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Abstract

Guard cell metabolism is crucial for stomatal dynamics, but a full understanding of its role is hampered by experimental limitations and
the flexible nature of the metabolic network. To tackle this challenge, we constructed a time-resolved stoichiometric model of guard cell
metabