass a heat shock response, aimed at protecting the
organism from heat-induced damage, as well as a change in growth and development. Even-
tually, the plant can develop thermotolerance to deal with the increased ambient temperature.
At over 40°C, extensive damage occurs, such as misfolded and denatured proteins, as well as
lipid peroxidation, ultimately concluding in cell death (Samtani et al., 2022; Distéfano et al.,
2024). A distinction between warming and heating can also be made based on the differen-
tially induced genes during mild and more extreme temperature treatment at 27°C and 37°C,
respectively (Mittler et al., 2012). But not only the temperature itself can impact the response of
plants. It is also critical to observe the duration of the heat exposure, taking into account the heat
dose. It was shown that in five alpine species and two Australian desert trees, increased heat
duration lowered the threshold temperature for heat-induced damage to photosystem II (PSII)
(Neuner & Buchner, 2023; Cook et al., 2024).
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1.2. The importance of photosynthesis and carbohydrate metabolism for

heat stress survival

In photoautotrophic organisms, growth and development depend on the availability of carbon
in the form of carbohydrates and energy in the form of ATP and NADPH. Sugars are not only
important as a source of energy, but also play central roles in signalling, influence germination
and growth, can act as osmoprotectants, and are important precursors for polysaccharides such
as cellulose and starch (Xalxo et al., 2020). Thus, photosynthesis and CO; fixation, as well
as the downstream synthesis of carbohydrates, are of central importance for the survival of
plants under adverse conditions (Herrmann et al., 2019). Increased energy requirements during
a prolonged period of elevated temperature can also cause problems for the plant, like carbon
depletion, especially during the night, and a decrease in net photosynthesis, carbon assimilation
and biomass accumulation (Vasseur et al., 2011; Prasch & Sonnewald, 2013; Sharmin et al.,
2013).

1.2.1. Photosynthesis and CO; uptake during heat exposure

Photosynthesis needs to be stabilised in the face of increasing temperatures, as it is the main
energy source of the plant and can be severely affected by heat. Elevated temperatures can
decrease the net photosynthetic rate and CO, uptake by impacting electron transport, the in-
tegrity of the photosystems, Rubisco activity, chlorophyll content and generation of reactive
oxygen species (ROS) (Yamori et al., 2014; Ali et al., 2020; Sharma et al., 2020; Firmansyah &
Argosubekti, 2020; Jagadish, 2020). Also, proteins involved in carbon assimilation and photo-
synthesis were found to be downregulated during the first 24 hours of heat exposure in soybean
(Ahsan et al., 2010). Generally, the effects of heat on plant photosynthesis and CO; assimilation
differ depending on the intensity of the heat. As long as the proteins of the photosynthetic ap-
paratus are not denatured by extreme heat, there are several mechanisms compensating for the
problems of elevated temperature, facilitating survival during such adverse conditions. Those
problems are mostly an increased fluidity of the thylakoid membranes, leading to increased pro-
ton leakiness and a possible dislocation of PS II light-harvesting complexes, a reduced Rubisco
activation state, stability of proteins and membranes and the higher temperature optimum of
respiration, changing the balance between photosynthesis and respiration (Yamori et al., 2014;
Sharma et al., 2020).

Temperatures between 35°C and 45°C can cause an increase in proton permeability of the
thylakoid membranes, which impairs the connection between ATP synthesis and electron trans-

port (Sharkey, 2005). However, it can be compensated for by an increase in cyclic electron



flux around PS I, allowing for unimpeded ATP synthesis and maintaining the energy gradient
across the thylakoid membranes (Havaux, 1996; Bukhov et al., 1999, 2000; Yamori et al., 2014;
Sharma et al., 2020). The proteins of PS II can not be damaged by moderate heat, as they only
denature at temperatures of 45°C and above. Below this threshold, photosynthesis is rather
limited within the Calvin-Benson-Bassham cycle (CBBC) by an inadequate Rubisco activation
state. The speed of Rubisco deactivation can not be compensated by Rubisco activase, as its
activity is decreasing due to heat, leading to a lower amount of active Rubisco (Law & Crafts-
Brandner, 1999; Crafts-Brandner & Salvucci, 2000; Salvucci & Crafts-Brandner, 2004; Kumar
et al., 2009; Yamori et al., 2014). Some species, for example spinach, can produce another
isoform of Rubisco activase when they are subjected to elevated temperatures, increasing the
thermostability of the enzyme, which results in higher amounts of active Rubisco during heat
exposure and buffers the heat-induced decrease of photosynthetic efficiency (Crafts-Brandner
et al., 1997; Yamori et al., 2014). Another limitation of the photosynthetic process due to heat
is introduced by an increase in photorespiration, as the solubility of CO, decreases and Rubisco
loses specificity to CO,. This in turn favours oxygenation over carboxylation (Long, 1991).
However, an increase in CO; levels was shown to counteract this process, leading to increased
heat tolerance in several C3 plants such as Pisum sativum, Triticum aestivum and Glycine max
(Wang et al., 2008). It has also been shown that heat can impair the efficiency of light absorp-
tion by PS I and II by decreasing chlorophyll accumulation, either caused by lower biosynthesis
due to damaged enzymes, by expedited degradation of the pigment, or a combination of both
(Ashraf & Harris, 2013). Even though the light reaction of photosynthesis might not be im-
pacted as severely during moderate heat below 35°C, the final rate of carbon fixation and many
following steps of carbohydrate metabolism are affected. During prolonged heat exposure, it
was observed that less biomass accumulated due to a reduced rate of net photosynthesis and

carbon assimilation (Vasseur et al., 2011; Prasch & Sonnewald, 2013).

1.2.2. Carbohydrate metabolism during heat exposure

Various processes of the carbohydrate metabolism are impacted by heat. It has been shown
that in soy bean, 15% of heat-responsive proteins are associated with the carbon and carbohy-
drate metabolism (Ahsan et al., 2010). In Arabidopsis, over 140 metabolites were identified
that showed a response to increased temperatures, 85 of them showing either transient or last-
ing increase or decrease during treatment with 40°C, often within the first 30 minutes of heat
exposure (Kaplan et al., 2004). This work focuses on the metabolism of the central carbohy-
drates starch, as the primary storage form of assimilated carbon, as well as the soluble sugars
sucrose, glucose and fructose. When CO; is assimilated, it is stored as transitory starch in the

chloroplast or exported either as maltose or as triose phosphates into the cytosol (see figure 2).



There, the triose phosphates are converted to hexose phosphates that, in turn, are the precursors
for sucrose, whereas maltose is broken down into glucose. Sucrose can be imported into the
vacuole and is converted to glucose and fructose either in the vacuole or in the cytosol. Hexoses
can also be phosphorylated to hexose phosphates in the cytosol, closing the cyclic structure of
cellular sucrose synthesis and breakdown. Transport processes of sucrose, glucose and fruc-
tose over the vacuolar membrane are helpful for keeping concentrations balanced according
to the physiological requirements (Stitt et al., 2010; Nigele & Heyer, 2013; Kitashova et al.,
2021; Nagele, 2022). Additionally, sucrose is imported into the chloroplast and the subsequent
degradation into hexoses there is catalysed by plastidic invertase (Vargas et al., 2008; Négele &
Heyer, 2013).

Sinks

Cytosol
Chloroplast

Triose-P— HexP = Suc

Figure 2. Simplified schematic overview of the central carbohydrate metabolism in leaf mesophyll cells of Ara-
bidopsis. Substrates and products are written in black, enzymes are written in grey, CBBC: Calvin-Benson-
Bassham cycle, Frc: fructose, Glc: glucose, HexP: hexose phosphates, Inv,: acidic (vacuolar) invertase, Invcy:
cell wall (apoplastic, acidic) invertase, Inv,: neutral (cytosolic) invertase, Inv,: plastidic invertase, SPS: sucrose
phosphate synthase, Suc: sucrose, Triose-P: triose phosphates.

The high complexity of the carbohydrate metabolism has led to varying observations of meta-
bolic heat response, especially when considering different timeframes of heat exposure. In a
study by Kaplan et al. (2004), carbohydrates such as hexoses and sucrose, as well as organic
and amino acid levels were found to increase during 40°C treatment of up to 4 hours. However,

when heat exposure is prolonged to several days, mostly at more moderate temperatures, dif-



ferent studies document contradicting findings. Exposure to moderate heat between 32°C and
34°C for 3 to 7 days quite consistently lead to accumulation of sucrose in Arabidopsis (Prasch &
Sonnewald, 2013; Atanasov et al., 2020; Hernandez et al., 2023), but hexoses were reported to
decrease in one study during an exposure to 34°C for 7 days (Hernandez et al., 2023), whereas
in several other studies, glucose was reported to increase during exposure to 32°C for 3 to 7
days (Prasch & Sonnewald, 2013; Atanasov et al., 2020; Garcia-Molina et al., 2020). When
analysing a shared pool of sucrose, glucose and fructose after 3 days of 30°C treatment, a de-
crease was reported (Vasseur et al., 2011), and in cereals, a 14-day temperature treatment of
30°C/ 27°C day/ night temperature resulted in a decrease of both sucrose and hexoses (Janda
et al., 2021). Independent of the exact duration and severity of the applied heat, a stark drop in
starch content was reported consistently (Vasseur et al., 2011; Atanasov et al., 2020; Hernan-
dez et al., 2023). This decrease is most likely caused by the inhibition of starch synthesis and
the enzyme ADP-glucose pyrophosphorylase at temperatures above 30°C, as opposed to an in-
creased rate of starch degradation (Geigenberger et al., 1998; Awasthi et al., 2014). Invertases,
responsible for cleaving sucrose, are also exhibiting changes due to heat. Transcripts of cell wall
invertase were downregulated, whereas transcripts of vacuolar and cytosolic invertase were up-
regulated after 3 days of 32°C in one study (Prasch & Sonnewald, 2013). On the other hand, the
activity of cytosolic and cell wall invertase was increased after 7 days of 32°C or 34°C, whereas
vacuolar invertase activity only increased in one natural accession of Arabidopsis from the Cape
Verde Islands, Cvi-0 (Atanasov et al., 2020; Hernandez et al., 2023). However, the activity that
is measured in vitro can not always be assumed in vivo, as there is feedback-inhibition by the
cleavage products glucose and fructose (Sturm, 1999; Nigele et al., 2010). Other findings also
hint towards an importance of sucrose levels in heat response. It was shown that sucrose is im-
portant for thermomemory at the shoot apical meristem of Arabidopsis (Olas et al., 2021) and
supplementing growth media with sucrose led to increased survival of Arabidopsis seedlings
subjected to 37°C for several days (Reichelt et al., 2023). Sucrose allocation played an impor-
tant role in heat tolerance in tomato flowers and fruit, showing a contribution of invertases to
heat tolerance by increasing sink strength and sugar signalling activity (Li et al., 2012). But also
external glucose application led to increased thermotolerance in tomato (Wang et al., 2024), and

soluble sugars are hypothesised to play a role in ROS scavenging (Morelli et al., 2003).

1.3. Mathematical modelling of metabolic networks

Describing dynamics of metabolism represents a challenging task. A rapid methodological
development in experimental high-throughput analysis during the last two decades has enabled

the simultaneous detection and quantification of hundreds to thousands of transcripts, proteins



and metabolites. As a consequence, it has become apparent that the analysis of such high-
dimensional datasets needs to be supported by computational routines. In systems biology,
a central tool to combine and analyse information about biological networks is mathematical
description and computational simulation. It has been in use for many years and was applied
in various fields of biological study, ranging from describing unicellular organisms in the field
of microbiology (Arkin et al., 1998; Fang et al., 2017; Lopatkin & Collins, 2020) to complex
multicellular lifeforms (Nigele et al., 2010; Sweetlove & Ratcliffe, 2011; Nigele, 2022; Adler
et al., 2025).

A mathematical model can be utilised to simulate and predict the behaviour of the experimen-
tally analysed system under dynamic environmental conditions. But when a complex and multi-
faceted biological system is represented that way, it can hardly be described in its entirety. The
manifold interconnections of systems within an organism are of such a diverse nature that an
accurate, holistic depiction is not possible with current experimental and computational meth-
ods. Thus, the complexity of those systems needs to be reduced in a way that still allows for
a description of the biological circumstances without compromising too much of the accuracy.
Sometimes, it can even be beneficial to reduce the complexity of the model and optimise it
to gather meaningful insights (Lopatkin & Collins, 2020). This reduction is mainly achieved
by restricting the model to parts of the network that are relevant to the research question and
then iteratively modelling, simulating network behaviour, and collecting experimental evidence
(Nagele & Weckwerth, 2012; Rohwer, 2012).

In a kinetic model, ordinary differential equations (ODEs) or partial differential equations
(PDEs) are used to describe and predict time-dependent dynamics of metabolism. It is well
suited to describe changes over time in complex systems, but requires a lot of detailed biochem-
ical information that needs to be determined experimentally and in a statistically sound way,
such as substrate and product concentrations, reaction velocity of involved enzymes at substrate
saturation, substrate affinities, and inhibitory processes (Nagele & Weckwerth, 2012; Rohwer,
2012; Nigele et al., 2016). If determination of those parameters is not possible in a study, they
need to be estimated based on published values from different organisms or conditions, intro-
ducing a source of uncertainty into the model (Schaber et al., 2009). However, despite such
uncertainties, kinetic modelling was instrumental in elucidating details about plant metabolism,
e.g. finding a connection between starch and flavonoid metabolism and the photorespiratory
pathway (Hernandez & Nigele, 2022; Kitashova et al., 2023; Adler et al., 2025).

In contrast to kinetic modelling, structural modelling does not require exact enzyme kinetic pa-
rameters but rather describes a reaction network with its stochiometrics, assuming a steady state
for all involved reactions (Rohwer, 2012; Topfer, 2021). Some flux modes in the tricarboxylic

acid (TCA) cycle were described with the help of metabolic flux analysis, a modelling approach



where radioactive isotopes are introduced into the system and the resulting compounds are then
analysed for occurrence of this isotope. The flux of the carbon through the observed system can
then be described by ODEs (Sweetlove & Ratcliffe, 2011; Rohwer, 2012; Basler et al., 2018;
Rao & Liu, 2025). Flux balance analysis focuses on characterising a network based on the
stochiometrics of a system and how the different pools of compounds can be balanced without
quantifying enzyme kinetics. It has been used to model reaction fluxes in developing rice leaves
on a genome scale (Poolman et al., 2013), or interactions between bundle sheath and meso-
phyll cells in maize (Simons et al., 2014). Additionally, it was instrumental in development of
an extensive model of Arabidopsis that encompassed different tissues and a day-night cycle to
analyse leaf and root growth during carbon or nitrogen-limited conditions (Cheung et al., 2014;
Shaw & Cheung, 2018). Whichever approach is used for describing metabolic networks, the
success of the final modelling depends not only on the choice of a fitting mathematical descrip-
tion of the dynamic processes in the network, but also on the modelling approach being suitable
for the available experimental evidence, correct assumptions about network architecture and

adequate experimental validation.

1.4. Subcellular compartmentation

The study of metabolism in eukaryotes is complicated by the high degree of cellular compart-
mentation. When researching processes within the plant cell, such as metabolic reactions, it
is crucial to consider the spatial separation of those processes. This enables the simultaneous
activity of metabolic pathways that use the same substrate, and the differential compartmen-
tation avoids competition for those compounds. Such kind of optimisation, however, is also
necessitating tight regulation of concentration gradients, maintaining stable pH milieus and es-
tablishing transport and shuttle processes of metabolites, proteins and signalling components
over several lipid bilayers. Not only pH and osmolarity, but also the supply of substrate, the
abundance of proteins and enzymes, and the export of the product are essential to sustain the
complex reactions within the compartment, as well as the separation of toxic byproducts (Lunn,
2007; Linka & Weber, 2010). In plants, compartmentation is even more complex than in other
eukaryotic cells. New components to cellular organisation are introduced, such as the cell wall
and the vacuole, and an increased variety of metabolic pathways. Also, a second organelle of

endosymbiotic origin, the plastid, is incorporated into the cell (Lunn, 2007).

The plastid still possesses bacterial components that are tightly incorporated into the eukary-
otic cell due to coevolution of the nuclear and plastidial genomes. It can be considered a semi-
autonomous organelle, having retained some properties from its cyanobacterial predecessor, but

additionally having adapted and incorporated various elements of its host. The plastid possesses

10



remnants of the genome, as well as transcription and translation machinery of its ancestor, for
example, the ribosomes, which share characteristics with bacterial ribosomes, or a bacterial-
type RNA polymerase in the chloroplast transcription machinery (Barkan, 2011; Sun & Guo,
2016). But those components do not stand alone. They are rather tightly intertwined, as can
be observed in the electron transport chain, which is built up of multimeric complexes that are
composed of nuclear- and organelle-encoded polypeptides (Pogson et al., 2008). This integra-
tion of the plastid into the plant cell requires information transfer between nucleus and plastid

and vice versa, anterograde and retrograde signalling (Brdutigam et al., 2007).

But not only the connection between chloroplast and nucleus needs to work properly. Other
compartments are also involved in signalling to and from the chloroplast, and are an integral
part in stress response (Kleine et al., 2021). Signalling between chloroplasts and mitochon-
dria, for example, is critical, as they are the two organelles responsible for energy metabolism.
Communication between them ensures a stable energy balance, even under stressful conditions
(Sun & Guo, 2016). Also, the mitochondrial metabolism is crucial for the functioning of pho-
tosynthesis, and photosynthesis, in turn, supplies the basis for respiration in the mitochondria.
This reciprocal dependency is illustrated by several cases where mutation-induced mitochon-
drial malfunction led to chlorosis and problems with chloroplast biogenesis (Rhoads, 2011). To
understand those complex and interlinked processes, all the intricate details ensuring the smooth
operation of the metabolism need to be elucidated and connected. In addition to the chemical re-
actions that need to be considered, the (sub-)cellular architecture is of importance, too. Changes
in organisation can hint towards changes in chemical reaction balances, importance of certain
compounds and processes, and can be tied to impairment of the changed structures. Thus, it can

yield important insights to bring together form and function of the different compartments.

1.4.1. Effect of heat on plant architecture and cellular ultrastructure

Heat affects the plant’s architecture on many levels. On the whole plant level, a thermomor-
phogenic response can be observed from the first hours of heat application. This response is
initiated by the light sensor PHYB sensing increased temperature by conformational change
and inducing Phytochrome Interacting Factor 4, which in turn is activating other transcriptional
regulators responsible for early flowering or hypocotyl elongation (Kumar et al., 2012; Jung
et al., 2016; Ma et al., 2016). One hour after the onset of heat, rosette leaves are lifted to a
more upright position, either in order to optimise photosynthesis, prevent heat accumulation by
removing the leaves from heated earth or to promote cooling by increased transpiration (Koini
et al., 2009; van Zanten et al., 2009; Vile et al., 2012). It was observed that, after 20 days

of 30°C, fewer leaves were produced, whereas inflorescences were induced earlier, although
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the quality of the flowers and seed pods was adversely affected by the heat (Vile et al., 2012).
Cell size was reported to decrease during high temperatures, and stomata as well as trichomes
were reported to increase in abundance (Wahid et al., 2012). Several processes responsible for
growth are impacted by heat, such as activity of meristematic regions, differentiation of cells
and elongation of the cell wall (Wahid et al., 2012).

When observing subcellular ultrastructure, chloroplasts are gravely impacted by severe heat,
which has been extensively studied due to their central role in photosynthesis and plant phys-
iology. Quite consistently throughout several studies, chloroplast swelling was reported after
heat exposure in various species, being attributed to a higher membrane fluidity (Zhang et al.,
2010; Grigorova et al., 2012; Zhang et al., 2014; Zou et al., 2017). The change in chloroplast
size might influence ion concentration gradients between compartments and light scattering,
reducing the absobance of green light by the leaf (Zhang et al., 2010). Thylakoids are known
to be flexible and react to environmental cues, as the balance between light absorption and en-
ergy requirements needs to be optimised. The thylakoid grana were shown to be involved in
this balancing by shrinking, unstacking, swelling, or accumulating more membrane material in
response to stress (Kirchhoff, 2013). In Arabidopsis, as well as wucai (Brassica campestris ssp.
chinensis) and tomato, thylakoids were reported to unstack in response to heat treatment and
form fewer grana whilst increasing the count of discs in a granum (Zhang et al., 2010, 2014; Zou
et al., 2017; Paul et al., 2020). However, a study in wheat reported a lowered number of discs
per stack, whilst still reporting unstacking of thylakoid membranes (Grigorova et al., 2012).
Plastoglobules were also consistently reported to change in high temperature conditions. They
were reported to increase in number (Zhang et al., 2010; Grigorova et al., 2012; Zhang et al.,
2014; Paul et al., 2020), and, sometimes additionally, in size (Zou et al., 2017). An increase in
plastoglobule size and number is understood to be an indicator for many types of stress, such
as drought, senescence, pathogens and toxicity (Stachelin, 1986; Arzac et al., 2022). Further,
an increase of plastoglobule size and number during heat treatment has also been connected
to heat-induced chloroplast senescence (Zhang et al., 2014). Whether plastoglobules increase
their number or their size might also be of importance for their function, as their core and coat
compounds support different processes and an increase in size leads to a differing core to coat
ratio compared to an increase in number (Arzac et al., 2022). But not only chloroplasts change
in response to heat, it has been reported that in wheat, mitochondria increase in size and change
their appearance when subjected to high temperature. This coincides with an increase in mi-
tochondrial activity being observed in another study during heat stress (Rizhsky et al., 2004).
Those results might be a sign of increased demand for ATP and mitochondrial stress proteins
during heat (Rizhsky et al., 2004; Grigorova et al., 2012).

Generally, it can be hypothesised that a smaller size of cells and changed volumes of compart-
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ments and thus reduced physical distance between compartments can facilitate vesicle transport
or contact-based membrane lipid transfer during stressful conditions (Shomo et al., 2024). Even
though there have been studies analysing the proportions of cell types (Wuyts et al., 2010), of
subcellular compartments (Winter et al., 1993, 1994; Koffler et al., 2013) and of one or a few
organelles (Armstrong et al., 2006; Bouchekhima et al., 2009; Crumpton-Taylor et al., 2012;
Poulet et al., 2015), there is still a lack of comprehensive data regarding the three-dimensional
architecture of plant tissue and cells, especially during stress conditions. With advances in
volume (electron) microscopy, the generation of 3D datasets in different scales has become
more feasible. Currently, data from different studies still needs to be combined to gather in-
sights about ultrastructural proportions and relations, even though the data is not always from
the same tissue, developmental stage or even species (Tolleter et al., 2024). Nonetheless, an
estimate of ultrastructural proportions can be made, and from there, each new study provides

another piece of this complex puzzle.

1.4.2. Compartmentation of metabolism

Sugars are important in the highly compartmented environment of the plant cell. They can act as
substrate for synthesis of other primary or secondary metabolites, but also for polysaccharides
such as (hemi-)cellulose, for modifications of proteins and lipids, and for the process of oxida-
tive phosphorylation. Additionally, they can stabilise membranes and proteins in stressed cells.
However, their function strongly depends on their type, concentration and localisation (Pom-
merrenig et al., 2018). For example, sucrose has a special role as transport sugar, because it is
more stable than e.g. hexoses due to its non-reducing structure. The only other naturally occur-
ring nonreducing disaccharide, trehalose, fulfils similar functions in insects and fungi (Huber &
Huber, 1996).

Plant primary carbohydrate metabolism is distributed across different cellular compartments
(see Figure 2). For example, CO; fixation takes place in the chloroplast within the CBBC,
providing triose phosphates, which are a substrate for daily starch biosynthesis. During the
night, starch is degraded to maltose, which is exported to the cytosol where it is hydrolysed to
glucose, which then feeds into sucrose biosynthesis (Lunn, 2007; Stitt et al., 2010). Glucose is
phosphorylated to form glucose-6-phosphate (G6P) by glucokinase, which in turn is converted
to fructose-6-phosphate (F6P) by G6P isomerase. Sucrose-6-phosphate (S6P) is synthesised in
photosynthetically active leaves from F6P and uridine diphosphate glucose (UDPG) by sucrose-
phosphate synthase (SPS) (Leloir & Cardini, 1955; Ruan, 2014). This enzyme is crucial for
regulation of sucrose synthesis, as it can be activated and deactivated by protein phosphorylation

and its activity is positively impacted by G6P, and negatively by phosphate (Huber & Huber,
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1996; Ruan, 2014). S6P is then further dephosphorylated by sucrose-phosphate phosphatase
(SPP) to yield sucrose. The fast pace of the SPP reaction removes available S6P quickly from
the cytosol, preventing the reversion of the SPS reaction (Huber & Huber, 1996).

As sucrose is important not only for energy metabolism, but also plays a crucial role in reg-
ulation of metabolism, export to sink tissues, and in signalling, its concentration in the various
compartments is tightly regulated. This regulation can encompass activation and deactivation
of SPS, but also shuttling between different compartments and degradation into hexoses (Ruan,
2014). Degradation of sucrose is catalysed by invertases, which are located in various compart-
ments in different isoforms. They can be characterised according to their optimal pH. Neutral in-
vertase (pH optimum 7.0-7.8) is located in the cytosol (Invy), acidic invertase (pH optimum 4.5-
5.5) can be found in the vacuole (Inv,) or bound to the cell wall in the apoplasm (Inv.,) (Wan
et al., 2018). The products of sucrose hydrolysis, glucose and fructose, are non-competitive
and competitive inhibitors for invertases, respectively (Sturm, 1999). To enable balancing of
sugar amounts between compartments, the sugars have to cross the membranes of compart-
ments, such as the tonoplast, the chloroplast membranes, and the plasma membrane. Transport
proteins are embedded in the membranes to ensure regulated transport of sugars (Hedrich et al.,
2015; Patzke et al., 2019). Those transporters can shuttle sucrose into the vacuole, where it can
be hydrolysed by invertase and the products, hexoses, can be transported back into the cytosol,
where they act as a substrate for SPS after being phosphorylated by hexokinases. This results
in a sucrose cycle, which consumes energy in the form of ATP. The seemingly futile cycle is
instrumental in finely balancing the amount of sucrose within cytosol and vacuole, contributing

to the regulation of this important metabolite (Geigenberger & Stitt, 1991).

The energy stored in the form of sugars needs to be accessed at some point, which is facilitated
by glycolysis, a process that ultimately converts glucose to pyruvate, which in turn can be used
for respiration in the mitochondria. During glycolysis, ATP is produced in the cytosol when
1,3-biphosphoglycerate is converted to 3-phosphoglycerate and when phosphoenolpyruvate is
converted to pyruvate (Kadereit et al., 2021). After import into the mitochondria, pyruvate is
decarboxylated oxidatively to acetyl-CoA, and then further funnelled through the TCA cycle in
the mitochondrial matrix until complete oxidation of one molecule pyruvate to three molecules
CO, is achieved (Mgller et al., 2021). During this process, electrons are transferred to the res-
piration chain in the inner mitochondrial membrane where they are used to build up a proton
gradient, which is utilised for ATP synthesis by oxidative phosphorylation (Mgller et al., 2021).
Intermediates of the TCA cycle are, in turn, substrates for other metabolic reactions. For ex-
ample, citrate is exported and converted to glutamate, which in turn is used for synthesis of
porphyrins and a-ketoglutarate is imported into the plastid for glutamate synthesis (Kadereit
et al., 2021). This still only describes a minor part of the different metabolic pathways that are
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spread throughout the cellular compartments. Photorespiration, for example, which reclaims
a product from the Rubisco side reaction with O,, 2-phosphoglycolate, is taking place in the
cytosol, mitochondria and peroxisomes, before the product glycerate 3-phosphate is funnelled
back to the CBBC in the plastid (Stitt et al., 2010; Szecowka et al., 2013; Hernandez & Nigele,
2022). The connectivity between those reactions is immense, and it has been the subject of

research for the past decades and will probably remain so.

1.4.3. Experimental analysis of subcellular metabolism

Isolation of organelles and subsequent analysis is a prevalent form of elucidating the processes
occurring in the different cellular compartments (Stitt et al., 2010). Also, predictions of pro-
tein localisation, based on signal peptides, coupled to microscopic localisation studies, are a
common analytic method (Arrivault et al., 2014). However, some compounds, such as metabo-
lites, are more challenging to analyse, as they possess high turnover rates that prove too fast
for conventional organelle fractionation procedures. To reliably resolve subcellular metabo-
lism, it is crucial to quench metabolism instantly by snap-freezing the plant tissue, followed
by lyophilisation, inhibiting any further metabolic reactions. Subsequently, tissue material can
be fractionated in an organic, non-aqueous solvent, which inhibits any metabolic reaction dur-
ing the fractionation procedure. This makes the method suitable for resolving metabolism at
a subcellular level (Gerhardt & Heldt, 1984; Stitt et al., 1989; Arrivault et al., 2014; Fiirtauer
et al., 2016). The solubilised material can be separated by subsequent centrifugation and resus-
pension in non-aqueous solvent mixtures of differing densities. Finally, correlation of specific
marker enzyme activities with metabolite abundances indicates relative proportions of metabo-
lites for each resolved compartment (Fiirtauer et al., 2016; Hernandez et al., 2023). Currently,
this workflow is successful for cytosolic, plastidic and vacuolar fractions, whereas mitochondria
and peroxisomes seem to cluster with other compartments, mostly between the cytosolic and
the plastidic fraction, making this four-compartment approach only feasible under reservation
(Stitt et al., 1989; Arrivault et al., 2014; Fiirtauer et al., 2019; Kitashova et al., 2024).

In summary, during the last decades, our understanding of photosynthesis and plant perfor-
mance under elevated temperature has been significantly advanced by numerous studies. How-
ever, due to the high degree of compartmentation, the study of plant metabolism and its reg-
ulation remains challenging both in experiment and theory. In this thesis, both dynamics and
subcellular distribution of the central plant carbohydrate metabolism was resolved experimen-
tally to provide detailed insights into the response towards elevated temperatures. Finally, a
theoretical framework was developed to simulate and predict regulation of sucrose metabolism

in a changing environment.
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2. Aims of the thesis

This work aims to describe the metabolic, photosynthetic and ultrastructural response of the
model organism Arabidopsis thaliana to heat exposure, both transiently and prolonged. It ex-
plores methods to better analyse diurnal fluctuations of the carbohydrate metabolism, as well as
gaining insight into the subcellular partitioning of carbohydrates, and highlights the importance

of soluble sugar distribution for the plant heat response.

Transiently elevated temperature, such as in heat waves or during diurnal temperature fluctu-
ations, is a common occurrence in a natural environment. The resulting dynamic changes in
the metabolic network are of high importance for plant survival. To better understand those
changes and their effect, and to deduce the carbon flux through the system, mathematical bal-

ance modelling with Fourier polynomials was employed.

Further, subcellular data is important to unravel the intricacies of primary carbohydrate me-
tabolism during heat acclimation. Subcellular sugar distribution and information about cellular
ultrastructure can be combined to provide a new layer of information about the observed system.
The implications of subcellular sugar concentrations for enzymatic reactions, carbon flux, and
metabolic stabilisation can shape our mechanistic understanding of the primary carbohydrate

metabolism.
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3. Results

The results of this dissertation consist of two studies and one review that are included in the
following chapter. All three papers were published as open access articles in international
peer reviewed journals. Detailed information about author contribution can be found in the

chapter List of Publications.

3.1. Predicting plant growth response under fluctuating temperature by

carbon balance modelling

Seydel, C., Biener, J., Brodsky, V., Eberlein, S., & Nagele, T. (2022a). Predicting plant growth

response under fluctuating temperature by carbon balance modelling. Commun Biol, 5(1), 164

The article and supplementary information can be found at
https://www.nature.com/articles/s42003-022-03100-w. It is licensed under a Creative Com-

mons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/).
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Quantification of system dynamics is a central aim of mathematical modelling in biology.
Defining experimentally supported functional relationships between molecular entities by
mathematical terms enables the application of computational routines to simulate and
analyse the underlying molecular system. In many fields of natural sciences and engineering,
trigonometric functions are applied to describe oscillatory processes. As biochemical oscil-
lations occur in many aspects of biochemistry and biophysics, Fourier analysis of metabolic
functions promises to quantify, describe and analyse metabolism and its reaction towards
environmental fluctuations. Here, Fourier polynomials were developed from experimental
time-series data and combined with block diagram simulation of plant metabolism to study
heat shock response of photosynthetic CO, assimilation and carbohydrate metabolism in
Arabidopsis thaliana. Simulations predicted a stabilising effect of reduced sucrose biosynthesis
capacity and increased capacity of starch biosynthesis on carbon assimilation under transient
heat stress. Model predictions were experimentally validated by quantifying plant growth
under such stress conditions. In conclusion, this suggests that Fourier polynomials represent
a predictive mathematical approach to study dynamic plant-environment interactions.
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terms is the general aim of biomathematical modeling.

Differential equations represent an adequate strategy to
describe dynamics over space and time. Ordinary differential
equations (ODEs) and partial differential equations (PDEs) have
been successfully applied to reveal biological system dynamics
and to develop predictive models of growth rates, transcription,
translation, or metabolic processesl. In a metabolic context, ODE
models are frequently applied to simulate enzyme kinetic reac-
tions and, by this, to explain dynamics of observed metabolite
concentrations. Kinetic models, based on ODEs, have frequently
been applied in a broad field of biological research, e.g., in the
context of metabolic engineering of microbial systems and strain
design?, disease research3, and plant metabolism*-°. In contrast
to the high diversity of application fields, the principle of ODE
kinetic modeling remains conserved: based on genome sequence
information or biochemical evidence from literature a biochem-
ical reaction network is established, substrate and product con-
centrations are quantified, and enzyme kinetics are applied to
calculate reaction rates within a metabolic system. Enzyme kinetic
parameters, e.g., velocity under substrate saturation (V) or
substrate affinity (Ky;) of Michaelis-Menten equations, are
experimentally determined and used for computationally assisted
parameter estimation. A well-defined and experimentally vali-
dated kinetic ODE model enables computational simulation and
prediction of complex system behavior. A clear limitation of such
an approach, however, is the requirement of kinetic parameters
which are (frequently) difficult and/or expensive to quantify.
Initiatives like KiMoSys, a public repository of published
experimental data, summarize and concentrate data on metabo-
lites, protein abundance, and fluxes providing a solid database for
model construction and initial development’. Yet, under highly
dynamic conditions, e.g., in a fluctuating environment, it still
remains a challenge to resolve system dynamics on an enzyme
kinetic level. This is due to the high dynamics of metabolites,
transcripts, protein levels, and enzyme activities®?. Although
being laborious, the development and optimization of ODE
kinetic models provide an important and informative mathema-
tical method to study biochemical system behavior. Simulta-
neously, however, diverse problems might occur with solving and
applying such models due to uncertainties about parameters,
model structure, kinetic rate laws or parameter sensitivities!®11,
Depending on the research question focused on by a study, an
explicit knowledge about enzymatic activities and their dynamics
might not be essential to derive a mathematical description of
metabolite dynamics. For example, metabolic fluxes might be
estimated by tracing labeled atoms or molecules in a metabolic
pathway system!2. While only very limited information about
single enzyme activities or kinetics can be derived from flux
estimations, they still provide comprehensive insights into
metabolic states and pathway activities, also on a large scale!3.
Beyond, algorithms and user interfaces have been developed
which enable the combination of flux data with relative meta-
bolite levels.

For estimating metabolic functions, i.e., the sum of synthesiz-
ing and degrading/consuming reactions of metabolite pools,
under dynamic environmental conditions we have previously
suggested a method for implicit estimation of metabolic
functions!®. Similar to flux analysis, dynamics of metabolite
concentrations in time-series experiments were used in this
approach to derive a time-continuous mathematical function to
identify regulatory cascades in metabolic pathways. This
approach made use of spline interpolations which were composed
of cubic polynomials which were fitted to adjacent pairs of data
points in a time-series data set. While such an approach is sui-
table for accurate data fitting, underlying mathematical functions
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are frequently not related to biological function and, thus, are less
predictive than enzyme kinetic models. In the present study, we
developed a mathematical model based on Fourier polynomials to
simulate and analyze dynamics of photosynthesis and carbohy-
drate metabolism under transient heat exposure by function
superposition. Model simulations indicated a significant impact
of sucrose and starch biosynthesis on the stabilization of carbon
assimilation and growth under elevated temperatures.

Results

A block diagram model based on Fourier polynomials for
carbon balancing of plant metabolism. A block diagram model
of the central carbohydrate metabolism of plants was developed
to integrate experimental data on net photosynthesis (NPS),
starch, and sugar metabolism (Fig. 1). The net carbon input block,
i.e., NPS block, represented a Fourier polynomial describing NPS
dynamics depending on genotypes and environments (see Fig. 2,
solid lines). This input flux was multiplied by the stoichiometric
factor 1/6 to enable quantitative summation with starch and sugar
fluxes (unit: pmol C6 h—1 gDW—1). Carbon balance Eq. (1) (BE,)
comprised the summation of NPS rates and negative starch rates,
balance Eq. (2) (BE,) additionally comprised summation of
negative sugar rates (Fig. 1). As a result, BE; revealed the net
carbon flux (in C6 equivalents per hour and gram dry weight)
which was left from photosynthetically assimilated CO, after
starch synthesis, e.g., for sugar biosynthesis or biomass produc-
tion. Further, BE, revealed residual net carbon flux after addi-
tional sugar biosynthesis.

Rates of net starch and sugar biosynthesis were determined by
differentiating Fourier polynomials of starch and sugar dynamics
with respect to time. Hence, the Fourier polynomial balance
models comprised three input functions, FPj,,u. (Egs. (1-3)), and
two balance equations, BE; , (Egs. (4) and (5)).

n
FPiypu nps = o nps + k;[ak,NPs cos(kwypst) + by nps sin(kwypst)]

()]

n
FPiput Starch = o,starch + El[ak.smmh CO8(kwstapent) + b starch SIN(K@sar,1)]

(2

"
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©)
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BE, = BE, — % )

Here, a; and by represent the Fourier coefficients for NPS,
starch, and sugar equations. w is the fundamental frequency of
the signal (w=2n/T, where T is the period). This Fourier
polynomial-based balance equation model was applied to
simulate dynamics of carbohydrate metabolism in plants of
Arabidopsis thaliana, accession Columbia-0, under transient heat
exposure. In addition, NPS and carbohydrate dynamics were
recorded and simulated in a starch-deficient mutant pgmI and a
mutant with a deficiency in sucrose biosynthesis capacity, spsal.
Coefficients of Fourier polynomials are provided in the supple-
ments (Supplementary Data 1).

Fourier polynomials reflect dynamics of net CO, assimilation
rates. During the first 30-45 min of the light period, rates of net
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Fig. 1 Block diagram applied for Fourier polynomial balance modeling. Input functions are marked in gray (NPS), green (starch amount), and light blue

uyn

(sugar amount) colored blocks (left side). Arrows indicate the direction of flux and connect input blocks via multiplication (“x") summation (“+/-"),

differentiation (“d/dt"), and integration (“/’) with output blocks.

CO, assimilation increased steeply in all genotypes and reached a
first plateau at ~1250 umol CO,h~1 gDW~! which was stable
during the first half of the light period before it slightly increased
until the end of the day at 22 °C (Fig. 2, gray-colored lines; data
provided in Supplementary Data 2). No significant difference was
observed between genotypes, yet spsal had slightly higher
assimilation rates compared to Col-0 while rates of pgml were
slightly lower (Fig. 2a, d, g). Temperature increase from 22 to
32 °C resulted in a drop in assimilation rates during the first hour
of the treatment before the rates stabilized again and reached
similar values than in the control (22 °C) experiment (Fig. 2a, d,
g). At 32°C, starch-deficient pgmI plants were most susceptible,
and mean values differed most from 22 °C rates (Fig. 2d). During
the last 2 hours of the light period in which temperature was
decreased to 22 °C, all genotypes increased assimilation rates to
control rates again. A similar scenario was observed within the
36 °C experiment for pgml and spsal while Col-0 had sig-
nificantly decreased assimilation rates during the last 2h of
temperature treatment compared to the control experiment
(Fig. 2b). In pgm1, assimilation rates dropped significantly during
the first 30 min of the recovery phase, i.e., between 6 h and 6.5h,
when the temperature was decreased from 36°C to 22°C
(Fig. 2e). Such a significant recovery drop was also observed for
both pgmI and spsal mutants in the 40 °C experiment, but not for
Col-0 which showed again significantly decreased CO, assimila-
tion rates between the last 2h of the temperature treatment, i.e.,
between 4 and 6 h of the light period (Fig. 2¢, f, i). Experimentally
determined mean values of CO, assimilation rates and, by this, all
described effects were covered by Fourier polynomials with
R?>0.94 (exception: pgml, 32°C, R =0.8177). In contrast to
significant genotype-effects in net CO, assimilation under tem-
perature fluctuation, transpiration rates were similar in Col-0,
spsal and pgml under each tested condition and no significant
genotype effect was detected (Supplementary Fig. S1). Tran-
spiration rates increased during temperature treatment (2 h—6 h)
and decreased again with temperature during the last 2 h of the
light phase (6 h—8h). Peak values of transpiration rates at 40 °C
were about ~threefold higher than at 22°C (Supplementary
Fig. Sla, d).

To test whether differential efficiency of photosystems could
reflect observed differences in CO, assimilation under transient
heat, maximum quantum yield (Fv/Fm), electron transport rates
(ETR), photochemical (qP), and non-photochemical quenching
parameters (qN) were determined by pulse-amplitude modula-
tion before and after transient exposure to 40 °C (Figs. 3 and 4;
data provided in Supplementary Data 3). While Col-0 was
affected significantly in Fv/Fm only during recovery from
transient 40°C treatment at 22°C (Fig. 3a), Fv/Fm of pgml
dropped significantly during 40°C treatment and showed a
significant increase during recovery (Fig. 3b). In spsal, no
significant effect was observed for Fv/Fm (Fig. 3c). In contrast,
spsal was most significantly affected in electron transport rates
(ETR), photochemical (qP), and non-photochemical quenching
(gN) parameters recorded within rapid light curves (RLCs;
Fig. 4g-1). At 40 °C, ETR and qP were significantly higher than at
22°C, also under high PPFD, i.e., >1000 pmol photons m2s1
(Fig. 4g, h). A similar trend was also observed in Col-0 where qP
was also found to increase significantly under transient exposure
to 40 °C (Fig. 4b). In pgmI, photosystems were found to be least
significantly affected (Fig. 4d-f). Here, only qP showed a
significant drop when plants were transferred from 40 to 22°C
(Fig. 4e).

Transient heat exposure significantly affects dynamics of starch
and soluble carbohydrates. The exposure to transient heat lead
to a significant change in starch dynamics in Col-0 and spsal
(Fig. 5; all metabolite data are provided in Supplementary
Data 4). Starch amount in pgml was below the detection limit of
the applied photometric detection method (Fig. 5e-h). Starch
concentration dropped significantly after transient heat exposure
(6h) in comparison to control conditions in Col-0 and spsal
(ANOVA, P<0.001). This drop did not change significantly
among the different temperatures. In the recovery phase after the
heat shock (8 h), plants increased their starch content depending
on the temperature they were subjected to. Plants of both geno-
types treated with 32 °C increased their starch concentration by
~40% between 6 and 8 h (Fig. 5b, j), whereas plants treated with
36 °C increased it by over 90% (Fig. 5¢, k). Col-0 subjected to the
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Fig. 2 Rates of net CO, uptake during short-day transient heat exposure. Scattered dots represent experimental data (n = 3), lines represent Fourier
series fits. a-¢ Col-0, d-f pgm1, g-i spsal. Gray lines: 22 °C experiment; yellow lines: 32 °C experiment; orange lines: 36 °C experiment; red lines: 40 °C
experiment. The temperature was set to 22 °C between 0-2 h and 6-8 h. The temperature was transiently increased between 2 and 6 h. Temperature

curves recorded during the experiments are illustrated in Supplementary Fig. S3a. A summary of Fourier polynomial coefficients is provided in the
supplements together with NPS data (Supplementary Data 1 and Supplementary Data 2).

36 °C transient heat exposure was even able to reach the level of
the control plants at the 8-h time point.

An effect of transient heat exposure on sucrose levels was only
detectable for higher temperatures, ie., within 36°C and 40°C
experiments (Fig. 6). When subjected to 32 °C of transient heat, no
significant change in sucrose levels was detected in all genotypes
(Fig. 6b, f, j). In Col-0, only heat exposure of 40 °C resulted in a
significant increase in sucrose concentration at the 6 h time point

4

21

COMMUNICATIONS BIOLOGY | (2022)5:164 | https://doi.

(P<0.001), but no further change was observed after the recovery
phase at 8h (Fig. 6d). Under all conditions, pgml accumulated
more sucrose over the course of the light phase compared to Col-0
and spsal (Fig. 6e-h). Nevertheless, heat treatment with 36 and
40 °C reduced the amount of sucrose in the pgmI plants almost
significantly (P=0.05). In the recovery phase, the sucrose
concentration in the heat-treated pgm1l plants returned to a level
comparable to control conditions (Fig. 6e-h). Due to high variance
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Fig. 3 Maximum photochemical quantum yield of PSIl (Fv/Fm) under transient heat. Fv/Fm under 22 °C during the first 2 h of the light phase (blue),
during transient exposure to 40 °C (orange) and after 2 h of recovery at 22 °C (gray). a Col-0, b pgm1, ¢ spsal. Box-and-whisker plots: center line, median;
box limits, upper and lower quartiles; whiskers, 1.5x interquartile range; points, outliers. Asterisks indicate significant differences (ANOVA; *P < 0.05;
**P<0.01). n=3-6. Experimental data are provided in Supplementary Data 3.
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in the sucrose measurements of spsal plants, there was no
significant difference between Col-0 and spsal in the control plants
and the plants exposed to 32 and 36 °C of transient heat (Fig. 6i-k).
Only at 40 °C, spsal showed significantly higher sucrose levels than
Col-0 at 40°C before and after the recovery phase (6 and 8h,
P <0.001) or spsal under control conditions (6 h: P<0.004, 8 h:
P <0.01), while exhibiting very low variance (Fig. 6).

In pgml, glucose and fructose dynamics differed significantly
from Col-0 (Fig. 7). Starting at similar hexose content at the start of
the light period, the difference between pgm1I and Col-0 and spsal
increased almost tenfold over the course of the day. Whilst in pgm1
hexose amount increased steeply under control conditions, reach-
ing a plateau after 6 h, hexose concentrations in Col-0 and spsal
peaked after 2 h and subsequently decreased again.

Col-0 and spsal showed a significant drop in glucose levels
after heat exposure to 32 and 36 °C (P <0.001, Fig. 7). Within the
32°C experiment, glucose levels at 8 h after recovery did not
differ significantly from control conditions. Within the 36 and
40°C experiments, however, the recovery phase after heat
exposure resulted in a significant increase in glucose

concentration compared to control conditions (P <0.001). In
addition, in Col-0 glucose levels were increasing above the level of
control plants already during heat exposure to 40°C at 6h
(P<0.001). Fructose dynamics in Col-0 were similar to the
glucose dynamics in Col-0 (Fig. 7). In spsal, however, fructose
dynamics did not change significantly in response to transient
heat exposure. The only differences were observable after the
recovery phase at 8 h in 36 and 40 °C. Here, a significantly higher
fructose content could be measured compared to 22°C
(P<0.001). In pgml, hexose levels decreased significantly after
temperature treatment (6h, P<0.001), with the lowest values
being reached at 40 °C. After recovery (8 h), hexose levels did not
change significantly from the 6 h time point in the 32 °C plants.
After exposure to 36 and 40 °C, however, hexose levels increased
significantly from 6 to 8 h (P <0.001).

Numerical differentiation and integration of carbon balance
equations reveals genotype-dependent system fluctuations due
to transient heat exposure. To reveal how dynamics of carbon
balance equations, which combine net photosynthesis, starch
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(BE,), and sugar metabolism (BE,), are affected by transient heat
exposure, derivatives were built with respect to time (Fig. 8). In
Col-0, increasing temperature resulted in less fluctuating deriva-
tives of BE; and BE, (Fig. 8a-f). Particularly under 40 °C, oscil-
lations were significantly damped. Also, in pgm1I, oscillations of
derivatives decreased with increasing temperature (Fig. 8g-1). Yet,
particularly during the recovery phase (6 h — 8 h) from 36 °C and
40°C to ambient temperature, fluctuations had a higher ampli-
tude than in Col-0 (Fig. 8h, I, k, 1). In spsal, oscillation amplitudes
were damped most notably under 36°C. Remarkably, in all
genotypes, 32 °C had the smallest observed effect on derivative
oscillations compared to 22 °C (yellow lines, Fig. 8a, d, g, j, m, p).

In addition to derivative functions which revealed the absolute
changing rates of balance equations, fundamental frequencies of
Fourier polynomials of BE; and BE, further suggested a
differential effect of high temperature on genotypes’ carbon
balances (Supplementary Fig. S2). In Col-0, frequencies of BE;
and BE, under 32 and 36 °C were almost doubled compared to
the 22°C experiment before they dropped in the 40°C
experiment (Supplementary Fig. S2a, b). This decrease was more
emphasized in BE, than in BE, indicating a contribution of sugar
dynamics. In pgm1I, frequencies of BE; constantly increased with
temperature in experiments (Supplementary Fig. S2a). Frequen-
cies of BE, peaked under 32°C and, finally, were lower under
40°C than under 22°C (Supplementary Fig. S2b). In spsal,
dynamics of BE; and BE, frequencies across experiments were
similar, yet more pronounced in BE,. In contrast to Col-0 and
pgml, lowest frequency of both balance equations was observed
for the 36 °C experiment.

Numerical integration of NPS rates over time period in light
revealed a decreased amount of assimilated carbon due to heat
exposure in Col-0 (Fig. 9a) and pgml (Fig. 9d). A detailed
summary of numerical values of integrals is provided in the
supplements (Supplementary Data 5). In Col-0, transient heat
effects on NPS rates became strongest after 2h of temperature
treatment, i.e., after 4h in the light period. Between 4 and 6h,
particularly the amount of carbon assimilated at 36 and 40 °C
deviated clearly from the 22 °C experiment (Fig. 9a). In pgm1, this
effect was observed 2h earlier, ie., during the first 2h of heat
treatment between 2h and 4h in the light period (Fig. 9d).
Surprisingly, however, the 40 °C effect on carbon assimilation was
not as strong as observed for 32 and 36°C. In spsal, carbon
assimilation under heat was most robust and similar to control
conditions, i.e., 22 °C (Fig. 9g).

Integrals of BE;, which in addition to NPS rates also accounted
for starch dynamics, revealed that starch dynamics in Col-0 were
adjusted proportionally to affected NPS rates during transient
heat exposure (Fig. 9b). In particular, integrals of 32 and 40 °C
experiments became similar to the control experiment (22 °C).
Due to starch deficiency, this effect was not observed in pgmI
(Fig. 9¢) while heat exposure resulted in larger integrals of BE; in
spsal (Fig. 9h). These heat-induced effects became more
pronounced in BE, integrals which further accounted for net
carbon flux into soluble sugar biosynthesis. In Col-0, the
discrepancy of integrals between heat and control experiments
was minimized during the first half of the light period, i.e., within
the first 2 h of heat exposure (Fig. 9¢c). During the second half of
the light period, discrepancy increased for 36 and 40°C
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Fig. 5 Starch amounts during short-day transient heat exposure in glucose equivalents. a-d Col-O (n > 5); e-h pgm1 (n > 3); i-1 spsal (n > 5). Gray: 22 °C
experiment; yellow: 32 °C experiment; orange: 36 °C experiment; red: 40 °C experiment. The temperature was set to 22 °C between 0-2 h and 6-8 h. The
temperature was transiently increased between 2 and 6 h. Box-and-whisker plots: center line, median; box limits, upper and lower quartiles; whiskers, 1.5x
interquartile range; points, outliers. Capital letters indicate groups of significance within genotype and condition (ANOVA, P < 0.05). Experimental data are

provided in Supplementary Data 4.
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Fig. 6 Sucrose concentrations during short-day transient heat exposure. a-d Col-O (n>5); e-h pgm1 (n > 3); i-l spsal (n >5). Gray: 22 °C experiment;
yellow: 32 °C experiment; orange: 36 °C experiment; red: 40 °C experiment. The temperature was set to 22 °C between 0-2 h and 6-8 h. The temperature
was transiently increased between 2 and 6 h. Box-and-whisker plots: center line, median; box limits, upper and lower quartiles; whiskers, 1.5x interquartile
range; points, outliers. Capital letters indicate groups of significance within genotype and condition (ANOVA, P < 0.05). Experimental data are provided in

Supplementary Data 4.

experiments. In pgm1, net carbon flux into sugar biosynthesis was
reduced in a temperature-dependent manner which resulted in an
(over-)compensation of reduced CO, assimilation rates under 36
and 40 °C (Fig. 9f). Also, in spsal integrals of BE, increased under
transient heat but this effect was less pronounced than in pgmI
and Col-0 (Fig. 9i).

During the recovery phase, in which the temperature was set to
22°C again (6h — 8h of light period), changes in starch and
sugar dynamics became obvious in integrals of BE; and BE, for all
genotypes. In Col-0, this effect was most pronounced within 36
and 40°C experiments (Fig. 9b, c). In this phase, curves of
integrals showed an inflection point directing the curve of
integrals towards the control samples. In summary, this indicated
reversibility of temperature-induced metabolic effects and a most
robust carbon metabolism under heat in spsal.

To test if integrals of BE; and BE, can predict whole-plant
performance under heat, the surface of leaf rosettes were
quantified before and after heat exposure (Fig. 10; data provided
in Supplementary Data 6). For this experiment, plants were
grown for 5 weeks under short-day standard growth conditions
(see “Methods”). Then, changes of the leaf surface of the full
shoot were determined within a growth experiment in which heat
exposure was prolonged to 3 days to reinforce the transient heat
effect on carbon assimilation (details about the experimental
design are provided in Supplementary Fig. S3). Relative increase
of leaf surface of Col-0 was found to be significantly reduced by
transient heat exposure (Fig. 10). Similarly, and slightly stronger,
also pgml was negatively affected in growth. In contrast, for
plants of spsal no significant heat effect on leaf surface dynamics

was observed which corresponded to the observation that
integrals of NPS, BE;, and BE, were least affected by heat in
spsal (see Fig. 9).

Discussion

In temperate regions, plants are frequently exposed to a changing
temperature regime, and these changes might occur both over
short- and long-time scales. For example, the temperature typi-
cally changes between day and night, and beyond, the tempera-
ture might also change transiently within the diurnal light and
dark period. While temperature acclimation of plants typically
can be observed after days of exposure to non-lethal cold or
heat!®17, transient temperature changes and plant stress response
occur within minutes or hours. Interestingly, Arabidopsis thaliana
was found to memorize already 5 minutes of heat stress which
indicates a tightly regulated molecular network involved in heat
stress responsels. High temperature, e.g., between 35 and 40 °C, is
well known to result in a reduced rate of photosynthesis'® which
has also been observed in the present study. While in Col-0 and
spsal, 32 °C resulted in only slightly decreased NPS rates, higher
temperatures of 36 and 40 °C resulted in a significantly decreased
NPS rate during the second half of the heat exposure period only
in Col-0 (see Fig. 2). As previously summarized, a decreased NPS
rate is not due to photosystem damage, but rather due to rubisco
deactivation!®. Consistent with this, Fv/Fm of neither genotype
analyzed in the present study dropped irreversibly due to tran-
sient heat exposure (see Fig. 3). Further, consistent with previous
findings which show a decreased rubisco activation at leaf
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Fig. 7 Hexose concentrations during short-day transient heat exposure. Range of the y axes differs for pgm1 due to the high difference in concentration.
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between 0-2 h and 6-8 h. The temperature was transiently increased between 2 and 6 h. Box-and-whisker plots: center line, median; box limits, upper and
lower quartiles; whiskers, 1.5x interquartile range; points, outliers. Capital letters indicate groups of significance within genotype and condition (ANOVA,

P <0.05). Experimental data are provided in Supplementary Data 4.

temperature >35 °C20, the effect of 32 °C on NPS rates was much
less significant than at 36 and 40 °C. In spsal, however, NPS rates
were less affected by heat than in Col-0 which might have several
reasons. First, PSIT maximum quantum yield was least affected by
heat in spsal (see Fig. 3). Only in spsal, rates of linear electron
transport (ETR), detected within a rapid light curve protocol,
showed a significant increase during heat exposure suggesting a
differential photosystem and/or thylakoid organization compared
to Col-0 and pgm1. Further, compared to Col-0, spsal might have
had a reduced rate of photorespiration and/or mitochondrial
respiration during heat exposure. While it remains speculation
from our study, a higher starch accumulation rate in spsal might
result in a lowered respiration rate under heat because carbon
equivalents may be fixed more efficiently. The observation of a
destabilized NPS rate in starchless pgm1 plants would support the
stabilizing role of starch biosynthesis under transient heat expo-
sure. Comparison of transpiration revealed similar rates across all
genotypes, which suggests that observed NPS effects are unlikely
due to differential stomata closure and/or secondary effects like
leaf cooling?!-22. However, previous reports under ambient con-
ditions have shown that SPS knockout mutants have rather
enhanced than lowered dark respiration rates which do not
directly support the hypothesis of NPS stabilization by starch
biosynthesis?3. Another explanation might be a secondary effect
of the spsal mutation on rubisco and/or rubisco activase which,
to our knowledge, has not been shown in current literature but
which needs to be proven in future studies.

While sucrose and glucose metabolism showed a dynamic and
differential accumulation profile between 32, 36, and 40°C
experiments, dynamics of fructose concentrations were most
conserved across all temperature treatments and, remarkably, also
across genotypes (see Fig. 7). An initial accumulation within the
first 2 h of the light period was followed by a significant decrease
until the end of heat exposure and an accumulation during the
recovery phase between 6 and 8 h of the light period. Only pgm1I
showed a differential pattern at 22 and 32 °C but became similar
in its fructose profile to Col-0 and spsal under 36 and 40 °C. In
mature Arabidopsis leaves, fructose levels are significantly affected
by invertases that catalyze the hydrolysis of sucrose and release
free hexoses?4, and by fructokinase catalyzing ATP-dependent
phosphorylation which yields fructose-6-phosphate?>. As fructose
and glucose profiles differed in the present study, this cannot

(solely) be explained by invertase reactions which release equi-
molar concentrations of both hexoses. However, differential
regulation of hexokinase and fructokinase could explain the dif-
ferent hexose profiles. Fructokinase yields the direct substrate for
glycolysis, TCA cycle, and mitochondrial respiration. In a pre-
vious study that analyzed transcript levels in Arabidopsis thaliana
under combined drought and heat stress found increased tran-
scripts for both hexokinase and fructokinase?®. Although the
experimental design differed significantly from this study, toge-
ther with other findings this suggests a central role of hexose
phosphorylation in heat stress response and acclimation!”. As leaf
respiration rates typically increase under elevated temperature?’,
observed consistent fructose dynamics might be due to a rela-
tively high rate of glycolytic consumption under transient heat
exposure.

Integrating net CO, assimilation rates with starch and sugar
turnover allows for balancing of the central carbohydrate meta-
bolism. In this context, Fourier polynomials support the func-
tional and time-continuous estimation of dynamics of
metabolism. Integration and differentiation of Fourier poly-
nomials is straightforward, and, at the same time, provides a
comprehensive mathematical framework that is applied in diverse
fields of natural sciences and engineering?$-30. As described in
the block diagram model (see Fig. 1), metabolic dynamics were
simulated by the addition of Fourier polynomials comprising
input functions (NPS rates) and consuming functions (starch and
sugar dynamics). With such a design, dynamics of plant carbon
balancing become traceable without the need for the application
of composed spline functions. Further, the properties of Fourier
polynomials can reveal further insight into metabolic regulation
and consequences of environmental changes. For example, in the
present study both amplitude and frequency of derivatives of
balancing equations differed with regard to genotype and envir-
onment. A different pattern was observed in Col-0 and spsal than
in pgm1I, indicating that the starchless mutant has a less buffered
metabolic response towards heat stress than both other geno-
types. This was supported by the comparison of fundamental
frequencies of BE; and BE, Fourier polynomials. Here, a
genotype-specific pattern was observed which reflected the
impact of starch deficiency in pgml and comparatively high
metabolic dynamics in spsal within the 40 °C experiment (see Fig. 8
and Supplementary Fig. S1). Thus, summarizing the effects of
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transient heat on NPS rates and carbohydrate metabolism resulted
in characteristic Fourier polynomials which enabled the dis-
crimination of genotypes by their derivatives and fundamental fre-
quencies. Genotypes could further be discriminated by integrals of
Fourier polynomials derived from very short (4h), transient tem-
perature profiles. A prolonged heat exposure over 8h and 3 days
(with decreased night temperature) finally resulted in measurable
and significant differences in leaf size as a proxy for plant growth.
Hence, although the experimental design of heat treatment was
changed in the growth experiments (compare Supplementary
Figs. S3 and S5), this emphasizes the suitability of such a modeling
approach to detect and quantify (relatively) small differences in
balance equations over short time periods (see Fig. 9), and to predict
significant effects of dynamic plant-environment interactions on
(long-term) plant performance and physiology (see Fig. 10).
Fourier analysis and spectra of frequencies have been applied
before in a different context, e.g, to analyze gene-expression
time-series data3l. These authors coupled Fourier analysis to
supervised learning algorithms to discriminate between house-
keeping genes and non-housekeeping genes in HeLa cells. This
example provides evidence for the suitability of Fourier analysis
to be combined with machine learning algorithms which is of
particular interest for large-scale data sets. However, also data sets
with only a relatively low number of variables may need math-
ematical functions for quantitative analysis and integration, e.g.,
as shown in the present study. This is due to the need for com-
bining dynamics of variables rather than steady-state values
under one condition. Here, Col-0, pgml, and spsal could suc-
cessfully be discriminated by the dynamics of fundamental fre-
quencies of Fourier polynomials across different experiments
rather than by one absolute value of a frequency. This observation
further emphasizes the need for a functional mathematical
description of experimentally observed system dynamics because
underlying attributes, e.g., monotonicity or curvature, can be
derived from such a description. These attributes provide valuable
information about system properties like stability or predictability
which need to be essentially addressed for predictive
modeling®233. Conclusively, Fourier polynomial-based balance

modeling provides a mathematical approach that can essentially
support nonlinear modeling of metabolism, and which might, in
future studies, even serve as a mathematical framework to con-
nect oscillations in metabolism with quantum theory343>.

Methods

Plant cultivation and stress treatment. Plants of Arabidopsis thaliana, accession
Columbia-0 (Col-0), spsal(AT5G20280, SALK line 148643C) and pgm1
(AT5G51820; TAIR stock CS3092) were grown on a 1:1 mixture of GS90 soil and
vermiculite in a climate chamber under short-day conditions (8 h/16 h light/dark;
100 pmol m—2 s~1; 22 °C/18 °C; 60% relative humidity). The spsal line was con-
firmed via PCR to be homozygous and activity was found to be decreased to 30-
50% of the wildtype Col-0 (Supplementary Fig. $4). The pgmI mutant had a dwarf
phenotype and starch content was below the detection limit. After 4 weeks, plants
were transferred to a growth cabinet (Convirong, www.conviron.com) and grown
for 2 further weeks under short-day conditions with the same settings as in the
climate chamber. After 6 weeks, on the day of sampling, the temperature in the
growth cabinet was kept at 22 °C during the first 2 h in the light (0h — 2 h, 22°C).
Then, in three independent experiments, the temperature was increased to (i)
32°C, (ii) 36 °C, or (iii) 40 °C for a total of 4 h (2h — 6 h, temperature increase). In
the control experiment, the temperature was set constantly to 22 °C. Between 6 and
8h, i.e., until the end of the light period, the temperature was set to 22 °C in all
experiments. A graphical representation of the experimental setup is provided in
Supplementary Fig. S5. Plants were sampled at each time point (0 h, 2h, 6 h, 8 h)
by cutting the full leaf rosette at the hypocotyl. Samples were immediately frozen in
liquid nitrogen and stored at —80 °C until further use.

Pulse-amplitude modulation and quantification of net CO, uptake. Maximum
quantum yield of photosystem II (Fv/Fm) and electron transport rates (ETR) were
quantified by pulse-amplitude modulation (PAM) using a WALZ® Junior-PAM
(Heinz Walz GmbH, Effeltrich, Germany, https://www.walz.com/). Plants were
dark incubated at 22 °C for 15 min prior to measurements. After dark incubation,
Fv/Fm was determined by applying a saturating light pulse (photosynthetic photon
flux density (PPFD) = 4000 umol m~2s~1). A rapid light curve protocol was
applied to quantify ETR, qP and gN under increasing PPFD3¢. Sequentially, every
20 s, actinic irradiance was increased from 0 up to 2250 pmol photons m~2s71 (0,
38, 68, 98, 135, 188, 285, 428, 630, 938, 1230, 1725, 2250 umol photons m—2s~1).

Rates of net photosynthesis were recorded within the Conviron® growth cabinet
using a WALZ® GFS-3000FL system equipped with measurement head 3010-S
(Heinz Walz GmbH, Effeltrich, Germany, https://www.walz.com/). Temperature,
light, and humidity control of the measurement head were set to follow ambient
conditions, i.e., to follow surrounding growth cabinet conditions. A summary of
recorded temperature, light, and humidity curves is provided in the supplement
(Supplementary Fig. S6). Rates of transpiration were recorded together with net
CO, uptake and are summarized in the supplement (Supplementary Fig. S1). For
each genotype and growth condition, i.e., temperature setup, three independent
samples were measured.

Extraction and quantification of carbohydrates. Plant material was ground to a
fine powder under constant freezing with liquid nitrogen. The powder was lyo-
philized for three days and subsequently used for carbohydrate analytics. Starch
and soluble carbohydrates were extracted and photometrically determined as
described before?”. Plant powder was incubated with 80% ethanol at 80 °C for
30 min. After centrifugation, the supernatant was transferred to a new tube, and
extraction was repeated with the pellet. Supernatants were unified and dried in a
desiccator. The starch-containing pellet was hydrolyzed with 0.5 M NaOH for
45 min at 95 °C. After acclimation to room temperature, 1 M CH;COOH was
added and the suspension was digested with amyloglucosidase solution, finally
releasing glucose moieties from starch granules. Glucose was photometrically
determined by applying a coupled glucose oxidase/peroxidase/o-dianisidine assay.
Soluble sugars sucrose, glucose, and fructose were determined from dried
ethanol extracts after dissolving in water. After incubation with 30% KOH at 95 °C,
sucrose was quantified using an anthrone assay. Anthrone was dissolved in 14.6 M
H,SO4 (0.14% w/v), incubated with the prepared sample for 30 min at 40 °C and
absorbance was determined photometrically at 620 nm. Glucose amount was
determined photometrically by a coupled hexokinase/glucose 6-phosphate
dehydrogenase assay resulting in NADPH + H* at 340 nm. For fructose
quantification, phosphoglucoisomerase was added to the reaction mixture after
glucose determination.

Quantification of SPS activity. The activity of sucrose phosphate synthase (SPS)
was determined using the anthrone assay’. In brief, freeze-dried leaf tissue was
suspended in extraction buffer containing 50 mM HEPES-KOH (pH 7.5), 10 mM
MgCl,, 1 mM EDTA, 2.5mM DTT, 10% (v/v) glycerol and 0.1% (v/v) Triton-X-
100. Following incubation on ice, extracts were incubated for 30 min at 25 °C with a
reaction buffer containing 50 mM HEPES-KOH (pH 7.5), 15 mM MgCl,, 2.5 mM
DTT, 35 mM UDP-glucose, 35 mM F6P, and 140 mM G6P. Reactions were

COMMUNICATIONS BIOLOGY | (2022)5:164 | https://doi.org/10.1038/542003-022-03100-w | www.nature.com/commsbio 1

28



ARTICLE

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-022-03100-w

stopped by adding 30% KOH and heating to 95 °C. Sucrose was determined
photometrically after incubation with anthrone in H,SO..

Statistics and reproducibility. Statistical analysis was performed in R and R
Studio (www.r-project.org)38. Fourier series fitting was done within MATLAB®
(www.themathworks.com), and block diagram models were created in Simulink®
(www.themathworks.com). Plant total leaf surface was quantified using the Fiji
software)? with the SIOX plugin (https://imagej.net/plugins/siox). The sample size
was chosen according to (maximal) measurement and growth capacities (most
limiting: growth cabinet, gas analyzer). Replicates represent biological replicates
which were treated independently from each other to test and validate reprodu-
cibility. Plants were grown in pots with randomized order within the climate
chamber to minimize or exclude any position or sampling effect. Samples were
randomly chosen for molecular analysis. Investigators were blinded to group
allocation during data collection.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
Data presented in this study are provided within Supplementary Data files 1-6.
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Abstract

In many plant species, exposure to a changing environmental temperature regime induces an acclimation response that ultimately
increases thermotolerance. Under elevated temperatures, membrane systems undergo remodeling to counteract destabilizing
thermodynamic effects. Elevated temperature also affects photosynthesis and carbohydrate metabolism due to altered protein
functions, enzyme activities, and transport across membrane systems. Here, a combination of electrolyte leakage assays and
chlorophyll fluorescence measurements was applied to quantify heat tolerance before and after heat acclimation in Arabidopsis
thaliana under different temperature regimes. Subcellular carbohydrate concentrations were determined through nonaqueous
fractionation and 3D reconstruction of mesophyll cells and subcellular compartments using serial block-face scanning electron
microscopy. Across temperature regimes between 32 and 38 °C, 7 d of heat acclimation at 34 °C most efficiently increased tissue heat
tolerance. Under such conditions, cytosolic sucrose concentrations were stabilized by a shift in sucrose cleavage rates into the
vacuolar compartment, while invertase-driven cytosolic sucrose cleavage was efficiently quenched by fructose and glucose acting as
competitive and noncompetitive inhibitors, respectively. Finally, this study provides strong evidence for a sucrose concentration
gradient from the cytosol to the vacuole, which might directly affect the physiological role and direction of sugar transport across

cellular membrane systems.

Introduction

Changing temperature regimes have diverse effects on plant
growth, development, and metabolism. While a sudden and
strong temperature drop or increase typically results in irreversi-
ble tissue damage and yield loss, a constant and moderate change
of temperature induces an acclimation response which increases
temperature tolerance. This acclimation response represents a
multigenic process and comprises, among others, signaling cas-
cades, reprogramming of photosynthesis, and the primary and
secondary metabolism (Herrmann et al. 2019; Garcia-Molina
et al. 2020; Seydel et al. 2022). Increasing temperatures due to
global warming have been shown to negatively impact the fitness
of plants in their natural habitat and, especially in combination
with drought, the yield of crop species (Lippmann et al. 2019;
Gampe et al. 2021). Thus, understanding and predicting plant
heat response and acclimation capacity is a vital component to
understanding and dealing with the impact of globally increasing
temperatures on plants.

Heatis perceived by a changing membrane permeability which,
for example, influences transmembrane calcium flux (Ranty et al.
2016; Sajid et al. 2018). Also, reactive oxygen species, kinase and
phosphatase activation, phytohormone cascades, activation of
transcription factors, and heat shock proteins (HSPs) are involved
in the perception of heat (Iba 2002; Qu et al. 2013). The immediate
recognition of a changing temperature regime is central to stabi-
lizing photosynthesis and metabolism. Photosynthesis is known

to be a highly temperature-sensitive process, being inhibited
both at low and high temperatures (Berry and Bjorkman 1980).
The photosynthetic performance can already be impacted nega-
tively at moderate heat by Rubisco inactivation (Law and
Crafts-Brandner 1999; Crafts-Brandner and Salvucci 2000;
Salvucci and Crafts-Brandner 2004; Yamori et al. 2014). The thyla-
koids are influenced by heat-induced changes in membrane prop-
erties and the regulatory connection between ATP synthesis and
electron transport can be disrupted (Havaux 1996; Pastenes and
Horton 1996; Bukhov et al. 1999, 2000). However, actual damage
to photosystem 1I, quantified by measuring the critical tempera-
ture at which the minimal chlorophyll fluorescence is rapidly in-
creasing, is mostly occurring between 40 and 55 °C, depending
on the plant species and growth environment (Terzaghi et al.
1989; Zhu et al. 2018).

Carbohydrates are direct products of photosynthesis and rep-
resent energy sources and substrates for diverse anabolic path-
ways. Recent work has shown that carbohydrates are also an
important factor in the thermomemory of the shoot apical meris-
tem (Olas et al. 2021). Further, it has been shown that RGS1, a plas-
ma membrane located glucose sensor, is connected to the
regulation of thermotolerance in tomatoes, and externally apply-
ing glucose to the plants actually increased their thermotolerance
(Wang et al. 2024). The enormous plasticity of heat responses in
carbohydrate metabolism can also be seen when comparing
heat treatments of different durations and severity. Comparing
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Figure 1. Heat tolerance of leaf tissue before and after acclimation. The index of injury (%) was based on the quantified electrolyte leakage of leaf tissue
of plants grown at 22 °C (A) and heat acclimated (B) 7 d at 32 °C, (C) 7 d at 34 °C, (D) 7 d at 36 °C, and (E) 3 d at 38 °C. Asterisks indicate significant
differences from the control, i.e. values at 22 °C (ANOVA and Tukey HSD post-hoc test, ** P<0.001), n=6. Center line, median; box limits, upper and

lower quartiles; whiskers, 1.5 x interquartile range; points, outliers.

moderate with severe transient heat exposure revealed that
sucrose phosphate synthase (SPS) activity is negatively associated
with the stability of CO, assimilation rates under elevated
temperature (Seydel et al. 2022). Another study showed that,
in Arabidopsis, the amount of primary carbohydrates, e.g.
sucrose, raffinose, and maltose, increases after treatment at
40 °C for up to 240 min which represents a shared feature with
cold stress (Ahsan et al. 2010). Additionally, within the first 24 h
of heat exposure, 15% of upregulated proteins in soybean
were found to be related to carbohydrate metabolism, but
proteins that were associated with carbon assimilation and pho-
tosynthesis were found to be downregulated in the same plants
(Ahsan et al. 2010).

Pathways of cellular plant carbohydrate metabolism are lo-
cated in different subcellular compartments. For example, the
Calvin-Benson-Bassham cycle (CBBC) takes place in the chloro-
plasts, while sucrose biosynthesis is catalyzed in the cytosol.
The high degree of compartmentalization of plant cells impacts
the analysis and understanding of their metabolic pathways pro-
foundly (Lunn 2007). The method of nonaqueous fractionation
(NAF) has been applied to resolve compartment-specific metabol-
ic regulation (Gerhardt and Heldt 1984; Furtauer et al. 2016;
Hernandez et al. 2023). This method allows for continuous
quenching of metabolism and prevents enzymatic interconver-
sion of metabolites after sampling and during fractionation. The
correlation of metabolite abundance with marker enzyme activ-
ity, or marker protein abundance, provides information about rel-
ative metabolite distributions over analyzed compartments
(FUrtauer et al. 2019). If available, absolute amounts of metabo-
lites can then be multiplied with relative distributions to provide
an estimate of compartment-specific absolute metabolite
amounts. A current limitation is the estimation of effective sub-
cellular metabolite concentrations which also needs to consider
compartment-specific volumes.

In the present study, we have combined leakage assays and
chlorophyll fluorescence measurements with the NAF methodol-
ogy and serial block-face scanning electron microscopy (SBF-SEM)
to quantify thermotolerance and photosynthetic efficiency to-
gether with carbohydrate concentrations in the plastids, cytosol,
and vacuole of leaf mesophyll cells of Arabidopsis thaliana.
Effective compartment-specific concentrations were determined
before and after acclimation to 34 °C to unravel heat-induced reg-
ulation of subcellular carbohydrate metabolism.
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Results

Electrolyte leakage indicates efficient Arabidopsis
heat acclimation between 32 and 34 °C

Susceptibility to heat stress was determined by quantifying the
electrolyte leakage of leaf tissue to estimate membrane damage,
described by the index of injury I;. Leaf tissue acclimated to
22 °C was damaged to ~80% after 45 to 60 min of incubation in
45 °C water (Fig. 1A). Heat acclimation of leaf tissue after 7 d
was most efficient for acclimation temperatures 32 and 34 °C
which resulted in a significant reduction of I; values (ANOVA,
Fig. 1, B and C). Acclimation at 36 (7 d) and 38 °C (3 d) resulted in
a slight decrease of [; when compared to 22 °C plants, but the con-
dition effect was not significant (Fig. 1, D and E). This was also in
accordance with the growth phenotype of the plants after the
heat treatment which indicated severe tissue damage at 36 and
38 °C, whereas for 32 and 34 °C, only an early induction of the in-
florescence and slight yellowing of the leaves was observed
(Supplementary Fig. S1).

To reveal how elevated temperature affected photosynthetic
efficiency and CO, assimilation, the maximum quantum yield of
photosystem II (F,/F,,) was quantified together with rates of net
photosynthesis (NPS) (Fig. 2). Under control conditions (22 °C),
F,/Fy, values were >0.8 while they dropped significantly after 7 d
at 32, 34, and 36 °C to values between 0.76 and 0.78. After 3d at
38 °C, F,/F,, showed the strongest decrease to a median of ~0.64,
and the data variance distinctly increased (Fig. 2A, dark red
box). Due to the observation that leaf tissue acclimated most effi-
ciently during 7 d at 34 °C, we also quantified CO, assimilation
under these conditions (Fig. 2B). Similar to F,/F,,, NPS rates were
slightly affected, but the decrease of the median under 34 °C
was not significant.

Heat response of the central carbohydrate
metabolism

Starch amounts decreased significantly under elevated tempera-
tures (Fig. 3A). Plants acclimated for 7 d at 32 °C had approxi-
mately 20% of starch found in the tissue of nonacclimated
plants while amounts dropped even more for higher temperature
regimes.

While, compared to nonacclimated plants, sucrose amounts
also dropped in plants acclimated at 34 °C, they significantly in-
creased approximately 1.5-fold after 3d at 38 °C (Fig. 3B). Both
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Figure 3. Metabolite amount per gram dry weight in control and acclimated plants. A) Starch amount in C6 equivalents. B) Sucrose amount. C) Glucose
amount. D) Fructose amount. Asterisks indicate significant differences from the control (ANOVA and Tukey HSD post-hoc test, * P<0.05, * P<0.01,
P <0.001), n>5. Center line, median; box limits, upper and lower quartiles; whiskers, 1.5 x interquartile range; points, outliers. DW: dry weight.

glucose and fructose amounts were found to significantly increase
during heat exposure with an exception at 36 °C for glucose and
34 °C for fructose (Fig. 3, C and D).

Dynamics of subcellular sugar compartmentation
under heat

Based on the finding that heat acclimation resulted in the highest
tolerance after 7 d at 34 °C (Fig. 1, A and C), this condition was
chosen for further detailed analysis of subcellular compartmenta-
tion of carbohydrates. The compartment-specific relative distri-
bution of soluble sugars sucrose, glucose, and fructose was
quantified before (22 °C) and after heat acclimation (7 d at 34 °C).

For subcellular sucrose distribution, it was observed that heat
induced a significant shift from chloroplasts to the vacuole
(Fig. 4A). Due to heat exposure, the plastidial sucrose proportion
decreased to less than 10%, while it increased to ~80% in the
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vacuole. This shift was neither observed for glucose nor for fruc-
tose (Fig. 4, B and C). Under heat, glucose was slightly shifted
from the vacuole to the cytosol, and fructose proportions re-
mained relatively constant.

The observed shifts in the relative proportion of sugars indi-
cated a heat-induced regulation of subcellular compartmentation
of carbohydrate metabolism. To reveal the effect of these relative
shifts on compartment-specific metabolite concentrations, vol-
umes of chloroplasts, cytosol, and vacuole were experimentally
resolved by 3D SBF-SEM for mesophyll tissue at 22 and 34 °C
(Fig. 5; Supplementary Fig. S2).

The evaluation of compartmental proportions revealed ~14%
chloroplasts, 3.5% cytosol, and ~83% vacuole at 22 and 34 °C
(Table 1). Together with the measured dry weight-to-fresh weight
ratio and the average thickness of a leaf, fractions of compart-
ment volumes in fresh leaves were determined. At 22 °C, the
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A 22°C
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Figure 5. 3D models of mesophyll cells. A) Control (22 °C) mesophyll cell. B) Heat-treated (7 d at 34 °C) mesophyll cell. Chloroplasts are shown in green,
the nucleus in pink, and the vacuole in translucent blue. The cytosol encompassing other organelles such as mitochondria, Golgi apparatus, or
endoplasmic reticulum, surrounding the vacuole and the chloroplasts is omitted in this view. Scale bars: 20 ym.

tissue volume per gram dry weight was about 1.5-fold higher than
in heat-treated plants. Considering the estimated porosity from
SBF-SEM analysis, this finally allowed for estimating the volume
of cell material which was 10,932 mm? gDW~" at 22 °C and
8,267 mm3 gDW " at 34 °C. This information was combined with
the compartmental proportions to estimate volumes of
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chloroplasts, cytosol, and vacuole with the dimension of
mL gDW™! (Table 1).

This revealed that, although relative proportions of analyzed
compartments remained stable under heat, absolute compart-
ment volumes decreased by about 25% after 7 d at 34 °C due to
a reduced volume of leaf tissue per gDW.

GzZ0Z AInr 1. uo 1senb Aq 0z.1 L L8/ 1L Lyen/g/86L/elonie/sAydid/woo dno-olwepeoe//:sdiy woly pspeojumoq



Table 1. Compartment volumes and leaf measures
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Measurement 22°C 34°C
Proportion chloroplasts 13.89% 13.65%
Proportion cytosol 3.51% 3.63%
Proportion vacuole 82.6% 82.72%

Leaf height (mm) (*) 0.187 +0.005 0.138 +0.003
Leaf disc volume (mm?) (* 9.415+0.240 6.916+0.130
Dry weight per leaf disc (mg) (NS) 0.622+0.017 0.645+0.074
Volume per gDW (mm?® g™%) () 15,131+ 813 10,732 +1,616
Porosity (SBF-SEM) 27.8% 22.9%

Volume of gas space (mm? gDW™?)

Volume cell material (mm?® gDW~")
Estimated volume chloroplasts (mL gDW™!)
Estimated volume cytosol (mL gDW ™)
Estimated volume vacuole (mL gDW™?)

4,199.5+225.6
10,931.8 £587

2,465.5+371.3
8,266.5+1,245

1.52+0.08 1.13+0.17
0.38+0.02 0.30+0.05
9.03+0.49 6.84+1.03

Proportions in percent were determined from SBF-SEM data. For leaf material at 22 °C, 13 cells were evaluated in the resin block. For leaf material at 7 d 34 °C, 28 cells
were evaluated in the resin block. Leaf height was derived from light micrographs. Leaf disc volume was calculated from leaf height and punchout size (4 mm radius,
i.e.50.26 mm?area). Dry weight (DW) per leaf disc was determined by drying and weighing leaf discs. Volume per gram DW was calculated from leaf disc volume and
dry weight. The porosity was acquired from SBF-SEM data and used to determine the volume of cell material per gram DW. This volume and the compartment
proportions were used to estimate the volume of the different cell compartments per gram DW. Detailed calculations are collected in the supplements
(Supplementary Table S2). NS: nonsignificant difference between both conditions. (*) significant difference between both conditions (ANOVA, P <0.05). Means = SE.

Table 2. Percentage of cell types in a leaf section

Cell type 22°C 34°C

Palisade mesophyll (NS)
Spongy mesophyll (NS)
Epidermis (NS)
Vascular bundle (NS)
Porosity (NS)

22.81+2.68%
33.83+2.68%
15.11+1.18%

2.23+0.95%
26.01+1.26%

24.23+1.24%
3347+1.11%
16.08 +1.89%
2.38+1.44%
23.84+3.22%

The area of cell types was measured in light micrographs of semi-thin sections
of embedded leaf material. Means + sg, n=4. NS: nonsignificant difference
between both conditions (ANOVA, P> 0.05).

The percentage of different cell types in a sampled leaf was
then determined by light microscopy (Table 2). This analysis re-
vealed approximately 57% mesophyll cells, 15% epidermal cells,
2% vascular bundle cells, and 26% porosity at 22 °C. During
heat, mesophyll and epidermal cell proportions slightly increased
to 58% and 16%, respectively. Vascular bundles did not change,
whereas the porosity decreased to 24%.

Combining the absolute sugar amounts with NAF-derived sub-
cellular proportions revealed absolute sugar amounts of chloro-
plasts, cytosol, and vacuole at 22 °C and after 7 d at 34 °C (Fig. 6,
A to C). Absolute sucrose amount differed significantly between
both conditions across all compartments (Fig. 6A). The trend ob-
served for relative proportions (see Fig. 4) was augmented, and cy-
tosolic amounts now also differed significantly. Absolute amounts
of glucose were significantly elevated due to heat acclimation
across all compartments (Fig. 6B). In the vacuole, this contrasted
the relative proportions which significantly decreased at 34 °C
(compare Fig. 4B). However, due to a higher total amount of glu-
cose under heat, this relative decrease still resulted in an absolute
increase in the vacuolar compartment. Fructose was found to sig-
nificantly accumulate in the vacuole which was not observed for
relative proportions (compare Figs. 4C and 6C). As described for
glucose, this was due to an increase in total fructose amounts.
Yet, fructose dynamics were less significant than for glucose
and sucrose.

Next, absolute compartment-specific sugar concentrations
were derived from amounts normalized to estimated volumes of
a mesophyll cell (Fig. 6, D to F). Interestingly, this emphasized ac-
cumulation effects in the cytosol which now also became signifi-
cant for fructose (Fig. 6F). In general, while subcellular sugar
amounts (in umol gDW~?) were highest in the vacuole, subcellular
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sugar concentrations (in mwm) peaked in the cytosol which was due
to the strong discrepancy of vacuolar and cytosolic volumes (see
Table 1).

Heat-induced dynamics of enzyme activities in
sucrose metabolism

Based on the observation that heat significantly affected the com-
partmentation of sucrose and its hydrolytic cleavage products
glucose and fructose, activities of central enzymes of sucrose
biosynthesis (SPS) and cleavage (neutral, acidic, and cell
wall-associated invertases; nlnv, alnv, cwlnv) were quantified be-
fore and after 7 d at 34 °C (Fig. 7). Activities were normalized to the
volume of leaf cells, i.e. 10.93 mL gDW‘1 at 22 °C and 8.26 mL
gDW~" at 34 °C. The activities of SPS and nInv decreased signifi-
cantly under heat (Fig. 7, A and B), while cwInv and alnv activities
increased nonsignificantly (Fig. 7, C and D).

Enzyme activities were quantified under substrate saturation
at temperature optimum, which was 25 °C for SPS and 30 °C forin-
vertases, respectively. To adjust those activities to the growth
temperature of the plants, activation enthalpies were applied
and used to solve the Arrhenius equation (Arrhenius 1889;
Equation (1)).

Vmax, adj = C- e_Ea/RT (1)

Here, C represents the Arrhenius factor, E, is the activation en-
ergy, R is the gas constant, and T the temperature. The
Arrhenius factor was estimated from experimentally determined
enzyme activities at their temperature optimum as described ear-
lier (Weiszmann et al. 2018; Supplementary Table S1). The adjust-
ment to physiologically more relevant temperature regimes
resulted in similar activities of SPS and nInv at 22 and 34 °C, re-
spectively (Fig. 7, E and F). In contrast, adjustment resulted in sig-
nificantly different activities of cwInv and alnv at 22 and 34 °C
(Fig. 7, G and H). In summary, thermodynamic adjustment of en-
zyme activities revealed that both reactions located in the cytosol,
SPS, and nInv, were efficiently stabilized under heat to maintain
similar maximum enzyme activities as under 22 °C. In contrast,
both enzymes located in acidic environments, i.e. apoplast
(cwInv) and vacuole (alnv), significantly increased their maximum
activities.

Using the subcellular concentrations of sucrose, glucose, and fruc-
tose together with adjusted activities of enzymes, in vivo rates of

G20z AInr ¢ uo 1senb Aq 0Z21 L L8// L LIeM/E/86 L/a1onie/sAydid/woo dno-olwepeoe//:sdiy wolj pspeojumoq



6 | Plant Physiology, 2025, Vol. 198, No. 3
A Sucrose B Glucose (o3 Fructose
— *k%k *k%k *kKk *
= =
O 40-
o
E .
=5 == |
= =
E 20 ‘ =
o)
£ |
© = = * *% * %%
~ L . N
0- — —_— _ = — *
o) (a7 L. o) (o) L, " C o ' L, '
’5/0, J?é& QO(/ 66, %d‘ QC'O 4/0’ b(«)& 900
Q 0, (o) [0) (o) (o) 0, 0, (o)
o)A Y % 2. 7 /@ o) 7 /Q
e 9@, s@/
B 22°C
EE7d34°C compartment
D Sucrose E Glucose F Fructose
*%*
— *kk * k% * *% *kk *kk
=
E 40-
[t
il
®
=
= |
[}
o 20- ‘ = .
g —
o .
0- = T — — == == _ﬁ
o) o ' L. o) o ' L. o) o) L.
66, '%& Qo(/ 66, J?bd\ QOO ,}/o, J?f% Qo(/
) 0, (0) O, (o) (o) 0, 0, (o)
o)A 7 /@ o)A 7 /@ o)A 4 /@
e 6@, e
compartment

Figure 6. Compartment-specific sugar amounts and concentrations. Absolute amounts of sugars (umol gDW~?) in chloroplasts, cytosol, and vacuole
are shown in the upper panels (A to C), and concentrations (mw) are shown in the lower panels (D to F). Gray boxes: 22 °C, orange boxes: 7 d at 34 °C.
Asterisks indicate significance (ANOVA and Tukey HSD post-hoc test, * P <0.05, * P <0.01, ** P <0.001), n=5. Center line, median; box limits, upper and
lower quartiles; whiskers, 1.5x interquartile range; points, outliers. DW: dry weight.

cytosolic (nInv) and vacuolar (alnv) sucrose cleavage were estimated
assuming Michaelis-Menten kinetics with competitive (Frc) and non-
competitive (Glc) inhibition (Sturm 1999, Fig. 8). Simulations showed
that, under heat, cytosolic rates of sucrose cleavage were dramatically
reduced due to the increased cytosolic hexose feedback inhibition of
ninv (Fig. 8B). For alnv, which represents soluble acidic invertases
with vacuolar localization, Vi.x Was significantly increased at 34 °C
which resulted in a maintenance of sucrose cleavage rates (Fig. 8, C
and D) although also vacuolar concentrations of Frc and Glc increased
under these conditions (see Fig. 6).

Discussion

A changing temperature regime needs to be efficiently perceived and
sensed by plants in order toinitiate stress and acclimation response.
Particularly, if temperature decreases or rises below or above critical
values, molecular and physiological adjustments become essential
to prevent irreversible cell and tissue damage. Adjustment and
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stabilization of photosynthesis and carbohydrate metabolism are
central to temperature acclimation because a deflection of involved
processes and pathways directly affects plant performance
(Anderson et al. 1995; Qu et al. 2023). To quantify the heat tolerance
of A. thaliana on levels of tissue structure and photosynthetic effi-
ciency, electrolyte leakage assays were combined with measure-
ments of F,/F, in the present study. While a 7-d acclimation
period at 32 and 34 °C resulted in a significant reduction of leakage
of leaf tissue when compared to nonacclimated plants, exposure
to higher temperatures did not significantly improve tissue heat tol-
erance. Also, although F,/Fy, significantly dropped under all tested
regimes of elevated temperature, it stabilized at ~0.75 (except for
the 38 °C treatment) which still indicated a relatively high efficiency
of photosystem II. The functionality of photosynthesis was further
proved by NPS rates which were stabilized after acclimation at
34 °C. However, pulse amplitude modulation (PAM) measurements
were conducted on green chlorophyll-containing tissue while
growth phenotypes at 36 °C already showed pale areas (see
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invertase.

Supplementary Fig. S1), which are not reflected by these F,/F,, val-
ues, and which were most probably a consequence of heat-induced
senescence (Li et al. 2021). In summary, these findings suggest that
heatexposure to temperatures between 32 and 34 °C significantly in-
creases the heat tolerance of the plasma membrane of A. thaliana,
which was not observed for higher temperatures. Heat-induced ef-
fects on F,/F,, are robust across a wide range of acclimation temper-
atures which limits its applicability as a heat stress indicator. A
limitation, which might affect the interpretation of heat-induced ef-
fects on photosynthesis and metabolism, was, however, the differ-
ent developmental stages of 22 °C and 7 d heat-exposed plants.
While plants at 22 °C were sampled and analyzed before bolting,
heat-treated plants showed an inflorescence (see Supplementary
Fig. S1). Such developmental differences might affect photosynthe-
sis and metabolism (Rolland et al. 2006). However, as plant develop-
ment directly depends on growth temperature (Ibafiez et al. 2017),
this could not be resolved in the chosen experimental setup, as a
control experiment at 22 °C cannot be expected to result in the
same developmental trajectory as under 32, 34, or 36 °C.

Relative proportions of subcellular compartments
and leaf tissues remain constant during heat
acclimation

Heat can influence the architecture of plant cells and the different
organelles within, varying depending on the duration and severity

38

of the heat exposure. In chloroplasts, grana thylakoids were found
to disorganize and unstack during heat exposure, especially at
temperatures higher than 34 °C, and plastoglobuli numbers and
sizes were found to increase with acclimation temperature
(Supplementary Fig. S3). This has also been reported before, to-
gether with swelling of chloroplasts and mitochondria due to
heat exposure (Gounaris et al. 1984; Vani et al. 2001; Zhang et al.
2010; Grigorova et al. 2012; Zhang et al. 2014; Zou et al. 2017,
Jampoh et al. 2023). The reconstruction of leaf cells based on
SBF-SEM in the present study revealed constant relative propor-
tions of chloroplasts (13% to 14%), cytosol (3% to 4%), and vacuole
(82% to 83%) before and after heat acclimation at 34 °C. Previously,
similar proportions were reported and summarized for Arabidopsis
epidermal pavement cells and mesophyll cells under ambient
temperature (Tolleter et al. 2024). In this study, the authors de-
rived a relative chloroplast volume of 9.4%, a cytosol volume of
3.8%, and a vacuole volume of 84.3%. Thus, while cytosol and va-
cuole directly correspond to the percentage determined in the
present study, estimations of chloroplast volumes differed by
4% to 5% between both studies. Main reasons for this discrepancy
might be that Tolleter and colleagues assembled data from vari-
ous studies. This might imply (slightly) different growth condi-
tions which might directly affect compartment-specific volumes
in the observed range of discrepancy. Further, in the present
study, leaf tissue was sampled at the end of the night which differs
from studies compiled in the cell atlas (Tolleter et al. 2024).
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Glc, respectively. Red boxes indicate the relevant ranges of sucrose concentrations in vivo. Parameter settings are provided in the supplement
(Supplementary Table S2). For simulations, the code for an R Shiny app is provided on GitHub: https:/github.com/cellbiomaths/Shiny_MM_

simulation).

Nevertheless, although this indicates that chloroplast volumes
might be over- or underestimated by up to 5%, the consistency
across cytosolic and vacuolar volume estimations provides evi-
dence for the applicability and robustness of the presented cellu-
lar volume information. In contrast, leaf disc volumes decreased
by ~30% in heat-acclimated plants while dry weight of the discs
was not affected. This indicates a reduced (leaf) water content
of heat-acclimated plants which might be due to higher transpira-
tion rates under such conditions (Romero-Montepaone et al.
2021). Thus, while relative proportions of compartments re-
mained constant, their absolute volumes decreased because of re-
duced total leaf tissue volume which suggests control of rather
relative subcellular proportions than absolute compartment
sizes. Similarly, also proportions of tissue types remained con-
stant during heat acclimation (see Table 2). The proportions of
palisade mesophyll, spongy mesophyll, epidermal tissue, and vas-
cular bundles were similar before and after heat acclimation. We
estimated porosity by 2D and 3D analysis to show the robustness
of our results depending on the method. Both methods consis-
tently showed a (nonsignificant) decrease in porosity during
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heat acclimation, ranging between 26% and 28% for leaf material
at 22 °C and 23% and 24% after 7 d at 34 °C (see Tables 1 and 2).
These estimates for plants grown at ambient temperature are in
a similar range to those previously reported using microCT meas-
urements of A. thaliana leaf discs (Dorca-Fornell et al. 2013;
Lehmeier et al. 2017; Mathers et al. 2018).

In the present study, leaf cell structure was not analyzed for
plants which were less efficiently heat acclimated, e.g. after 7d
at 36 °C. This leaves room for speculation if the observed propor-
tional reduction of (sub)cellular structures and leaf tissue compo-
sition is a prerequisite for or a consequence of heat tolerance. Yet,
as membrane remodeling was proven earlier to be essential for ef-
ficient heat acclimation (Kunst et al. 1989; Murakami et al. 2000;
Shiva et al. 2020), the proportional reduction of compartment
size might be accompanied by, or even facilitate, remodeling proc-
esses, e.g. changes in saturation degrees of membrane lipids and
classes, due to reduced physical distances between membrane
systems. Particularly, for vesicle trafficking and membrane
contact-based lipid transfer (Shomo et al. 2024), such a reduction
of physical distance might be beneficial. Finally, however,
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follow-up studies need to validate if the observed changes signifi-
cantly affect remodeling and/or transport processes, or if the pro-
portional reduction results in a maintenance of the homeostasis
before heat exposure.

Heat acclimation induces subcellular sugar
allocation to stabilize sucrose metabolism during
heat acclimation

A characteristic feature of eukaryotic cells is their compart-
mentation of metabolism which enables the separation and
specification of pathways and their regulation (Hurry 2017).
Carbohydrates are direct products of chloroplast-located photo-
synthetic CO, assimilation which, following the fixation and re-
duction reactions of the CBBC, are allocated to different
subcellular compartments. This results in metabolite dynamics
which are difficult to trace because transport processes across
membrane systems and enzymatic interconversions are versatile
(Sweetlove et al. 2017; Pommerrenig et al. 2018). The method of
NAF enables the immediate and persistent quenching of enzy-
matic reactions which conserves the metabolic status at the sam-
pling timepoint (Gerhardt and Heldt 1984). In the present study,
NAF revealed that, under heat, relative sucrose proportions are
significantly decreased in the chloroplast and significantly in-
creased in the vacuole. Together with the absolutely quantified
metabolite amounts, this resulted in a significant increase of su-
crose and glucose amounts in the vacuole. While such a vacuolar
shift has also been reported before for cold acclimation (Knaupp
et al. 2011; Furtauer et al. 2016), the observed plastidial depletion
of sucrose during heat acclimation contrasted findings made for
low temperature (Ndgele and Heyer 2013). Together with mem-
bers of the raffinose family oligosaccharides (RFOs), sucrose was
shown to protect liposomes in vitro against damage by fusion
which suggested also a protective function in vivo, e.g. under
drought or freezing temperatures (Hincha et al. 2003; Knaupp
etal. 2011). In contrast to cold or freezing, membrane fluidity is in-
creased under heat which may not need the accumulation of su-
crose or raffinose in the chloroplast to prevent fusion of thylakoid
membranes. Instead, when subcellular sugar concentrations
were calculated from total sugar amounts and estimated com-
partment volumes, cytosolic sucrose concentrations became
highest under both 22 and 34 °C due to the comparatively
low cytosolic volume. For glucose and fructose, a significant
heat-induced cytosolic increase was observed which immediately
raised the hypothesis of hexose accumulation due to affected in-
vertase activity. Quantifying cytosolic neutral invertase activity
revealed a stabilized activity between 22 and 34 °C, which became
evident after normalization to leaf tissue volumes and correction
for thermodynamic effects by applying the Arrhenius equation.
Hence, although previous studies have shown that several pro-
teins involved in carbon assimilation and metabolism are downre-
gulated under heat stress, this might not necessarily result in a
downregulation of the in vivo reaction rates due to additional
thermodynamic effects (Ahsan et al. 2010). Vacuolar invertase ac-
tivity was significantly elevated by heat exposure. This led to the
hypothesis that sucrose is transported along its concentration
gradient from the cytosol to the vacuole where it is cleaved
hydrolytically to release glucose and fructose. Such metabolite
transport across the tonoplast might be facilitated by monosac-
charide transporters as explained and outlined before (see e.g.
Pommerrenig et al. 2018). Data from the present study suggests
a concentration gradient of sucrose from the cytosol to the va-
cuole of mesophyll cells. While this gradient remained similar
under 22 °C and after 7 d at 34 °C, cytosolic glucose and fructose
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concentrations rose significantly under heat. Further, sucrose
concentrations in the chloroplast dropped significantly under
heat (see Fig. 6, D to F). [t remains speculation in the present study,
but such dynamics of plastidial and cytosolic sugar concentra-
tions might result in, or be a consequence of, dynamics of mem-
brane transport. Previous studies have shown and summarized
potential candidates of sugar transporters across intracellular
membrane systems, which strongly affect plant stress response,
acclimation, and development (Klemens et al. 2013; Guo et al.
2023; Valifard et al. 2023). A decreasing sucrose concentration in
the chloroplast might suggest a changing expression or activity
of transport proteins located in the chloroplast envelope.
Interestingly, the chloroplast sucrose exporter pSUT has
previously been found to critically affect flowering and cold
response (Patzke et al. 2019). Further, flowering has earlier been
shown to be potently induced by elevated growth temperature
(Balasubramanian et al. 2006). While, in the present study,
we did not statistically uncouple plant development from heat
exposure, it became obvious from the phenotypes that heat
exposure at least temporally fell together with flowering (see
Supplementary Fig. S1). Asit was shown that suppressed pSUT ex-
pression results in impaired inflorescence development (Patzke
etal. 2019), this further supports the hypothesis that pSUT expres-
sion and activity might critically affect development and acclima-
tion under heat by modifying the sucrose concentration gradient
across the chloroplast envelope.

Dynamics of both subcellular metabolite concentrations and
enzyme activities result in dynamics of enzymatic reaction rates
if metabolites act as substrates, products, or regulatory effectors
of enzymes. The simulation of reaction rates catalyzed by neutral
and acidic invertases showed that, under heat, neutral invertase
flux became very low which was caused by the accumulation of
hexoses in the cytosol which act as inhibitors (Sturm 1999).
While also acidic invertase flux was affected by the heat-induced
accumulation of hexoses in the vacuole, a strong and significant
increase of Vpax counteracted this inhibition resulting in
similar reaction rates at 22 and 34 °C (see Fig. 8). Similarly,
for plant cold acclimation, it was discussed earlier that
temperature-induced shift of sucrose cleavage into the vacuolar
compartment might stabilize metabolism and photosynthesis
(Weiszmann et al. 2018). Together with the observed heat-induced
depletion of plastidial sucrose concentration, these findings sug-
gest that sucrose transport across the chloroplast envelope and
tonoplast is coordinated with subcellular invertase activities dur-
ing heat exposure to stabilize cytosolic sucrose concentration
which plays a central role in regulation of photosynthesis, energy
metabolism, and sink-source interactions (Ruan 2014).

Materials and methods

Plant material

Plants of A. thaliana, Columbia-0 (Col-0), were grown at 22 °Cin the
greenhouse (~100 to 125 ymol m~2s7*, ~12 h/12 h light/dark, 60%
to 70% rel. humidity). After 4 weeks of growth, at the initial bolting
stage, the control plants were harvested. For heat acclimation,
plants were transferred to the respective temperature at a light in-
tensity of 100 ymol m~2 s7%, 12 h/12 h light/dark, 60% to 70% rel.
humidity, and watered regularly to prevent drought stress.
Temperature treatment included 32, 34, 36, and 38 °C. After 7 d
of heat treatment, the plants were harvested. For 38 °C, harvesting
took place after 3 d of heat treatment due to the high mortality of
the plants beyond that timepoint. Harvesting for analysis of me-
tabolism took place at mid-day, i.e. after 6 h in light, by cutting
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the plants at the hypocotyl and plunge-freezing them in liquid ni-
trogen. The inflorescences, if established, were excluded from
analysis. The frozen plant material was stored at —80 °C until it
was ground to a fine powder and freeze-dried. Samples for elec-
tron microscopy were collected at the end of the night to prevent
starch accumulation in the chloroplasts.

Electrolyte leakage

An electrolyte leakage assay was performed on intact leaves from
control plants and acclimated plants. Two leaves per sample and
6 samples per temperature step (n==6) were cut from 1 plant and
fully submerged in 7 mL of distilled H,0. The samples were heated
to 46 °Cfor 0, 30, 45, and 60 min. They were cooled down and shak-
en overnight at room temperature. Then, 1 mL of water was taken
from the samples, diluted 1:4 in H,O and initial electrical conduc-
tivity ECinitial (S cm™?) was determined. Then, the samples were
heated to 95 °C for 1h, and total electrical conductivity ECioa
(uS cm™") was determined again. The index of injury I; was calcu-
lated individually for the different timepoints with the fractional
release of electrolytes from nonheated and heated samples, Ry
and R (Equations (2) and (3); Flint et al. 1967).
The index of injury I; from exposure to temperature

R: — Ro

Iy = 100 @)

Fractional release of electrolytes from nonheated Ry and heated
sample R;

ECinitial
Ro, Rt = ————— 3
o Ectotal ( )

Chlorophyll fluorescence and gas exchange
measurements

To evaluate the effect of prolonged heat exposure on photosystem
II, maximum quantum yield (F,/F.,) was recorded by supplying a
saturating light pulse after 15 min of dark adaptation at 22 °C
(WALZ JUNIOR-PAM; Heinz Walz GmbH, Germany). Gas exchange
was quantified at 22 and 34 °C using the GFS-3000 with measuring
head 3010-S (Heinz Walz GmbH, Germany).

Metabolite quantification

The amounts of carbohydrates were determined as described be-
fore (Kitashova et al. 2023). Soluble carbohydrates were extracted
twice with 400 uL 80% ethanol at 80 °C for 30 min. The superna-
tants were combined and dried for sugar analysis. The pellet
was used for starch quantification by amyloglucosidase digestion
and photometric detection of glucose equivalents by a coupled
glucose oxidase/peroxidase/o-dianisidine reaction. Sucrose con-
tent was determined by an anthrone assay, whereas glucose
concentration was determined by a coupled hexokinase/glucose-
6-phosphate dehydrogenase assay, utilizing absorption meas-
urement of produced NADPH+H *. Fructose quantification fol-
lowed glucose quantification by the addition of phosphoglucose
isomerase (PGI) to the reaction buffer.

Invertase and SPS activity measurements

The activities of vacuolar (acidic), cytosolic (neutral), and cell wall-
bound invertases, as well as of SPS, were quantified as described
earlier with slight modifications (N&gele et al. 2012; Kitashova
et al. 2023). Invertases were extracted on ice in extraction buffer
(50 mm HEPES-KOH, pH 7.5, 5 mm MgCl,, 2 mu ethylenediaminete-
traacetic acid (EDTA), 1 mum phenylmethylsulfonylfluoride, 1 mum
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dithiothreitol (DTT), 0.1% (v/v) Triton-X-100, 10% (v/v) glycerol).
After centrifugation, the supernatant was analyzed for vacuolar
and cytosolic invertases, whereas the pellet was resuspended in
an extraction buffer to analyze the cell wall-bound invertase ac-
tivity. After the incubation of the supernatant at 30 °Cin an acidic
reaction buffer (20 mm sodium acetate, pH 4.7, 100 mwm sucrose) for
vacuolar and cell wall invertase measurements, or a neutral reac-
tion buffer (20 mm HEPES-KOH, pH 7.5, 100 mm sucrose) for cyto-
solic invertase, the solution was neutralized with 1M NaH,PO,,
heated to 95 °C to stop the enzymatic reaction, and centrifuged.
The glucose content in the supernatant was quantified photomet-
rically by a coupled glucose oxidase/peroxidase/o-dianisidine
reaction.

SPS was extracted in the extraction buffer (50 mm HEPES-KOH,
pH 7.5, 20 mm MgCl,, 1 mm EDTA, 2.7 mum DTT, 10% (v/v) glycerol,
and 0.1% (v/v) Triton-X-100) on ice and centrifuged. The superna-
tant was incubated with a reaction buffer (50 mm HEPES-KOH,
pH 7.5, 15mm MgCl,, 3mm DTT, 35mum uridine diphosphate
[UDP]-glucose, 35 mu fructose-6-phosphate, and 140 mu glucose-6-
phosphate) at 25 °C and the reaction was stopped by adding 30%
KOH and heating the solution to 95 °C. Sucrose was quantified pho-
tometrically with an anthrone assay.

Nonaqueous fractionation

NAF was performed as described previously (Flrtauer et al. 2016;
Hernandez et al. 2023). Briefly, 10 to 15 mg of lyophilized plant ma-
terial was suspended in 1mL of heptane (C;Hi “7H")
-tetrachlorethylene (C,Cly; “TCE”) mixture with a density of p=
1.35g cm™ and sonicated on ice in 30's pulses with pauses of
1min for a total of 20min (Hielscher UP200St Ultrasonic
Homogenizer, 170 W, 100% power setting; Hielscher Ultrasonics
GmbH, Teltow, Germany). The sonicated material was centri-
fuged for 20 min at 4 °C and 20,000xg. The supernatant was stored
onice and the pellet was suspended in a 7H-TCE mixture of higher
density and sonicated for 10 s to facilitate the dissolving of the pel-
let. Subsequently, the material was centrifuged, and the new pel-
let was suspended in a higher density 7H-TCE mixture. This
process was repeated with mixtures of increasing density, ranging
from p=1.35 to 1.6 g cm™. The fractions were split equally and
dried in a vacuum desiccator. Pellets were stored at —20 °C until
subsequent analysis. One aliquot per sample was used for photo-
metric marker enzyme measurements for vacuole, cytosol, and
chloroplast and the other for photometric evaluation of sugar
content.

Marker enzyme activities

For photometric measurement of marker enzyme activities, the
dried pellets of fractions were suspended in 750 pL extraction buf-
fer (50 mwm Tris-HCl, pH 7.3, 5 mm MgCl,, 1 mum DTT), incubated on
ice for 10 min and centrifuged at4 °C and 20,000xg for 10 min. The
supernatant was used for enzyme activity quantification.
Plastidial pyrophosphatase was used as a marker enzyme for
the chloroplast, cytosolic UDP glucose pyrophosphorylase
(UGPase) for the cytosol, and vacuolar acidic phosphatase for
the vacuole (Flirtauer et al. 2019). Plastidial pyrophosphatase
was assayed as described earlier (Jelitto et al. 1992) and inorganic
phosphate was detected by molybdenum blue reaction (Murphy
and Riley 1962). UGPase was quantified photometrically as de-
scribed before (Zrenner et al. 1993). Acidic phosphatase from
the vacuole was measured according to Boller and Kende
(1979), with some modifications. The assay buffer consisted of
125mm sodium acetate and 0.125% Triton-X 100 and was
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adjusted to pH 4.8 with acetic acid, whereas the substrate for the
detection was composed of 1 mg mL~" 4-nitrophenylphosphate
in the assay buffer.

Sample fixation for microscopy

Several leaves per plant were fixed for microscopy. The plants
were harvested at the end of the dark period to minimize starch
content in the plastids, which improves the visibility of thylakoid
membranes. The leaves were cut into 1 mm? pieces in fixation
buffer (75 mwm cacodylate, 2 mm MgCl,, pH 7.0) supplemented
with 2.5% glutaraldehyde and stored at 4 °C for several days until
further processing.

Light and transmission electron microscopy

For light and transmission electron microscopy (TEM), fixation was
carried out as described before (Garcia-Molina et al. 2021). After
postfixation with 1% (w/v) OsOy, the samples were contrasted en
bloc with 1% (w/v) uranyl acetate in 20% acetone, dehydrated
with a graded acetone series and embedded in Spurr’s resin of me-
dium rigidity (Spurr 1969). For TEM, ultrathin sections of approxi-
mately 60 nm were contrasted with lead citrate (Reynolds 1963)
and examined with a Zeiss EM 912 transmission electron micro-
scope with an integrated OMEGA energy filter, operated at 80 kV
in the zero-loss mode (Carl Zeiss AG, Oberkochen, Germany).
Images were acquired with a 2k x 2k slow-scan CCD camera (TRS
Trondle Restlichtverstarkersysteme, Moorenweis, Germany). For
light microscopy, semi-thin sections of 1 ym were examined with
a Zeiss Axiophot microscope and a SPOT Insight camera.

Serial block-face scanning electron microscopy

For SBF-SEM, 1 mm? pieces of A. thaliana leaves were fixed and
stained following a protocol based on Hua et al. (2015). In brief,
with intermittent washing steps, the samples were fixed as de-
scribed above, treated with 2% OsOy4 + 1.5% potassium ferrocyanide
on ice, with thiocarbohydracid solution at RT, again 2% OsOq, 1%
uranyl acetate, then lead aspartate at 60 °C. Following an ascending
ethanol and acetone series, the samples were embedded in epon
resin hard 812, mounted on aluminum stubs with conductive
glue, trimmed to 500 um cubes, and sputtered with 20 nm gold.

Serial sectioning and imaging took place on a ThermoFisher
Apreo VS block-face scanning electron microscope (Thermo
Fisher Scientific Inc., Waltham, USA) in low vacuum at 2.1kV,
100 to 200 pA and a pixel dwell time of 3 us. Digital image stacks
(grayscale, 8 bit) of 8,192x 8,192 pixels at 20 nm pixel size and
40 nm cutting thickness were generated and postaligned with
Fiji, with stack 1 amounting to 1,872 planes and stack 2 amounting
to 1,450 planes.

Segmentation of cellular compartments

The SBF-SEM image stacks were processed with the Amira Pro
software (Versions 2019-2024.1, Thermo Fisher Scientific). In a
fraction of the 2 datasets, chloroplasts, vacuole, cytoplasm, and
nucleus were segmented manually with a graphic tablet.
Smaller organelles such as mitochondria, peroxisomes, Golgi ap-
paratus, and endoplasmic reticulum were not segmented but
were included in the cytoplasm material. The Python Deep
Learning environment of Amira was utilized for automated seg-
mentation of the datasets with the manually segmented data
serving as ground truth. Learning settings were adjusted between
training steps and are summarized in Supplementary Table S3.
The resulting labels were checked for mislabeling and corrected
manually.
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Data analysis and calculation of subcellular
volumes

Subcellular sugar content was correlated to the marker enzyme
measurements with the “NAFalyzer” app to estimate subcellular
sugar concentrations relative to sample dry weight (Hernandez
et al. 2023). The relative distribution of marker enzyme activities
was correlated with metabolite abundances. For both conditions,
i.e.22°Cand 7 d 34 °C, plastidial marker enzymes showed a peak
atthe lowestdensity,p=1.35¢g cm™. In contrast, vacuolar marker
enzyme activities peaked at the highest density, ie. p=160g
cm~2. The distribution of the cytosolic marker was similar across
all fractions but rather peaked at p=1.40 to 1.45g cm™
(Supplementary Fig. S4). Hence, although each fraction contained
a mixture of marker enzyme activities, these different distribu-
tions of marker enzymes across all fractions allowed for a reliable
estimation of compartment-specific metabolite concentrations
(Gerhardt and Heldt 1984).

Leaf discs of 4 mm radius were punched out and subsequently
dried to quantify fresh and dry weight (n=45). Average leaf height
(n>22) from light micrographs was multiplied with disc size to de-
termine the leaf disc volume. The volume-to-dry weight ratio was
calculated and corrected for gas space, i.e. porosity and percent-
age of the segmented SBF-SEM dataset. The volume per dry weight
ratio of plastids, cytosol, and vacuole was calculated from the per-
centages of the compartments from the SBF-SEM dataset and fur-
ther combined with the subcellular sugar amount to calculate the
absolute subcellular sugar concentrations in mwm (Supplementary
Tables S4 and S5). The percentage of cell types in the leaf was
measured in light microscopic images of semi-thin sections of em-
bedded leaf material (n=4). The area of different cell types was
measured in Fiji with the help of the standard measurement
tool and a graphic tablet. Image analysis of electron and light mi-
crographs was carried out with Fiji. Data analysis and statistics
were carried out with R (The R Project for Statistical Computing;
https://www.r-project.org) and Microsoft Excel (https:/www.
microsoft.com). The development of the R shiny app for the sim-
ulation of Michaelis-Menten kinetics was supported by ChatGPT
(October 2024). The code is provided via GitHub: https:/github.
com/cellbiomaths/Shiny_MM_simulation.
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1 | INTRODUCTION

Anastasia Kitashova? © |

Lisa Fiirtauer’® | Thomas Nigele?

Abstract

Carbohydrates are direct products of photosynthetic CO, assimilation. Within a
changing temperature regime, both photosynthesis and carbohydrate metabolism
need tight regulation to prevent irreversible damage of plant tissue and to sustain
energy metabolism, growth and development. Due to climate change, plants are and
will be exposed to both long-term and short-term temperature changes with increas-
ing amplitude. Particularly sudden fluctuations, which might comprise a large temper-
ature amplitude from low to high temperature, pose a challenge for plants from the
cellular to the ecosystem level. A detailed understanding of fundamental regulatory
processes, which link photosynthesis and carbohydrate metabolism under such fluc-
tuating environmental conditions, is essential for an estimate of climate change con-
sequences. Further, understanding these processes is important for biotechnological
application, breeding and engineering. Environmental light and temperature regimes
are sensed by a molecular network that comprises photoreceptors and molecular
components of the circadian clock. Photosynthetic efficiency and plant productivity
then critically depend on enzymatic regulation and regulatory circuits connecting
plant cells with their environment and re-stabilising photosynthetic efficiency and
carbohydrate metabolism after temperature-induced deflection. This review summa-
rises and integrates current knowledge about re-stabilisation of photosynthesis and
carbohydrate metabolism after perturbation by changing temperature (heat
and cold).

specific relevance for basic research in plant physiology and biotech-
nology but also for a detailed understanding of how global warming

Unravelling the effects of a changing temperature regime on plant
performance is challenging due to diverse molecular effectors, com-
plex regulatory networks and a broad physiological response and plas-
ticity. Drafting a mechanistic model of how cold, heat and fluctuating
temperature affect plant growth and development is not only of

Charlotte Seydel and Anastasia Kitashova contributed equally to this study.

acts upon (terrestrial) ecosystems. Long-term effects of global
warming on plant species have been generalised before with a
decreased fitness effect of many wild plant species in their current
natural habitats (Lippmann et al. 2019). Particularly, warm droughts
were observed to have a significant negative impact on the gross pri-
mary production of northern ecosystems (Gampe et al. 2021).

Because of outpacing of adaption and natural selection by global
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warming, species and populations may decline or go extinct (Thuiller
et al. 2005; Wilczek et al. 2014). In addition to a steady increase of
ambient temperature, temperature fluctuations and weather extremes
are associated with global warming (Pachauri et al. 2014). Molecular
and biochemical studies on plant metabolism under heat, cold or fluc-
tuating temperature have revealed regulatory networks playing a cen-
tral role in temperature stress response and acclimation. A prominent
example for such a network is represented by the C-repeat binding
factors (CBFs), which are transcription factors stimulating the tran-
scription of target genes by binding to the C-repeat (CRT)/dehydra-
tion-responsive element (DRE) regulatory element of their promoters;
also known as the CBF regulon (Fowler & Thomashow 2002; Gilmour
et al. 1998). In Arabidopsis thaliana, three cold-inducible CBF genes
(CBF1-3) are induced within 15 min of plant transfer to cold, followed by
the induction of target genes within 2-3 h, finally leading to an increased
freezing tolerance (more details are summarised in Thomashow (2010)).
Comparing natural accessions of Arabidopsis thaliana with a wide range of
geographical origin revealed central functions of CBFs during cold accli-
mation (Gehan et al. 2015; Hannah et al. 2006; Nagler et al. 2015), and
their functional evolution has been hypothesised to be involved in adap-
tation to warmer climates (Monroe et al. 2016). This example indicates
the necessity to combine analysis and interpretation of plant cold and
heat responses to promote our understanding of the involved pathways
and regulatory networks (Demmig-Adams et al. 2018). While drawing a
complete map of CBF-induced or CBF-affected pathways, which are in
turn connected to other signalling and redox networks (Ding et al. 2020),
remains challenging and comprehensive, photosynthetic performance and
carbohydrate metabolism are core components of underlying networks
(Demmig-Adams et al. 2018; Kurepin et al. 2013). This is not surprising
given that photosynthetic ATP and NADPH generation, CO, assimilation
and carbohydrate biosynthesis are fundamental to plant growth and
development. Previously, CBF overexpression in Brassica napus was
found to significantly alter gene expression and enzyme activity of
Rubisco (Ribulose 1,5-bisphosphate carboxylase/oxygenase), sucrose
phosphate synthase (SPS) and cytosolic fructose-1,6-bisphosphatase
(cFBPase), which resulted in enhanced photosynthetic capacity and freez-
ing tolerance (Savitch et al. 2005). This finding immediately suggests a
tight linkage between temperature sensing, induced signalling and adjust-
ment of carbohydrate metabolism. Plant carbohydrates are direct prod-
ucts of photosynthetic CO, fixation and represent substrates for plant
energy metabolism, secondary metabolism, growth, development and
stress response. As a consequence, plant growth, development and stress
response essentially depend on the tight regulation of photosynthesis and
carbohydrate metabolism within a changing environment (Herrmann
et al. 2019a). Transferring plants from ambient temperature (e.g. 22°C) to
cold or heat has an immediate effect on translational processes and,
maybe as a direct consequence, on enzyme activities, which determine
reaction rates and metabolic fluxes (Garcia-Molina et al. 2020). Thus, the
regulation of enzyme activities by modification of enzyme amount, post-
translational modifications (PTMs) and by metabolites (as effectors) is a
conserved element of temperature acclimation, decreasing rate-limiting
steps to keep the metabolism going. For example, sucrose biosynthesis

has been shown to limit photosynthetic acclimation at low temperatures
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FIGURE 1 Effects of a changing environmental temperature
regime on plant photosynthesis and carbohydrate metabolism.
Thermodynamics, changes in membrane rigidity and cellular signalling
induce plant stress response and acclimation. Metabolic regulation
tightly links acclimation of photosynthesis and carbohydrate
metabolism and strongly affects the acclimation output and plant
performance within a changing temperature regime

(Nagele et al. 2012; Strand et al. 2003). Evidence has also been provided
for the stabilisation of photosynthesis by vacuolar compartmentation and
invertase-driven hydrolysis of sucrose (Nagele & Heyer 2013; Weiszmann
et al. 2018). Under heat conditions, the invertase activity was found to
balance the energy provision for pollen germination and tube growth
(Jiang et al. 2020). In young tomato fruit, vacuolar and cellular invertase
activity was higher in heat-tolerant than in heat-sensitive lines, which the
authors interpreted as a contribution of invertases to heat tolerance via
increasing sink strength and sugar signalling activity (Li et al. 2012). These
few examples show that adjustment of photosynthetic CO, uptake and
regulation of central carbohydrate metabolism play an essential role in
plant temperature response and acclimation. Yet, the study of plant tem-
perature response is challenged by the high diversity of molecular, bio-
physical and biochemical effects which need to be considered (Figure 1).
This review aims to summarise and discuss plant temperature response
with regard to photosynthetic CO, uptake and carbohydrate metabolism.
Effects of heat and cold are summarised in separate chapters. A final out-
look briefly suggests possible strategies for future studies to analyse and
decipher plant metabolic regulations in a changing temperature regime.

2 | EFFECTS OF ELEVATED TEMPERATURE
ON PLANT CARBOHYDRATE METABOLISM

A changing temperature regime has an immediate effect on the ther-

modynamic of enzyme reactions and membrane transport. Without
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regulation, an increasing temperature would result in elevated enzy-
matic reaction rates due to thermodynamic constraints. This might, in
particular, affect the balance between photosynthetic primary and
secondary reactions, which potentially results in the generation of
reactive oxygen species (ROS). Thus, fast sensing and signalling of
heat, and significantly changing temperature in general, are crucial for
the stabilisation of photosynthetic CO, uptake. Elevated temperature
increases plasma membrane fluidity, leading to activation of Ca®*
channels and increased Ca?* influx into the cell (Ranty et al. 2016;
Sajid et al. 2018). Intracellular signals are then transduced by routes of
calcium signalling, activation of kinases and phosphatases, ROS signal-
ling, activation of transcriptions factors and cascades of phyto-
hormonal control (Mittler et al. 2012; Saidi et al. 2010). This activates
a regulatory network in part conserved among diverse groups of
organisms (Richter et al. 2010). A central and conserved component of
the heat response is an increased expression of heat shock proteins
(HSPs) (Iba 2002). Together with heat stress factors (HSFs), which are
central control proteins during heat stress response, HSPs establish and
initiate signalling cascades which result in stabilised proteins and prevent
overaccumulation of unfolded or damaged proteins (Qu et al. 2013). Also,
for chloroplast function, HSPs play an essential role under heat stress and
have been found to stabilise chloroplast development and function of PSII
(Heckathorn et al. 1998; Zhong et al. 2013). Recently, thermomemory
effects were also related to free calcium in the chloroplast, and it was
shown that calcium-sensing receptor (CAS) proteins contribute to the
maintenance of a thermopriming effect (Pollastri et al. 2021). This empha-
sises the role of chloroplasts and photosynthesis in heat response and tol-
erance mechanisms. Further evidence for an integration of light and
temperature information has been provided by the finding that photore-
ceptors, like phytochrome B (phyB), act as thermosensors (Jung
et al. 2016). Two interconnected branches downstream of phyB have
been defined to control hypocotyl growth in response to light and tem-
perature (Legris et al. 2017). Also, components of the circadian clock have
been identified to function as thermosensors in plants. The evening com-
plex member EARLY FLOWERING 3 (ELF3) was found to rapidly shift
between active and inactive states via phase transition (Jung et al. 2020).
The authors observed a correlation between length of a polyglutamine
repeat, embedded within a predicted prion domain, and thermal respon-
siveness. Interestingly, ELF3 proteins of plants from hotter climates lacked
such a prion domain and were not thermally responsive (Jung et al. 2020).
This supplements the knowledge and understanding of the circadian
clock's structure, regulation and function as a signalling hub and empha-
sises its central role in temperature response (Gil & Park 2019). The circa-
dian clock has a significant regulatory effect on heat stress-responsive
transcriptome in Arabidopsis thaliana, which also comprises the regulation
of photosynthetic machinery (Blair et al. 2019). Thereby, clock-dependent
regulation of photosynthesis directly connects temperature sensing and
signalling with physiological output (Dodd et al. 2014). Further, depending
on the severity and duration of heat exposure, elevated temperatures
might have diverse effects on photosynthetic electron transport and rates
of CO, assimilation. While moderate heat has only little effect on protein
structure and function, higher temperatures, generally above 45°C, pose

the risk of protein denaturation and irreversible damage of photosystem
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Il (Yamori et al. 2014). Species-specific heat tolerance varies significantly
and, thus, a temperature perceived as moderate or severe heat by plants
cannot be generally defined. For example, comparison of critical tempera-
ture (Ti) across more than 60 species from different thermal biomes
across Australia revealed a temperature range between 40°C and 55°C
(Zhu et al. 2018). Here, T is a high temperature where minimal chloro-
phyll a fluorescence rises rapidly, which indicates disruption of photosys-
tem Il. The estimation of heat tolerance by applying a combination of
electrolyte leakage and chlorophyll fluorescence measurement provided
evidence for a broad range of basal heat tolerance and heat acclimation
capacity across diverse species, including Arabidopsis thaliana, cereals and
horticultural species (llik et al. 2018). Such plasticity of temperature toler-
ance promises to reveal diverse molecular and physiological mechanisms
involved in heat stress response and acclimation. Simultaneously, pheno-
typic and molecular plasticity are challenging to interpret, and compara-
tive systems biology studies become increasingly important to unravel
specific and conserved mechanisms of plant heat tolerance (Pazhamala
et al. 2021). Comparing C3, C4 and CAM photosynthesis might signifi-
cantly promote the understanding of thermotolerance of photosynthetic
CO, uptake and carbohydrate metabolism. The rate of photorespiration
increases with temperature, while elevated concentration of atmospheric
CO, has an opposing effect (Long 1991). Accordingly, elevated CO, was
found to increase heat tolerance of photosynthesis in C5 plants like Pisum
stativum, Triticum aestivum and Glycine max, which might be due to a ben-
eficial effect of reduced photorespiration under such conditions (Dan
et al. 2008). Together with other studies, this indicates that photorespira-
tion significantly contributes to plant stress tolerance (Dusenge
et al. 2019).

Within the first hours of heat exposure, significant dynamics of reg-
ulation of carbon metabolism can be observed. For example, in soybean
subjected to heat for 24 h, 15% of heat-induced proteins were related
to carbon and carbohydrate metabolism, with a maximal upregulation of
gene expression after 12 h (Ahsan et al. 2010). Remarkably, proteins
associated with carbon assimilation and photosynthesis were down-
regulated during this period (Ahsan et al. 2010). In another study, more
than 140 heat-responsive metabolites were identified, with 58 already
increasing within the first 30 min of exposure to 40°C (Kaplan
et al. 2004). Together with amino acids and organic acids, the amount
of central carbohydrates increased (e.g. sucrose, raffinose and maltose).
Cell wall monosaccharides also increased, which coincided with a signifi-
cant increase in the thermotolerance of heat-treated plants (Kaplan
et al. 2004). When the heat exposure is prolonged to several days, a
decrease in biomass accumulation and reduced rates of net photosyn-
thesis and carbon assimilation was observed in Arabidopsis (Prasch &
Sonnewald 2013; Vasseur et al. 2011). Carbon depletion during the
night and a differential expression of enzymes involved in metabolic
pathways and photosynthesis indicated a high energy requirement of
plants facing elevated temperatures (Sharmin et al. 2013; Vasseur
et al. 2011). Regarding soluble sugars, more ambiguous findings have
been reported for Arabidopsis. Some studies found an increase in hex-
oses (Atanasov et al. 2020; Prasch & Sonnewald 2013) and sucrose
(Prasch & Sonnewald 2013), whereas other research showed a decrease

in the combined pool of glucose, fructose and sucrose in response to
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moderate heat (Vasseur et al. 2011). Invertase transcript abundance
was also altered in some cases when cell wall invertase was strongly
downregulated and cytosolic and vacuolar invertase were upregulated,
which suggests alteration of sucrose degradation under heat (Prasch &
Sonnewald 2013). Less significant but still detectable, the invertase
enzyme activity also increased during heat exposure in natural acces-
sions of Arabidopsis thaliana (Atanasov et al. 2020). While vacuolar
invertase activity remained constant, the activity of neutral and cell wall
invertase increased after 3 and 7 days of heat exposure (Atanasov
et al. 2020). Maybe as a direct consequence, the concentration of hex-
oses (i.e. invertase reaction products) increased after 7 days at 32°C.
Conversely, in wheat (Triticum aestivum), barley (Hordeum vulgare) and
oat (Avena sativa) varieties, heat acclimation for 14 days at 30°C/27°C
day/night temperature resulted in a decrease of hexose and sucrose con-
centrations (Janda et al. 2021). One explanation for this discrepancy
might be a different period of heat acclimation (7 vs. 14 days). Addition-
ally, Arabidopsis most probably does not reflect photosynthetic capacities
and sugar metabolism of cereals as they might differ significantly in total
metabolite amounts, sink-source capacities and also absolute heat toler-
ance (llik et al. 2018). Less ambiguously, starch amounts were observed
to decrease in response to heat, which might hint toward a conserved re-
direction of photosynthetic assimilates from storage to stress-protective
compounds (Atanasov et al. 2020; Vasseur et al. 2011). Finally, prolonged
heat also resulted in a reduction of the membrane lipid content and an
increase in lipid degradation at later stages of heat exposure, accounting
for higher electrolyte leakage in heat-treated plants (Lee et al. 2007; Tang
et al. 2016).

3 | LOWTEMPERATURE PERCEPTION
AND REGULATION OF PHOTOSYNTHESIS
AND CARBOHYDRATE METABOLISM

Like heat, low temperature also has an immediate effect on enzymatic
activities and the integrity of cellular membrane systems. Based on the
van't Hoff rule, (chemical) reaction rates are reduced by a factor of 2-3
per 10°C (Reyes et al. 2008; van't Hoff 1884). Thus, slowed consump-
tion of reducing power by lowered reaction rates within the Calvin-
Benson Cycle (CBC) might then result in reduced photosynthetic
capacity (Savitch et al. 2001). In cold-stressed plants, the probability of
reactive oxygen species (ROS) formation increases. To counteract, the
activity of anti-oxidative enzymes increases as well (Huner et al. 1998;
Mir et al. 2015; Wang et al. 2013). Hence, sensitive and fast perception
of a (significant) temperature drop is essential to prevent irreversible tis-
sue damage. Like perception of heat, the perception of low temperature
comprises a cold-induced Ca?" influx into the cell. Cold-induced Ca-sig-
nalling triggers cascades involving, e.g. CALCIUM/CALMODULIN-REG-
ULATED RECEPTOR-LIKE KINASES (CRLK) and MITOGEN-
ACTIVATED PROTEIN KINASES (MAPKs) (Ding et al. 2019; Guo
et al. 2018). Differential phosphorylation and other post-translational
modifications of diverse transcription factors induce significant trans-
criptomic changes (Barrero-Gil & Salinas 2013). Also, INDUCER OF
CBF EXPRESSION 1 (ICE1), which is a MYC-type bHLH transcription
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factor and an important regulator of CBFs, is phosphorylated and acti-
vated under cold stress (Chinnusamy et al. 2003; Li et al. 2017; Liu &
Zhou 2018). ICE1 induces the expression of CBF genes by direct bind-
ing to their promoters. The induction of the main C-repeat/dehydra-
tion-responsive element-binding factor (CBF/DREB1) regulon occurs
within minutes after subjection to cold (Fowler & Thomashow 2002;
Ritonga & Chen 2020). The ICE/CBF transcription factor network,
together with many other CBF-independent regulators (e.g. MYBs and
WRKYs), affects the transcription of COLD-REGULATED (COR) genes,
which represents a key signalling pathway in plant cold response and
formation of freezing tolerance (Fowler & Thomashow 2002; Jaglo-
Ottosen et al. 1998; Ritonga & Chen 2020). About 10% of all COR
genes are regulated by CBF1-3, also known as DREB1b/1c/1a (Park
et al. 2015). Overexpression of CBF1 and CBF2 stimulated the accumu-
lation of soluble sugars and proline, which are important for cold accli-
mation and freezing tolerance (Gilmour et al. 2004). Moreover, CBF1
modulates the accumulation of DELLA proteins, which are required for
attaining freezing tolerance (Achard et al. 2008). DELLA proteins are
stabilised by sucrose and induce anthocyanin synthesis by activating
the PAP1/MYBY75 transcription factor (Li et al. 2014). Transcription fac-
tors like PAP1/MYB75 and PAP2/MYB90 are cold-induced and are
involved in natural variation of the regulation of flavonoid and anthocy-
anin metabolism, which contributes to freezing tolerance in Arabidopsis
thaliana (Schulz et al. 2015; Teng et al. 2005). Previous analysis of
cbf1-3 loss-of-function mutants suggested that CBF2 and CBF3 play a
more dominant role than CBF1 in directing cold response by COR gene
regulation (Shi et al. 2017). The authors observed that more than 60%
of COR genes were co-regulated by at least two CBFs, which indicates
the complexity of the underlying transcriptional and regulatory net-
works. Further, the abundance of COR78 transcript correlated with Ara-
bidopsis freezing tolerance (Nagler et al. 2015), and increased with
sucrose concentration in leaf epidermal cells, which directly connects
CBF/DREB signalling to regulation of carbohydrate metabolism
(Rekarte-Cowie et al. 2008). Together with COR15B, COR78 was
predicted to interact with cold-inducible and ABA-inducible protein
KIN1, which is a potential anti-freeze protein (Flrtauer et al. 2018).
These observations, together with cold-induced flavonoid response,
suggest a sensing and signalling network with feedback mechanisms
connecting carbohydrates and secondary metabolism with the tran-
scriptional and translational regulation of proteins with cryoprotective
function. In combination with COR27 and COR28, which are negative
regulators of freezing tolerance interacting with circadian clock compo-
nents (Fowler & Thomashow 2002; Li et al. 2016; Rees et al. 2021), this
signalling network integrates and combines circadian rhythm with
diurnal light and temperature information.

To minimise potential damages resulting from low temperature
under high excitation pressure, the composition of the photosynthetic
apparatus is adjusted during cold acclimation. For example, evergreen
plants tend to lower the abundance of light-harvesting complex pro-
teins or increase the non-photochemical quenching (NPQ) capabilities
to dissipate the excess of energy as heat (Huner et al. 1998). Winter
cereals, like winter wheat and rye, can keep the primary quinone elec-

tron acceptor (Qa) continuously oxidised, which is associated with
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tolerance to photoinhibition (Huner et al. 1993). The sensitivity and
recovery of photosynthetic activity during cold exposure correlate
with the activity of enzymes of the central carbohydrate metabolism,
e.g. several CBC enzymes and sucrose phosphate synthase (SPS)
(Hurry et al. 1998; Nagele et al. 2012; Strand et al. 1999; Strand
et al. 2003). When exposed to low but non-freezing temperatures,
plant photosynthesis is rapidly inhibited due to reduced sucrose bio-
synthesis capacity (Hurry et al. 2002; Pollock & Lloyd 1987). A
reduced rate of sucrose biosynthesis results in accumulation of triose
phosphates, depletion of orthophosphate in the chloroplast and,
finally, inhibition of the CBC (Leegood & Furbank 1986). A transiently
lowered phosphate pool was found to trigger cold acclimation of
leaves by increasing Rubisco and SPS expression (Hurry et al. 2000).
Elevated SPS activity and the resulting higher capacity of sucrose bio-
synthesis, were further correlated with freezing tolerance and
improved photosynthesis under low temperature (Nagele et al. 2012;
Strand et al. 2003). Generally, as an early metabolic response to low
temperature, soluble sugar concentration rapidly increases (Ristic &
Ashworth 1993). Sugar accumulation correlates with freezing toler-
ance of natural accessions of Arabidopsis thaliana, which suggests a
cryoprotective role (Hannah et al. 2006; Klotke et al. 2004). Also, in
many other organisms with cold acclimation capacity, sugar accumula-
tion correlated with freezing tolerance (Korn et al. 2008; Palonen
et al. 2000; Sasaki et al. 1996). In alfalfa (Medicago sativa), short pho-
toperiods improved freezing tolerance due to amplified sugar accumula-
tion and induction of transcripts encoding biosynthesising enzymes
(Bertrand et al. 2017). Yet, not only accumulation but also subcellular
compartmentation of carbohydrates plays an essential role for cold stress
response and acclimation. For example, raffinose, which amount posi-
tively correlates with cold acclimation capacities (Bertrand et al. 2017;
Hannah et al. 2006; Kaplan et al. 2004; Smallwood & Bowles 2002), has
been observed to be neither necessary nor sufficient for stabilisation of
plasma membranes during freezing (Zuther et al. 2004). Instead, raffinose
accumulation in the chloroplast was suggested to protect thylakoid mem-
branes; hence stabilising photosynthetic capacity during cold and freezing
(Knaupp et al. 2011). Sugar compartmentation has for long been known
to play an important role in plants' cold response. For example, plastidial
sucrose amount increased during (initial) cold acclimation in cabbage
(Brassica oleracea L. var. sabellica L) and decreased again during
dehardening (Santarius & Milde 1977). Also, in Arabidopsis, sucrose was
significantly accumulated in chloroplasts within the first 24 h of cold
exposure, and the intensity of accumulation was correlated with freezing
tolerance (Nagele & Heyer 2013). It was further hypothesised that plas-
tidial sucrose accumulation might represent a fast and initial cold
response, while raffinose accumulation represents a long-term response
reaching peak values between 3 and 7 days of cold exposure (Nagele &
Heyer 2013). While photosynthetic CO, assimilation drops during cold
exposure (Nagele & Heyer 2013; Savitch et al. 2001), carbohydrate par-
titioning and regulation of export from source to sink tissue are essentially
involved and can explain the significant increase of leaf carbohydrate
amounts under such conditions (Lundmark et al. 2006). Further, vacuolar
sucrose cleavage, catalysed by acidic invertase, stabilised photosynthesis

of Arabidopsis thaliana under freezing conditions and the limitation of
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cytosolic hexose supply might be prevented by the vacuolar reaction
(Weiszmann et al. 2018). In another study, the vacuolar sucrose amount
was suggested to fully compensate for the effects of low monosaccharide
amounts on frost tolerance (Vu et al. 2020). The authors observed that
reduced vacuolar invertase activity had no significant effect on freezing
tolerance quantified by electrolyte leakage assays. Thus, while the limita-
tion of vacuolar sucrose cleavage seems to affect photosynthetic effi-
ciency of Arabidopsis thaliana at freezing temperature, plasma membrane
stability is not affected by the vacuolar release of monosaccharides. In tea
plant (Camellia sinensis L.), overexpression of a vacuolar invertase gene,
CsINV5, resulted in increased freezing tolerance (Qian et al. 2018). The
authors observed an upregulation of a hexokinase gene in CsINV5 over-
expression lines, which potentially mediate glucose signalling to promote
cold tolerance. Hexokinase plays a central role in sugar metabolism and
signalling (Moore et al. 2003), and environmentally induced dynamics of
(cytosolic) sugar phosphorylation are very likely to affect sugar phosphate
exchange across the chloroplast envelope and photosynthesis (Herrmann
et al. 2021; Kistner et al. 2019a; Kustner et al. 2019b; Weiszmann
et al. 2018). Hexose phosphate concentration rapidly increases after cold
exposure and is stabilised during cold acclimation at significantly higher
levels than under ambient temperature (Gray & Heath 2005). This sug-
gests a tight regulation of sugar phosphates in plant temperature
response to sustain and stabilise the energy metabolism, which is essen-
tial to prevent limitation of leaf respiration (Talts et al. 2004). Together
with the activity of SPS and invertases, hexokinase catalyses a cyclic
sucrose breakdown and re-synthesis, frequently described as a futile cycle
due to its seemingly wasteful ATP consumption. However, more and
more evidence is provided for a stabilising function of this sucrose cycle
to buffer carbohydrate metabolism against perturbations induced by
changing temperature and environmental fluctuations in general
(Atanasov et al. 2020; Brauner et al. 2015; Claeyssen et al. 2013;
Geigenberger & Stitt 1991; Kistner et al. 2019b; Nagele et al. 2012). In
summary, due to their central metabolic role as activated compounds,
sugar phosphates together with sugar nucleotides are metabolic hubs reg-
ulating carbon distribution between biosynthesis of soluble intermediates,
structural compounds and transitory starch (Domon et al. 2013; Figueroa
et al. 2021; Geigenberger & Fernie 2014; Guy et al. 2008; Sharkey 2021;
Somerville 2006; Stitt & Hurry 2002).

4 | RESPONSE OF STARCH METABOLISM
TO DIFFERENT ENVIRONMENTAL
TEMPERATURE REGIMES

Leaf transitory starch is synthesised within a pathway comprising multiple
enzymes. Phosphoglucose isomerase (PGI) and phosphoglucomutase
(PGM) catalyse the interconversion of fructose-6-phosphate (F6P) into
glucose-1-phosphate (G1P), respectively. G1P, together with ATP, serves
as substrate for ADP-glucose pyrophosphorylase (AGPase), which cataly-
ses the biosynthesis of ADP-glucose and inorganic pyrophosphate (PP;).
AGPase is regulated by transcriptional and redox control, post-
translational modification, sugar signals and allosteric regulation by metab-
olites (Geigenberger 2011; Tiessen et al. 2002). Starch synthases transfer
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FIGURE 2 Central effects of high and low temperature on photosynthesis and carbohydrate metabolism. Heat and cold responses might
differ significantly between plant species (C3 vs. C4 vs. CAM; annual vs. perennial vs. evergreen). Thus, only central and conserved effects are
shown in this simplified and schematic overview. The role of sucrose cycling, involving SPS, HXK and INV activities, in heat acclimation still
remains elusive but may represent a (conserved) temperature stress and acclimation response. CBC, Calvin-Benson cycle; NPQ, non-
photochemical quenching; PSII, Photosystem IlI; ROS, reactive oxygen species; SPS, sucrose phosphate synthase

the glucose moiety from ADP-glucose to a growing alpha-1,4-glucan
chain while branching enzymes and de-branching enzymes insert branch
points and enable crystallisation (Ristic & Ashworth 1993; Sicher 2011;
Yano et al. 2005). During the night, starch breakdown is catalysed by
amylases and phosphorylases (Mahlow et al. 2016). During the light
period, starch is continuously phosphorylated but, under ambient condi-
tions, the phosphorylation rate is higher during starch breakdown (Ritte
et al. 2004). Glucan, water dikinase and phosphoglucan, water dikinase
catalyse the breakdown of starch granules into branched and linear glu-
cans, which are substrates for beta-amylases catalysing the further break-
down into maltose units (Smith et al. 2005). Maltose is then exported to
the cytosol, catalysed by the maltose transporter MEX1 (Monroe 2020;
Nagler et al. 2015), where it is cleaved by glucosidases to supply the
glucose pool.

Starch metabolism dynamically responds to a changing tempera-
ture regime. During and after cold acclimation, starch is diurnally
synthesised and degraded, suggesting a tight regulation and
temperature-induced adjustment of the involved pathways and
enzyme activities (Espinoza et al. 2010; Nagele et al. 2012). AGPase
activity increased during cold acclimation and was high in cold-
developed leaves (Savitch et al. 1997; Strand et al. 1997). Following a
slight initial increase, starch amount significantly drops during the first
24 h of low-temperature treatment, and it was suggested that starch
hydrolysis contributes to the hexose supply during early cold response
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(Sicher 2011). Further, starch hydrolysis correlated with the increased
expression of BETA-AMYLASE 3 (BAM3/BMY8) and maltose concen-
tration (Sicher 2011). Most of the plastidic amylase activity is
explained by BAM1 and BAMB3, yet both enzymes differ significantly
in transcriptional regulation and temperature optima (Monroe
et al. 2014). While BAM3 transcription is cold-induced, BAM1 is
induced by heat stress and has a temperature optimum approximately
10°C above the optimum of BAM3 (Monroe et al. 2014). Decreasing
beta-amylase activity and the resulting depletion of plastidial maltose
results in cold sensitivity of PSIl (Kaplan & Guy 2005). Remarkably,
ectopic expression of functional maltase enzymes in the chloroplast of
mex1 loss-of-function mutants of Arabidopsis thaliana improved frost
tolerance (Cvetkovic et al. 2021). Also, starch excess 1 (sex1) mutants,
which are deficient in a-glucan water dikinase activity, were impaired
in cold-induced hexose accumulation and freezing tolerance (Yano
et al. 2005), which provides evidence for a crucial role of carbon sup-
ply via starch degradation for cold acclimation. Starch metabolism is
regulated by the circadian clock, which ensures optimal carbon supply
during a diurnal period (Graf & Smith 2011). Rhythmic accumulation
of transcripts encoding circadian clock components is significantly
affected by temperature (Gould et al. 2006), implying a significant
effect of cold and heat on starch metabolism regulation. Further, malt-
ose metabolism is regulated by the clock, daylength and temperature,
and regulation of BAM3 expression was suggested to adjust starch
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breakdown to daylength (Lu & Sharkey 2006). Thus, under cold stress,
induction of BAM3 expression could explain the increased maltose
amount (Espinoza et al. 2010; Lu & Sharkey 2006).

Following an initial decrease during the first hours of low-
temperature stress, cold acclimation over days results in increased leaf
starch amount (Klotke et al. 2004). Starch accumulation during cold
acclimation varies across natural accessions of Arabidopsis thaliana
(Guy et al. 2008; Hannah et al. 2006), and significant diurnal dynamics
provide evidence for adjusted metabolic activity in biosynthesis and
degradation pathways under low temperature (Nigele et al. 2012;
Strand et al. 2003). Previous work has indicated that maintenance of
circadian regulation of starch metabolism, and particularly breakdown,
plays a key role in plants' cold acclimation (Espinoza et al. 2010).
Accordingly, impaired starch breakdown was observed to increase
sensitivity to freezing stress (Kaplan & Guy 2005). Further, natural
accessions with lower freezing tolerance showed higher starch
amount after cold acclimation than freezing tolerant accessions
(Klotke et al. 2004; Nagler et al. 2015), indicating a more efficient
reprogramming of carbon allocation into other metabolic pathways,
growth or energy metabolism (Dong et al. 2018). Supported by com-
putational simulations, recent experimental data suggest tightly regu-
lated carbon allocation between starch and organic acids (fumarate)
during cold acclimation (Herrmann et al. 2019b).

Heat significantly perturbs starch biosynthesis. In potato tubers, it
was shown that decreased glycerate-3-phosphate limits the activity of
AGPase and starch biosynthesis (Geigenberger et al. 1998). For wheat

cultivars (Triticum aestivum L.), heat shock at 42°C for 2 h resulted in
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decreased transcript levels and enzyme activity of soluble starch synthase
(Goswami et al. 2014). In maize (Zea mays L.), exposure to heat (33.5°C)
was found to lengthen the period for grain filling and AGPase activity was
affected (Wilhelm et al. 1999). Similarly, in chickpea (Cicer arietinum L.),
starch deposition in grains was reduced due to reduced activity of
AGPase and starch synthase (Awasthi et al. 2014). These findings point to
conserved heat sensitivity of AGPase enzymes, limiting starch biosynthe-
sis and storage compound metabolism under elevated temperature
(Boehlein et al. 2019). Consistently, increasing heat stability of AGPase
resulted in mitigation of yield losses (Hannah et al. 2017). Yet, other tar-
gets, like 6-phosphogluconate dehydrogenase of the oxidative pentose
phosphate pathway, are promising candidates to engineer heat tolerance
of starch synthesis and grain yield (Ribeiro et al. 2020).

Starch degradation affects growth regulation, respiration and
energy metabolism (Brauner et al. 2014; Gibon et al. 2009; Lloyd &
Kossmann 2015; Stitt & Zeeman 2012; Wienkoop et al. 2008). In
sink-limited Arabidopsis plants, i.e. when grown under long-day or high
irradiance, the rate of starch degradation was dependent on night
temperature and accelerated by warming (Pilkington et al. 2015).
BAMs play a central role in chloroplast starch degradation. In Ara-
bidopsis, BAM1/BMY7 expression was induced by heat and, like at low
temperature, released maltose could act as a stabilising factor in the
chloroplast (Kaplan & Guy 2004). In crops like wheat and rice (Oryza
sativa L.), a high night temperature had a significant impact on yield
and quality, but also affected photosynthesis and carbon gain during
the light phase due to the negative impact on membrane integrity

(Impa et al. 2021). Based on comprehensive data compilation and
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analysis, Impa et al. (2021) suggested to combine experiments on
night respiration, carbon balance, enzyme activities and starch protein
balances in order to improve the estimation of high night temperature
on crop yield. In rice, the transcription factor OsbZIP58 is involved in
grain filling regulation under heat by promoting the expression of seed
storage protein genes, genes of starch synthesis and by inhibiting
starch hydrolysing enzymes (Xu et al. 2020). Heat-induced alternative
splicing of OsbZIP58 resulted in a truncated and less active form,
which suggests the reduction of alternative splicing as a potential tar-
get for improving heat tolerance in rice (Xu et al. 2020). Conclusively,
temperature-induced deregulation of starch biosynthesis and degra-
dation significantly affects plant performance and yield. Further
understanding of the involved regulatory molecular processes will
promote the detailed understanding of plant-environment interac-
tions, consequences of climate change and potential targets for

biotechnological applications and engineering.

5 | FUTURE PERSPECTIVE AND
CONCLUSION

A changing environmental temperature regime shapes plant devel-
opment, ecology and evolution. Photosynthesis and carbohydrate
metabolism are central processes that need to be tightly regulated
and adjusted to a changing temperature in order to prevent irre-
versible cell and tissue damages. While many molecular compo-
nents of plant temperature response have been unravelled to date,
the assemblage of functional biochemical networks still remains a
challenge and unveils many missing parts in the comprehensive
plant-environment-puzzle (Kleine et al. 2021). Photosynthetic CO,
fixation directly supplies the main carbon routes in a leaf, syn-
thesising sucrose and starch that are dominant players in tempera-
ture stress response and acclimation (Figure 2). Although numerous
pathways are involved in metabolising, transporting and inter-
converting, stabilisation of carbon gain (photosynthesis) and carbon
loss (respiration) is central for plant survival and performance.
Hence, to understand metabolic signatures and regulatory patterns,
a very detailed insight into the compartmented regulation of carbo-
hydrate metabolism is essential. Future studies might focus on
combining controlled experiments in growth chambers with com-
mon garden experiments and studies in the field. Light intensity and
quality significantly affect plant temperature response, and field
experiments significantly differ from laboratory studies in both
parameters. Experimental data on growth, development and tem-
perature tolerance must be combined with molecular data on
metabolism and metabolic regulation (Figure 3). The combination of
phenotyping platforms with non-invasive photosynthesis measure-
ments provides detailed information about growth in context of
stress tolerance and acclimation. Finally, such studies should be
combined with subcellular fractionation and resolution of plant
metabolism to resolve the impact of temperature on regulatory cir-
cuits between carbohydrates and photosynthesis, which can be
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unravelled computationally by applying methods from the fields of

artificial intelligence, control theory and kinetic modelling.
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4. Discussion

Plants need to efficiently adapt to dynamic environmental conditions. Already five minutes
of heat stress has been found to be memorised by Arabidopsis, hinting towards a tightly reg-
ulated network of stress perception and reactions (Oyoshi et al., 2020). In temperate zones,
temperatures can fluctuate considerably during the day, but also over the course of the whole
year. Regulation of metabolism was shown to play an important role in stabilising tempera-
ture tolerance. The impact of temperature on the carbohydrate metabolism has been studied
extensively over the last decades, and it has become clear that the response to environmental
changes within and between compartmentalised plant cells is highly dynamic (Kaplan et al.,
2004; Hannah et al., 2006; Ahsan et al., 2010; Nidgele et al., 2012; Prasch & Sonnewald, 2013;
Hurry, 2017; Weiszmann et al., 2018; Atanasov et al., 2020; Seydel et al., 2022b; Hernandez
et al., 2023; Kitashova et al., 2023).

Heat can impact signalling pathways, photosynthesis and the primary carbohydrate metabo-
lism (Seydel et al., 2022a). Metabolic pathways are regulated in response to heat, some tran-
siently, some lasting over a longer period of time, and often already within the first 30 minutes
of heat exposure (Kaplan et al., 2004). But it always depends on the duration of the heat ex-
posure and the actual temperature, how the plant reacts. When collecting data from various
studies, it becomes clear that the individual heat response is likely tailored to the specific heat
conditions, as findings vary and sometimes contradict. An accumulation of sucrose seems to
coincide with heat treatment in many cases, whereas the response of hexoses is not described as
uniformly. The enzymatic activities reported for heat treatment differ as well. Invertases were
reported to increase in their activity, but in another study, their transcription was reported to be
regulated depending on the isoform (Seydel et al., 2022a). The collection of metabolic reac-
tions to heat showcases a responsive and flexible system, which is, however, not yet understood
in its entirety (Seydel et al., 2022a). Based on these observations, the aim of this thesis was
to derive a mechanistic understanding of how the metabolic, photosynthetic and ultrastructural

heat response results in elevated thermotolerance.

4.1. Balance modelling using Fourier polynomials reveals a central role
of sucrose biosynthesis in stabilising carbohydrate metabolism under

elevated temperature

Describing biological systems by mathematical means can be a challenge, especially when at-

tempting to capture highly dynamic processes in a sound mathematical framework. There are
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several approaches to distil biological systems into mathematical models, and they all depend
on the questions that are asked about the system (Schaber et al., 2009). Here, balance mod-
elling was chosen to capture the dynamic changes induced by transient temperature increase for
several temperatures, timepoints and genotypes. The general assumption of the balance model
utilised in this study (see Figure 3) is based on the direct connection of net photosynthesis
(NPS), which creates a carbon pool in the plant, and the interconversion of carbon into starch
and soluble sugars (Seydel et al., 2022a). This way, the fluxes in the observed system could

be quantified. Balance modelling critically depends on the assumption of input and consuming

Carbon uptake: net photosynthesis (FP

mpm,.w's)

k=1
FPiyput,nps = ao,NPS + Z lar, npscos (kwnpst) + by, nypssin (kwnpst)]
m

k=1

. . F Pinput Starch = @0,Starch + [a,starch€OS (kwstarcht) + bk starcnsin (kwstarcht)]
Starch biosynthesis ;

(FP,

input, s:m/,)

k=1
FPiyput,Sugars = G0,Sugars + E [@k,Sugars €08 (kwsugarst) + b, SugarsSin (kwsugarst)]
.

1
6

d (F Pinput Starch)

BE, =
! ( dt

) - FPypu nps —

d (F Pinput Sugars)

BE; = BE, — i

Balance equation 1 (BE):
Leftover carbon after
starch biosynthesis

Sugar biosynthesis
(FP

input,Sugars

Balance equation 2 (BE):
Leftover carbon after”
starch and sugar
biosynthesis

Figure 3. Depiction of the balance model developed in Seydel et al. (2022a). The grey dots represent carbon in C6
equivalents, the green boxes show the Fourier polynomial input functions that were determined with experimental
data, the blue boxes represent the balance equations developed to level the input functions. Carbon is accumulated
by photosynthesis (FPjpu,nps) and funneled into starch bioynthesis (FPjypus,starcn) OF used otherwise (BEy). This
leftover carbon is used either for sugar biosynthesis (FPjupus,sugars) Or for processes further downstream (BE?).

functions within the model. In plants, photosynthetic CO, assimilation determines growth and
metabolism. Hence, to estimate heat effects on carbon metabolism, experimentally determined
CO, assimilation rates were interpolated using Fourier polynomials. The mathematical function
needs to fit the experimental data as representatively as possible. This can be quite challenging,
especially when highly dynamic processes are concerned. In this study, NPS was measured
over time for different conditions. Thus, the changing amount of assimilated carbon needed to
be described depending on the time of day and on the transient temperature change. In natu-
ral sciences and engineering, Fourier polynomials are used to describe periodic systems. The

rhythms that define the natural environment on Earth, such as the day-night cycle, the tides or
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seasonal rhythm, are prime examples of periodic processes. But also on a smaller scale, biolog-
ical systems can be described by Fourier analysis, for example, the expression of housekeeping
genes in a time series (Dong et al., 2011) or the oscillatory nature of body movement that strains
tissue (Wang et al., 1997). As the data produced in this study mirrors a periodic rhythm, Fourier
polynomials were used to depict this dynamic process in a time-continuous manner. The Fourier
polynomials were fitted to the experimental NPS data (FP;yu,nps), as well as starch and sugar
rates (FPjupus starchs FPinput,Sugars). The balance equations BE; and BE, were deduced from
the Fourier polynomials, and this way, the whole mathematical framework could be analysed.
The comparison of the integrals, as well as amplitude and frequency of the derivatives of the
input functions and balance equations, yielded further insight into the dynamics of metabolic

regulation, and genotypes and temperature treatments could be distinguished.

In pgml, a disturbed CO; assimilation rate and photosynthesis, as well as a distinct pattern of
sugar accumulation, all showed the impact of heat on the mutant’s carbon fluxes. The deriva-
tives of BE; and BE, of pgm1 were exhibiting more fluctuations than those of the natural acces-
sion Columbia-0 (Col-0) and spsal upon heat exposure, especially during the 32°C and 36°C
treatment, suggesting a less robust metabolic homeostasis due to deficiencies in starch biosyn-
thesis. With the loss of the stabilising function of starch on the metabolism, the whole process
from carbon uptake to its conversion into chemical energy is impaired. The net carbon gain,
illustrated by the integrals of FP;,p,; nps, BE; and BE also was considerably lowered in pgml
compared to Col-0, also under control conditions. This indicates that pgm1 retains less carbon
than Col-0, even though at 36°C and 40°C, the CO; assimilation did not differ too much from
that of Col-0. Even the significant decrease of maximum quantum yield of PSII (F,/Fy,) during
40°C treatment does not hint towards critical damage in PSII, as F,/F, lay between 0.76 and
0.78, which is still within physiological range, eg. when compared to the values measured in
cotton plants (Law & Crafts-Brandner, 1999). Even though the integral of FP;y,, nps of pgml
still bears some resemblance to Col-0 in control and heat, the integrals of BE; and BE, are
deviating considerably from Col-0. This fits the starch and sugar measurements, which devi-
ated from the wild type as well. If all the carbon that can not be stored in the form of starch
were instead stored in the form of sugars, the integral of BE), illustrating the net carbon gain
during the light period, would show similar or more stabilised dynamics as the integral of BE;.
But the BE> integral displayed a severe drop in carbon gain, implying a loss of carbon after
starch biosynthesis. Hence, it is assumed that the disturbance of the metabolic system due to
low starch assimilation is not entirely balanced by increased sugar synthesis. It was found that
instead of funnelling all assimilated carbon into sugar biosynthesis, pgmI exports excess carbon
to the roots where it is respired (Brauner et al., 2014). Such an efflux of carbon would account

for the differing dynamics of the integrals of BE, and thus the lowered net carbon gain. Ac-
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cording to the trend of the integrals of BE), this effect might be exacerbated in the heat, at least
for 32°C and 36°C. In spsal, the derivatives and integrals of the balance equations showed an
opposed trend. The reduced SPS activity was not destabilising the metabolism; it rather led to
a more stable rate of net carbon gain throughout the process from CO, assimilation over starch
biosynthesis to sugar biosynthesis, as illustrated by the integrals. Even a severe heat wave was
not impacting the carbon gain over the light period, demonstrating an improved stability of the

metabolic process in spsal.

Reconstructing the flux of the carbon through the plant can reveal important details about
certain metabolic processes and create a basis for new focal points of metabolic research. A
balance-based modelling approach could prove valuable in crop species, where understanding
the carbon flux under adverse conditions can help predict and improve yield. For balance ana-
lysis, the data required for the construction of a large network model is readily available, as it
can encompass genomics, transcriptomics, proteomics, and metabolomics datasets (Sweetlove
etal., 2025). The plethora of available omics datasets enabled the development of genome-scale
metabolic models (GEMs), which can be important tools in metabolic engineering, especially
in crop plants (Mangaravite et al., 2025). Those GEMs are often developed employing flux
balance analysis, as a kinetic modelling approach would not be feasible for the amount of data
fed into the model (Sweetlove et al., 2025). The dependence of the rice metabolic network
on photon flux, for example, was described in a genome-scale balance modelling approach,
which used only a few kinetic constraints in combination with a mostly stochiometric model.
The model realistically reproduced physiological behaviour and predicted organelle interactions
based solely on balancing mass and energy (Poolman et al., 2013). For potato leaves, a GEM
was developed to include not only the primary, but also the secondary and lipid metabolism to
quantify the trade-off between growth and defence against biotic stresses. The authors found
that when the growth rate was reduced, the flux through secondary metabolism pathways in-
creased. Trade-offs like this were characterised by their specific metabolic flux signature, and
predicted metabolite flux-sums were in line with experimental findings (Zrimec et al., 2025).
Another approach would be to experimentally resolve and depict source and sink tissues in a
model to analyse the balancing of carbon between those tissues under adverse conditions. This
can reveal possible approaches for crop enhancement. In maize, metabolic bottlenecks could
be identified in a GEM encompassing leaves, roots, stalk and kernels, and a beneficial effect of
inoculation with arbuscular mycorrhizal fungi during heat treatment was accurately predicted
(Chowdhury et al., 2023). Current advances like this show that, independent of the specific
modelling approach, the mathematical representation and prediction of metabolic networks is

critical for a deeper mechanistic understanding of metabolism.
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4.1.1. The importance of sucrose and sucrose phosphate synthase for metabolic stabili-

sation

Approximately 90% of plant biomass is built up of carbohydrates originating from sucrose
(Ruan, 2014). Sucrose is a non-reducing sugar with a broad array of functions in the plant. In
many species, and also in Arabidopsis, it is the most abundant transport sugar and plays central
roles in signalling cascades and acclimation processes (Huber & Huber, 1996; Stitt et al., 2010;
Nigele et al., 2012; Ruan, 2014; Herrmann et al., 2019; Kitashova et al., 2021). In photosyn-
thetically active tissue, it is synthesised in the cytosol from F6P and UDPG by the sequential
enzymatic reactions of SPS and SPP. Degradation into hexoses can take place in several com-
partments of the cell via the different isoforms of invertase located in the cytosol, vacuole,
chloroplast and the apoplast (see Figure 2; Vargas et al. (2008); Ruan (2014)). This creates
a sucrose cycle in the cell, enabling the plant to flexibly and finely regulate compartmental
sugar concentration, albeit under energy consumption. For further use in other parts of the
plant, sucrose is loaded into the phloem in the source tissue and transported to carbon sinks
(Geigenberger & Stitt, 1991; Ruan, 2014).

In cold, it was found that increased SPS activity could facilitate the acclimation process and
a shift of sucrose cleavage capacity to the vacuole contributed to stabilisation of photosynthe-
sis and the carbohydrate metabolism (Strand et al., 2003; Hoermiller et al., 2017; Weiszmann
et al., 2018). During transient heat exposure, an inverse effect of SPS activity could be shown:
a lowered activity of SPS (30% - 50% of the wild type) in the mutant spsal resulted in sta-
bilised photosynthesis and generally less perturbation of metabolism by transient heat, whereas
a lowered PGM activity in pgm! resulted in higher heat susceptibility and a less stabilised me-
tabolism (Seydel et al., 2022a). Under control conditions, spsal exhibited a slightly higher CO,
assimilation than Col-0 and the starch-deficient mutant pgmI. In Col-0 and pgml, the Fourier
series fit to the experimental data of CO, uptake showed a deviation from control with the onset
of heat, whereas for spsal, the Fourier series of heat-treated samples stayed much closer to the
control values. This indicates a strong impact of the reduced SPS activity on the assimilation of
CO,.

Compared to the wild type, photosynthesis in the spsal mutant was found to be stabilised
after 4 hours of heat exposure. F,/Fy, was found to be not affected as severely by transient
heat exposure as in the wild type and pgmlI. Even though F,/F,, dropped slightly during the
40°C treatment and rose again during recovery, those dynamics were dampened and not signif-
icant in spsal compared to the more pronounced dynamics in Col-0 and especially pgml. An
opposing trend could be seen in the electron transport rate (ETR), which showed a significant

increase during heat treatment in spsal, whereas it did not increase in Col-0 or pgmlI. These
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observations hinted towards a stabilisation of the photosynthetic process in spsal, which was
also corroborated by the NPS rates and the increased rate of starch accumulation. This trend
was illustrated by the integrals of the Fourier polynomials FPyps, BE; and BE>, representing
the total sum of net carbon gain during the light period. As soon as the transient heat set in, the
integrals of Fourier polynomials from heat-treated Col-0 and pgm1 samples deviated from the
control, suggesting a lowered amount of carbon that is funnelled from NPS to starch and sugar
biosynthesis. For spsal, on the other hand, there was no reduction in the sum of net carbon
gain with the onset of heat. The reduction in SPS activity resulted in a stable CO, uptake and
constant, unimpeded conversion into carbohydrates. The impact of this effect could also be de-
tected in stabilised growth after prolonged heat treatment in spsal. As the transpiration rates did
not change significantly, but the ETR was elevated in our measurements, an improvement in the
photosynthetic machinery could be the reason for this stabilisation. This could be achieved, for
example, by synthesising more proteins that take part in the photosynthetic process. However,
to verify this, a more detailed analysis of the proteins of the photosynthetic machinery would

be needed.

It could be assumed that the reduction of SPS activity is taken as a signal for a lower sucrose
supply in the plant, so the capacity for photosynthetic energy acquisition is increased to bal-
ance this metabolic deficit. The increased stability in the spsal mutants also occurred at the
level of carbohydrate synthesis, as they accumulated more sucrose than Col-0 during the 40°C
treatment and also showed slightly increased starch levels compared to Col-0. Thus, it is as-
sumed the cause for a stabilised carbohydrate metabolism is not the perception of a lowered
amount of sucrose in the cells, but rather the perception of the lowered SPS activity. In Col-0,
treatment with 40°C led to an accumulation of sugars, which was also continued in the recov-
ery period after alleviation of the heat stress, whereas treatment with 36°C only resulted in an
increase in sugar levels during the recovery period, and 32°C did not change sugar dynamics
considerably. As it resulted in the most distinct change in metabolism, especially the 40°C
treatment, is discussed below. In the cold, an increase in sucrose levels was shown to be bene-
ficial for acclimation (Hincha et al., 1996), and here, sucrose seems to accumulate in response
to heat, suggesting a similar role. The accumulation of sugars could be achieved by increased
enzymatic reaction rates in biosynthesis or by a suppression of interconversion and/or export to
carbon sinks. Either explanation could result in a stabilisation of leaf sugar levels in the face
of newly encountered stress and thus higher probability of an increased energy demand of the
cells. In spsal, the sugar levels followed the same trend as in Col-0, except for sucrose, which
accumulated to a higher level. In this case, the increase in sucrose levels could not arise from
an increased activity of SPS, as the reduction of enzymatic activity in the mutant was quanti-

fied. Hence, a hindrance of sucrose export to the sinks as reason for a stronger accumulation of
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sucrose in the source tissue is proposed.

In spsal, the ETR is increased and sucrose accumulates to levels higher than in Col-0. If the
cell could sense that a desirable level of sucrose is reached, the export to the sinks would be
unblocked at some point. However, this was not observed during the heat wave analysed here.
This could imply that the cell is not sensing sucrose levels directly, but rather the activity of the
enzyme responsible for sucrose synthesis. This proposed ”blindness” for a compound has been
described in plants before. Mutants deficient in spliceosomal complex components showed the
symptoms of nitrogen deficiency despite not experiencing nitrogen starvation (Araguirang et al.,
2024). Even though the trend of increased sucrose levels was only detectable in 40°C treated
plants, the stabilisation of carbon gain was visible in the integrals of the Fourier polynomials
for all temperature treatments. This stresses the importance of sucrose metabolism for growth
stabilisation during stressful conditions. Its profound impact on carbon balancing within the
plant remains a topic of interest for further research. To test the hypothesis presented here, more
components of the carbohydrate metabolism should be analysed in this experimental setup, such

as enzymatic reaction rates and carbon allocation on a subcellular and an organ level.

4.2. Ultrastructural data can support and contextualise metabolic mea-

surements

The carbohydrate metabolism of plants is compartmentalised, which poses challenges for its
experimental analysis. Non-aqueous fractionation (NAF) represents an experimental technique
which has been proven useful and suitable to efficiently quench and fractionate subcellular
compartments (Gerhardt & Heldt, 1984; Szecowka et al., 2013; Fiirtauer et al., 2016; Hernandez
et al., 2023). The analysis of compartment-specific amounts of metabolites can shed light on
redistribution processes and their role in maintaining metabolic homeostasis (Weiszmann et al.,
2018). However, the actual concentration of metabolites in the various compartments can also
hold important information. Transport processes often depend on concentration gradients, and
the spatial distribution and availability of compounds can be crucial for enzymatic reactions
(Lunn, 2007; Linka & Weber, 2010).

The concentration of metabolites in the compartments cannot be determined with NAF alone.
For measuring metabolite concentrations correctly, the volume of the respective compartment
is needed. Thus, following the establishment of the NAF procedure for plant tissue (Gerhardt &
Heldt, 1984), Winter and colleagues generated datasets of barley and spinach to aid analysis by
approximating volume ratios of the respective compartments. They achieved this by measuring

area ratios in transmission electron microscopy (TEM) images and estimating volume ratios
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by linear regression analysis (Winter et al., 1993, 1994). Recently, an estimation of volumetric
data for Arabidopsis was provided by concatenation of volume data from different sources (Tol-
leter et al., 2024). It combined data from 2D TEM approaches (Winter et al., 1994; Armstrong
et al., 2006; Koffler et al., 2013) with data acquired by confocal fluorescence microscopy and
volume electron microscopy (VEM) workflows (Armstrong et al., 2006; Bouchekhima et al.,
2009; Crumpton-Taylor et al., 2012). Those results were adjusted to fit the same frame of ref-
erence, as they were originating from different studies with different experimental setups and
for some compartments even a different plant species (Tolleter et al., 2024). In this work, the
compartmental volume ratios of leaf mesophyll cells from each condition were determined from
serial block-face scanning electron microscopy (SBF-SEM) datasets (Seydel et al., 2025). As
the growth and acclimation conditions matched those of the NAF experiment, a close fit of
volume and metabolite data could be assumed. The trend of spinach and Arabidopsis volume
ratios from those approaches reveals similar findings: the vacuole occupies the largest fraction
of a leaf mesophyll cell, between 79% and 84%, the chloroplasts 9% to 16% and the cytosol
between 2.4% and 3.4%. The data generated in this work also matches those volume propor-
tions. The most distinct differences were the vacuole and the chloroplast volume proportions.
The 2D analysis in spinach calculated a slightly lower vacuolar percentage of 79% compared
to approximately 83% in our study, whereas the cytosol and chloroplast values were close to
our observations (Winter et al., 1994). In the concatenated Arabidopsis dataset, the volume per-
centage of the chloroplasts was lower (9.4%) compared to our data (14%), whereas cytosol and
vacuole showed quite similar values (Tolleter et al., 2024). The commonalities between those
datasets could hint towards a rather conserved volume ratio of compartments within mesophyll
cells in general. But as there was no distinguishing between palisade and spongy mesophyll
cells in this study, there might be smaller differences between those cell types that were missed.
It should also be noted that, depending on the environmental conditions, the actual volumes of
the cells differed substantially. In this study, cells were shown to shrink during prolonged heat
exposure, which was also described before (Wahid et al., 2012). Especially when datasets of
different temperatures become available, it could be assessed whether the cell size change is a
more general heat stress response, independent of the exact temperature, or can be connected to

specific temperatures and acclimation capacity.

This decrease in cell size may also have repercussions for the actual volumes of the single
organelles, which were not quantified separately. It was reported in several studies that chloro-
plasts and mitochondria can swell during heat exposure (Rizhsky et al., 2004; Zhang et al.,
2010; Grigorova et al., 2012; Zhang et al., 2014; Zou et al., 2017). This would, together with
the observed decrease in cell size, influence the functioning of cellular processes. An increase

in organelle volume and a decrease in cell volume brings the compartments of the cell closer
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together. This vicinity could facilitate intracellular transport processes and lipid exchange by
direct membrane contact or vesicle transport (Shomo et al., 2024). The image data in this study
was segmented with the help of a deep learning assisted workflow. It utilised a variant of U-Net,
a fully convolutional neural network, which is specially designed to generate several precise la-
bels from one dataset with few training images (Ronneberger et al., 2015). This approach,
however, is specially suited for semantic segmentation, 1.e. assigning a label to each pixel,
defining its value, but not tracking the individual structures, eg. separate chloroplasts (Alom
et al., 2019). Hence, information about individual organelle size is limited. However, the ex-
isting labels could be reevaluated, and tracking of the individual organelles can be achieved by
hand or with the help of machine learning based approaches for microscopic image annotation
and tracking (Archit et al., 2025).

4.2.1. Implications of sugar concentrations for transport processes

Combining subcellular volume data obtained from SBF-SEM with the subcellular sugar amounts
obtained from NAF, calculation of sugar concentrations for the three compartments, chloro-
plast, cytosol, and vacuole was possible. This way, not only sugar distribution between the
compartments could be analysed, but also concentrations and concentration gradients, drawing
conclusions for transport mechanisms and other concentration-dependent processes. Also, the
change of subcellular sugar distribution in the plants that were acclimated for 7 days to 34°C
was analysed. Sugar concentrations are not always highest in the vacuole, even though it is the
foremost storage compartment of the cell and thus contains the highest amount of sugars (Aluri
& Biittner, 2007; Pommerrenig et al., 2018). On the contrary, only glucose concentration under
control conditions was highest in the vacuole by a small margin, whereas sucrose and fructose
exhibited the highest concentrations in the cytosol. Heat acclimation resulted in an increase in
cytosolic glucose concentration, reversing the concentration gradient. In addition to the con-
centration gradient of the respective sugar, the high concentration of H* in the vacuole not only
generates an acidic environment, but also exerts a proton motive force, which can be utilised for

active transport of sugars (Hedrich et al., 2015; Pommerrenig et al., 2018).

Several vacuolar sugar transporters are described in Arabidopsis, rice, apple and other species
(Zhu et al., 2025). The importers are translocating sugars from the cytosol into the vacuole by
H™ coupled antiport, utilising the high vacuolar H* concentration. The two importers currently
described for Arabidopsis are Tonoplast Sugar Transporter 1 (TST1), which imports glucose
and sucrose, and Vacuolar Glucose Transporter 1 (VGT1), which imports glucose (Aluri &
Biittner, 2007; Keller & Neuhaus, 2025). Glucose was found to exhibit a concentration gradient

from the vacuole to the cytosol under control conditions, which would necessitate import of
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glucose against a concentration gradient with TST1 and VGT1. The active import of sucrose
with TST1, however, seems less crucial during standard conditions or heat exposure, as the
concentration gradient did not change under those conditions. Nonetheless, an increase in vac-
uolar sucrose levels was observed, which necessitates an import mechanism. The members of
the Sugars Will Eventually be Exported Transporter (SWEET) family of sugar transporters are
functioning as uniporters without utilising the proton motive force. Thus, they can translocate
sugars along their concentration gradient (Zhu et al., 2025), which grants additional flexibility
to the transport processes between cytosol and vacuole and presents a suitable candidate for the

import of sucrose into the vacuole during heat.

Glucose and fructose were accumulating in the cytosol during heat acclimation. Export of sug-
ars from the vacuole is achieved mostly as H* coupled symport by the Early Response to Dehy-
dration Like 4 and 6 (ERDL4, ERDL6) transporters for fructose and glucose, respectively, and
Sucrose transporter 4 (SUC4), which transports sucrose (Keller & Neuhaus, 2025). Only Early
Response to Dehydration Six-Likel (ESL1) has been described to export glucose by facilitated
diffusion, and its directionality depends on the substrate concentration gradient (Yamada et al.,
2010). This would imply that this transporter is probably active under control conditions, but
not when the concentration gradient is reversed during heat. The ERDL4 and SUC4 facilitated
sugar export by H* coupled symport fits to the concentration gradients in our study, as export of
fructose and sucrose from the vacuole might need to be carried out against the cytosolic concen-
tration gradient. ERDL6 might gain importance as an active glucose exporter during heat, when
the concentration gradient of glucose is reversed. Many of the transporters mentioned here are
crucial for sugar metabolism, as loss-of-function mutations often result in drastically changed
total leaf sugar amount or developmental impediments (Wormit et al., 2006; Aluri & Biittner,
2007; Poschet et al., 2011; Zhu et al., 2025). Also, the extensive regulatory network influencing
some of those transporters paints a complex picture. Some are mainly stress-induced (Yamada
et al., 2010; Slawinski et al., 2021), others are influenced by the presence of certain sugars or by
a combination of various environmental and metabolic stimuli (Wormit et al., 2006). However,
it is difficult to accurately test vacuolar sugar transporters for their specific function (Zhu et al.,
2025), which emphasises the benefit of utilising subcellular metabolite and ultrastructure data
for interpretation of those results. One example is the description of the Senescence-Associated
Sugar Transporter 1 (SAST1). SASTI is mainly induced upon abscisic acid accumulation, a
phytohormone associated with senescence and wounding (Keller & Neuhaus, 2025). It was
observed to transport glucose and sucrose from the cytosol to the vacuole, and it was suggested
this transport occurs against a concentration gradient, thus probably utilising the proton gra-
dient of the vacuole (Cheng et al., 2024). Those assumptions might need to be reevaluated,

as glucose and sucrose displayed differing concentration gradients in our study, which opens
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up questions for the exact functioning of the described transporter. Especially as glucose was
observed to change its concentration gradient over the tonoplast due to temperature changes,
subcellular sugar concentrations might play an important role in the analysis of sugar transport

in the future.

4.2.2. Adjustment of sucrose metabolism is crucial for acclimation to elevated tempera-

ture

An optimal acclimation capacity at 34°C was assumed due to the lowest index of injury in the
electrolyte leakage assay. Even though F,/F, dropped significantly for heat-treated plants, the
values of 32°C to 36°C were still within physiologically functional range, as discussed earlier
(see chapter 4.1). Additionally, NPS rates did not significantly change at 34°C compared to
control conditions. Thus, sufficient acclimation capacity of Arabidopsis was assumed at 34°C,
as just minor constraints on the photosynthetic process occurred at that temperature. It was dis-
cussed that heat exposure leads to the dissociation of the oxygen evolving complex from PSII,
causing destabilisation of the electron flow from the oxygen evolving complex towards PSII
(Sun & Guo, 2016). Additionally, the equilibrium of light absorption between PSI and PSII
can be affected by heat (Allakhverdiev et al., 2008). High temperatures necessitate an increase
in electron transport capacity, because the cyclic electron flow around PSI can compensate for
increased proton leakiness of the thylakoid membranes, enabling a continuation of ATP synthe-
sis (Yamori et al., 2014). Especially for the temperatures analysed in this study, a cause for the
slightly reduced photosynthetic capacity could also be a decrease in the Rubisco activation state.
During elevated temperatures, the rate of Rubisco inactivation rises. But due to the heat labil-
ity of Rubisco activase, the rate of Rubisco reactivation is not sufficient to maintain this pace,
leading to a reduction in active Rubisco amounts (Yamori et al., 2014). This could explain the
slightly lowered maximum quantum yield of PSII observed here. In literature, a disordering of
thylakoid membranes and de-stacking was observed from 35°C to 40°C (Gounaris et al., 1983,
1984), whereas in this study, no severe chloroplast phenotype in plants that were treated with
up to 38°C could be observed. The thylakoids remained organised in grana stacks, and only a
few isolated stroma thylakoids were not arranged completely parallel at higher temperatures. It
has to be noted, however, that the chloroplasts observed by Gounaris et al. (1983, 1984) were
subjected to the heat treatment after isolation from the tissue, whereas in this study, the whole
tissue of heat-acclimated plants was observed. This could have repercussions for the severity of
observed damages, because the intact plant with its various protection mechanisms could buffer
the severity of the heat, and the plants observed in this study are assumed to have acclimated
well to the elevated temperature. Nonetheless, the observed changes in photosynthetic perfor-

mance can be connected to a slight phenotype of the chloroplasts. The most distinct indicator
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of heat treatment in chloroplast ultrastructure is the increase of plastoglobule size, which can be
attributed to heat-induced chloroplast senescence (Staehelin, 1986; Zhang et al., 2014; Arzac
et al., 2022). This size change implies accumulation of various compounds that play important

roles in chloroplast maintenance (Bréhélin & Kessler, 2008; Arzac et al., 2022).

The carbohydrate metabolism and subcellular sugar dynamics were analysed under the premise
of optimal acclimation to get a better mechanistic understanding of the acclimation process. The
treatment with 34°C for 7 days led to an increase of sucrose amounts in the vacuole, and a si-
multaneous decrease in cytosolic and plastidial amounts. Thus, it was assumed that sucrose
was exported from the plastid to the vacuole. In contrast to heat acclimation, in the cold, plas-
tidial sucrose was shown to increase (Nigele & Heyer, 2013) and was hypothesised to partake
in stabilisation of the thylakoid membranes during cold, albeit not as efficiently as raffinose or
other raffinose family oligosaccharides (RFOs) (Knaupp et al., 2011). This is based on the in
vitro observation that sucrose and RFOs can protect liposomes from lipid fusion, which can
occur during drying and rehydration, but also during cold treatment (Hincha et al., 2003). In
this study, plants were well watered and acclimated to a moderately increased temperature. The
photosynthetic performance itself was not detrimentally affected at 34°C, so it was assumed that
in well-acclimated plants, sucrose is not needed in high amounts in the plastid for protection
of thylakoid membranes. This is in accord with the microscopic data, which shows no damage
to the thylakoid membranes at 34°C. The missing prevention of lipid fusion could also be an
additional reason why plastoglobules increase in size in our study. However, as plastoglobules
are involved in chloroplast senescence, lipid metabolism, thylakoid maintenance, and accumu-
lation of antioxidant compounds like tocopherol, an increase in size or number during elevated

temperature is well-grounded in research (Bréhélin & Kessler, 2008; Arzac et al., 2022).

An accumulation of sucrose in the vacuole was accompanied by a simultaneous increase in
vacuolar glucose and fructose amounts, as well as an increase in vacuolar invertase activity. This
indicates elevated sucrose cleavage activity in the vacuole, coupled to a high influx of sucrose,
leading to consistently high levels of sucrose despite high cleavage rates. Also, significantly
elevated levels of glucose and non-significantly elevated levels of fructose were found in the cy-
tosol, but no marked increase in cytosolic invertase activity. Invertase activity was rather shown
to be stabilised at levels also measured under control conditions, suggesting a regulatory effect
maintaining cytosolic invertase activity. However, for analysis of invertase activity, the concen-
tration of glucose and fructose in the cytosol needs to be taken into account, because invertases
are inhibited by their reaction products glucose and fructose (Sturm, 1999). If hexoses accu-
mulate in the cytosol, a compartment of rather small volume, concentration increases already
with low amounts of the respective sugar. Our simulations showed a strong inhibitory effect of

measured hexose concentrations on cytosolic invertase, reducing sucrose cleavage in this com-
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partment considerably. In the large vacuole, on the other hand, a much higher amount of hex-
oses is needed to reach a critical concentration to result in inhibition of invertase. Thus, sucrose
cleavage might be mainly conducted in the vacuole and the resulting hexoses are transported
back into the cytosol, where they accumulate to high concentrations. For cold acclimation, it
was hypothesised that a shift of sucrose cleavage capacity from the cytosol into the vacuole
could contribute to a stabilisation of photosynthesis and metabolism (Weiszmann et al., 2018).
Accordingly, the shift of sucrose to the vacuole coupled to an increase in vacuolar invertase
reaction rates might support this hypothesis for heat acclimation as well. It has been reported
that due to oxidative stress, sucrose is accumulated in the vacuole (Kohli et al., 2019), so this
might be a common response to abiotic stress in general. In a scenario of a short heat wave
described earlier (Seydel et al., 2022a) ( 4.1.1), sucrose was shown to accumulate in the leaves
after 4h exposure to 40°C. It is hypothesised that this accumulation is due to a throttled export
of sucrose to the sinks. To limit the export of sucrose, it must be prevented from entering the
phloem. It was shown that specifically cytosolic sucrose concentration is impacting the rate of
phloem loading and thus the concentration of sucrose in the roots (Brauner et al., 2014). Hence,
it is assumed that sequestering the sucrose into the vacuole can prevent export of the sucrose
into the sinks. This might also be an explanation for the observed transport of sucrose into the
vacuole in the acclimated plants. But in contrast to the transient heat exposure, in this case, the
sucrose concentration in the whole leaf did not increase; for 34°C, they even decreased slightly
below control values. This could show a more refined sucrose distribution due to the acclima-
tion process. As a shock response, export of sucrose is limited to a degree that ultimately leads
to accumulation of sucrose in the source tissue. When heat exposure is prolonged and the plant
is acclimated, the sucrose can be redistributed in the cell and to the sinks more efficiently. In
addition, plants in the 34°C acclimation period also started inducing their inflorescence. This

could constitute another sink for the sugars in the plant.

The cytosolic sugar amounts are also of importance for the cellular energy homeostasis. It
was hypothesised that cytosolic invertase can influence mitochondrial hexokinase by either reg-
ulation of sucrose concentration or glucose production (Rolland et al., 2006; Li et al., 2007;
Bolouri-Moghaddam et al., 2010; Xiang et al., 2011). This would connect cytosolic sugar lev-
els with energy production in the mitochondria. Mitochondrial hexokinase plays an important
role in maintaining the mitochondrial electron transport chain, as well as influencing the produc-
tion of ROS there (Camacho-Pereira et al., 2009), and it is a source of ADP in the mitochondria,
which is consumed by oxidative phosphorylation to produce ATP (Xiang et al., 2011). An in-
crease in cytosolic hexose concentrations could thus lead to an increased flux into glycolysis and
production of pyruvate. But also a decreased SPS activity could contribute to increasing the flux

of carbon into pyruvate, as it converts hexose phosphates into sucrose, and a lowered activity
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could lead to increased levels of hexose phosphates which in turn are a substrate for glycolysis.
Supporting this idea, it was reported that a combination of heat and drought treatment led to
an increase in transcripts of hexokinase and fructokinase, which would result in an increase in
F6P, the direct substrate for the TCA cycle (Rizhsky et al., 2004). Even though no reduction
in SPS activity was observed, the activity of SPS in the cytosol during heat acclimation was
stabilised, suggesting regulatory effects. In theory, when assuming temperature dependence of
SPS activity according to the results calculated by Kitashova et al. (2023) for the range of 4°C
to 22°C, higher activity of SPS during elevated temperatures would be expected. However, the
stabilisation of SPS activity at control levels during heat acclimation supports the hypothesis
about increasing flux into glycolysis by enabling accumulation of hexose phosphates. During
a heat wave, a lowered SPS activity in the mutant spsal led to stabilised metabolism and CO;
assimilation. This observation would be fitting for the hypothesis presented here: During a fast
onset heat wave, the Col-0 plants have not yet regulated their enzymatic activities to ensure a
high input into glycolysis. The spsal mutant, on the other hand, can already utilise the reduced
SPS activity with the onset of the heat and can maintain a high influx into glycolysis, leading to
a more stable energy supply for the cell. Mitochondrial respiration is not limited at the observed
temperatures, as it declines only between 50°C and 60°C, after reaching its optimum shortly be-
fore (Scafaro et al., 2021). Hence, regulating the enzymes responsible for providing substrate
for glycolysis, and by this the TCA cycle, could have a major regulatory impact on the rate of
respiration. An additional factor to consider is ROS production. Under control conditions, the
electron transport chain (ETC) in the mitochondria is a major source of ROS, but the damage
is limited by antioxidant compounds in the mitochondria. Under adverse conditions, leading
to higher ROS production, defence systems might be overwhelmed and ROS could accumulate
(Jacoby et al., 2012). Also, several complexes of the ETC are known to produce superoxide
when the reduction state of the ETC is increasing, which can be caused by increased input
or reduced activity (Mgller et al., 2021). Thus, regulation of the cytosolic sugar concentration
would be an instance to ensure limited ROS production and an acceptable balance between pho-
tosynthesis and respiration. However, as optimal acclimation is assumed, the impact of ROS
production in the mitochondria might be just a minor factor influencing sugar balance in the

cytosol.

In addition to its role as precursor for glycolysis, glucose was shown to have an impact on
heat tolerance (Sharma et al., 2019; Wang et al., 2025). Arabidopsis seedlings that were grown
on glucose-rich medium exhibited higher thermotolerance due to transcriptional regulation by
glucose (Sharma et al., 2019). In tomato, external application of glucose led to high apoplastic
glucose concentration, resulting in increased thermotolerance due to glucose signalling (Wang

et al., 2024). A glucose G protein signalling pathway was shown to contribute to thermotoler-
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ance and thermomemory regulation by increasing photosynthesis and photorespiration (Wang
et al., 2024). However, it is unclear which concentrations of glucose are required and present
in the apoplast for this. This further stresses the apparent complexity of the carbohydrate meta-
bolism and its influence on processes like signalling, organic acid, protein and lipid production.
The connectivity of the described processes adds another layer of intricacy to the network that

this work aimed to elucidate a little further.

4.3. Conclusion and future perspectives

Future studies might resolve the interplay between cytosolic sugar concentrations and mito-
chondrial hexokinase function, as well as the consequences for the energy balance within the
cell. The mitochondrial part of the proposed heat response, as well as the metabolic interplay
between source and sink tissue, emerged as topics for future research projects. With the tech-
niques at our disposal, such as NAF coupled to mass spectrometry analysis (Fiirtauer et al.,
2019), or hydroponics growth for root analysis (Brauner et al., 2014), we can further contribute
towards resolving the metabolic plant heat response. In addition, new discoveries emerge, such
as the stark metabolic difference between old and young leaves of an Arabidopsis leaf rosette
(Brodsky et al., 2025). This discovery opens up many new directions for future research and

illustrates that with every new insight into a system, new questions will come forward.

The dataset of subcellular volume ratios that is presented here can support future studies in
the model organism Arabidopsis thaliana by providing realistic estimations of subcellular archi-
tecture and volumetrics. Especially for determining enzymatic reaction kinetics, it was shown
that exact sugar concentrations are crucial to accurately simulate inhibitory effects as well as
substrate availability. Fourier polynomials illustrated non-linear dynamics and were utilised to
develop a balance model that could track the carbon flux during a heat wave. This approach can

be used for further research, especially concerning highly dynamic environments.

The carbohydrate metabolism is an important factor in plant heat response. It is crucial for
plants to maintain the process of generating energy from light, even under adverse conditions.
In summary, a model of metabolic regulation is proposed that contributes to acclimation to ele-
vated temperatures in Arabidopsis thaliana. A change in subcellular sugar concentrations and a
stabilisation in cytosolic enzyme activities is hypothesised to establish and maintain a balance
between photosynthetic input and carbon flux through the system. Especially, the central role

of sucrose metabolism for short and long term heat response was demonstrated.

This research and future findings will contribute to tackling the mounting challenges posed

by progressing climate change. The knowledge of sucrose metabolism and its role in plant heat
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response can be utilised to ultimately retain food security in the face of diminishing crop yields.
Findings like those presented here can guide metabolic engineering efforts and give directions

to further projects, both in fundamental and applied research.
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5. Supplements

Supplementary Table I. Exemplary temperature data from Munich, Germany from 26.

Data source:

to 31.

July 2020.

https://www.timeanddate.com/weather/germany/munich/historic?’month=7&year=2020, accessed

25.03.2022
Day Time Temperature
2020-07-26  00:20 15°C
2020-07-26  00:50 16°C
2020-07-26  01:20 15°C
2020-07-26  01:50 15°C
2020-07-26  02:50 15°C
2020-07-26  03:20 14°C
2020-07-26  03:50 16°C
2020-07-26  04:20 16°C
2020-07-26  04:50 15°C
2020-07-26  05:20 15°C
2020-07-26  05:50 16°C
2020-07-26  06:20 16°C
2020-07-26  06:50 16°C
2020-07-26 07:20 17°C
2020-07-26  07:50 17°C
2020-07-26  08:20 17°C
2020-07-26  08:50 16°C
2020-07-26  09:20 16°C
2020-07-26  09:50 16°C
2020-07-26  10:20 17°C
2020-07-26  10:50 17°C
2020-07-26  11:20 18°C
2020-07-26  11:50 19°C
2020-07-26 12:20 20°C
2020-07-26  12:50 20°C

Day Time Temperature
2020-07-26  13:20 21°C
2020-07-26  13:50 22°C
2020-07-26  14:20 23°C
2020-07-26  14:50 23°C
2020-07-26  15:20 24°C
2020-07-26  16:20 24°C
2020-07-26  16:50 23°C
2020-07-26 17:20 21°C
2020-07-26  17:50 21°C
2020-07-26  18:20 20°C
2020-07-26  18:50 19°C
2020-07-26  19:20 20°C
2020-07-26  19:50 19°C
2020-07-26  20:20 18°C
2020-07-26  20:50 18°C
2020-07-26  21:20 17°C
2020-07-26  21:50 16°C
2020-07-26  22:20 16°C
2020-07-26  22:50 15°C
2020-07-26  23:20 14°C
2020-07-26  23:50 15°C
2020-07-27 00:20 14°C
2020-07-27 00:50 14°C
2020-07-27 01:20 14°C
2020-07-27 01:50 14°C
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https://www.timeanddate.com/weather/germany/munich/historic?month=7&year=2020

Day Time Temperature
2020-07-27 02:20 13°C
2020-07-27 02:50 13°C

Day Time Temperature
2020-07-27 03:20 13°C
2020-07-27 03:50 12°C
2020-07-27 04:20 11°C
2020-07-27 04:50 11°C
2020-07-27 05:20 10°C
2020-07-27 05:50 10°C
2020-07-27 06:20 10°C
2020-07-27 06:50 12°C
2020-07-27 07:20 14°C
2020-07-27 07:50 16°C
2020-07-27 08:20 18°C
2020-07-27 08:50 19°C
2020-07-27 09:20 19°C
2020-07-27 10:20 21°C
2020-07-27 10:50 22°C
2020-07-27 11:20 22°C
2020-07-27 11:50 23°C
2020-07-27 12:20 23°C
2020-07-27 12:50 24°C
2020-07-27 13:20 25°C
2020-07-27 13:50 25°C
2020-07-27 14:20 25°C
2020-07-27 14:50 26°C
2020-07-27 15:20 26°C
2020-07-27 15:50 27°C
2020-07-27 16:20 27°C
2020-07-27 16:50 27°C
2020-07-27 17:20 27°C

Day Time Temperature
2020-07-27 17:50 27°C
2020-07-27 18:20 28°C
2020-07-27 18:50 27°C
2020-07-27 19:20 26°C
2020-07-27 19:50 25°C
2020-07-27 20:20 25°C
2020-07-27  20:50 24°C
2020-07-27 21:20 20°C
2020-07-27 22:20 19°C
2020-07-27 22:50 20°C
2020-07-27 23:20 20°C
2020-07-27 23:50 18°C
2020-07-28 00:20 18°C
2020-07-28 00:50 16°C
2020-07-28 01:20 17°C
2020-07-28 01:50 16°C
2020-07-28 02:20 17°C
2020-07-28 02:50 16°C
2020-07-28 03:20 17°C
2020-07-28 03:50 17°C
2020-07-28 04:20 16°C
2020-07-28 04:50 17°C
2020-07-28 05:20 15°C
2020-07-28 05:50 15°C
2020-07-28 06:20 16°C
2020-07-28 06:50 18°C
2020-07-28 07:20 21°C
2020-07-28 07:50 23°C
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Day Time Temperature
2020-07-28 08:20 24°C
2020-07-28 08:50 25°C
2020-07-28 09:20 25°C
2020-07-28 10:20 27°C
2020-07-28 10:50 27°C
2020-07-28 11:20 27°C
2020-07-28 11:50 28°C
2020-07-28 12:20 28°C
2020-07-28 12:50 29°C
2020-07-28 13:20 29°C
2020-07-28 13:50 29°C
2020-07-28 14:20 29°C
2020-07-28 14:50 29°C
2020-07-28 15:20 28°C
2020-07-28 15:50 28°C
2020-07-28 16:20 27°C
2020-07-28 16:50 26°C
2020-07-28 17:20 25°C
2020-07-28 17:50 23°C
2020-07-28 18:20 24°C
2020-07-28 18:50 24°C
2020-07-28 19:20 24°C
2020-07-28 19:50 23°C
2020-07-28 20:20 22°C
2020-07-28 20:50 20°C
2020-07-28 21:20 20°C
2020-07-28 21:50 19°C
2020-07-28 22:20 19°C

Day Time Temperature
2020-07-28 22:50 19°C
2020-07-28 23:20 18°C
2020-07-28 23:50 19°C
2020-07-29 00:20 19°C
2020-07-29 00:50 19°C
2020-07-29 01:20 19°C
2020-07-29 01:50 18°C
2020-07-29 02:20 19°C
2020-07-29 02:50 16°C
2020-07-29 03:20 15°C
2020-07-29 03:50 16°C
2020-07-29 04:20 16°C
2020-07-29 04:50 16°C
2020-07-29 05:20 15°C
2020-07-29 05:50 15°C
2020-07-29 06:20 16°C
2020-07-29 06:50 16°C
2020-07-29 07:20 17°C
2020-07-29 07:50 18°C
2020-07-29 08:20 18°C
2020-07-29 08:50 19°C
2020-07-29 09:20 19°C
2020-07-29 09:50 20°C
2020-07-29 10:20 20°C
2020-07-29 10:50 21°C
2020-07-29 11:20 21°C
2020-07-29 11:50 22°C
2020-07-29 12:20 22°C
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Day Time Temperature
2020-07-29 12:50 23°C
2020-07-29 13:20 23°C
2020-07-29 13:50 24°C
2020-07-29 14:20 24°C
2020-07-29 14:50 24°C
2020-07-29 15:20 25°C
2020-07-29 15:50 25°C
2020-07-29 16:20 24°C
2020-07-29 16:50 24°C
2020-07-29 17:20 24°C
2020-07-29 17:50 25°C
2020-07-29 18:20 25°C
2020-07-29 18:50 25°C
2020-07-29 19:20 25°C
2020-07-29 19:50 24°C
2020-07-29 20:20 23°C
2020-07-29 20:50 22°C
2020-07-29 21:20 19°C
2020-07-29 21:50 18°C
2020-07-29 22:20 16°C
2020-07-29 22:50 16°C
2020-07-29 23:20 17°C
2020-07-30 00:20 14°C
2020-07-30 00:50 14°C
2020-07-30 01:20 15°C
2020-07-30 01:50 15°C
2020-07-30 02:20 14°C
2020-07-30 02:50 14°C

Day Time Temperature
2020-07-30 03:20 14°C
2020-07-30 03:50 13°C
2020-07-30 04:20 14°C
2020-07-30 04:50 13°C
2020-07-30 05:20 13°C
2020-07-30 05:50 13°C
2020-07-30 06:20 12°C
2020-07-30 06:50 14°C
2020-07-30 07:20 17°C
2020-07-30 07:50 18°C
2020-07-30 08:20 18°C
2020-07-30 08:50 19°C
2020-07-30 09:20 21°C
2020-07-30 09:50 22°C
2020-07-30 10:20 23°C
2020-07-30 10:50 23°C
2020-07-30 11:20 24°C
2020-07-30 11:50 25°C
2020-07-30 12:20 26°C
2020-07-30 12:50 26°C
2020-07-30 13:20 27°C
2020-07-30 13:50 27°C
2020-07-30 14:20 27°C
2020-07-30 14:50 27°C
2020-07-30 15:20 27°C
2020-07-30 15:50 28°C
2020-07-30 16:20 28°C
2020-07-30 16:50 29°C
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Day Time Temperature
2020-07-30 17:20 29°C
2020-07-30 17:50 28°C
2020-07-30 18:20 28°C
2020-07-30 18:50 28°C
2020-07-30 19:20 27°C
2020-07-30 19:50 27°C
2020-07-30 20:20 26°C
2020-07-30 20:50 23°C
2020-07-30 21:20 22°C
2020-07-30 21:50 18°C
2020-07-30 22:20 18°C
2020-07-30 22:50 17°C
2020-07-30 23:20 16°C
2020-07-30 00:20 16°C
2020-07-30 00:50 17°C
2020-07-30 01:20 17°C
2020-07-30 01:50 17°C
2020-07-30 02:50 16°C
2020-07-30 03:20 16°C
2020-07-30 03:50 15°C
2020-07-30 04:20 14°C
2020-07-30 04:50 14°C
2020-07-30 05:20 15°C
2020-07-30 05:50 15°C
2020-07-30 06:20 16°C
2020-07-30 06:50 17°C
2020-07-30 07:20 18°C
2020-07-30 07:50 20°C

Day Time Temperature
2020-07-30 08:20 21°C
2020-07-30 08:50 22°C
2020-07-30 09:20 24°C
2020-07-30 10:20 25°C
2020-07-30 10:50 26°C
2020-07-30 11:20 27°C
2020-07-30 11:50 27°C
2020-07-30 12:20 28°C
2020-07-30 12:50 28°C
2020-07-30 13:20 29°C
2020-07-30 13:50 30°C
2020-07-30 14:20 30°C
2020-07-30 14:50 30°C
2020-07-30 15:20 30°C
2020-07-30 15:50 30°C
2020-07-30 16:20 31°C
2020-07-30 16:50 30°C
2020-07-30 17:20 30°C
2020-07-30 17:50 31°C
2020-07-30 18:20 31°C
2020-07-30 18:50 30°C
2020-07-30 19:20 30°C
2020-07-30 19:50 29°C
2020-07-30 20:20 27°C
2020-07-30 20:50 26°C
2020-07-30 21:20 23°C
2020-07-30 21:50 21°C
2020-07-30 22:20 20°C
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Day Time Temperature
2020-07-30 22:50 20°C
2020-07-30 23:20 20°C
2020-07-30 23:50 19°C
2020-07-31 00:20 19°C
2020-07-31 00:50 19°C
2020-07-31 01:20 19°C
2020-07-31 01:50 18°C
2020-07-31 02:20 19°C
2020-07-31 02:50 16°C
2020-07-31 03:20 15°C
2020-07-31 03:50 16°C
2020-07-31 04:20 16°C
2020-07-31 04:50 16°C
2020-07-31 05:20 15°C
2020-07-31 05:50 15°C
2020-07-31 06:20 16°C
2020-07-31 06:50 17°C
2020-07-31 07:20 18°C
2020-07-31 07:50 20°C
2020-07-31 08:20 21°C
2020-07-31 08:50 22°C
2020-07-31 09:20 24°C
2020-07-31 10:20 25°C
2020-07-31 10:50 26°C
2020-07-31 11:20 27°C
2020-07-31 11:50 27°C
2020-07-31 12:20 28°C
2020-07-31 12:50 28°C

Day Time Temperature
2020-07-31 13:20 29°C
2020-07-31 13:50 30°C
2020-07-31 14:20 30°C
2020-07-31 14:50 30°C
2020-07-31 15:20 30°C
2020-07-31 15:50 30°C
2020-07-31 16:20 31°C
2020-07-31 16:50 30°C
2020-07-31 17:20 30°C
2020-07-31 17:50 31°C
2020-07-31 18:20 31°C
2020-07-31 18:50 30°C
2020-07-31 19:20 30°C
2020-07-31 19:50 29°C
2020-07-31 20:20 27°C
2020-07-31 20:50 26°C
2020-07-31 21:20 23°C
2020-07-31 21:50 21°C
2020-07-31 22:20 20°C
2020-07-31 22:50 20°C
2020-07-31 23:20 20°C
2020-07-31 23:50 19°C
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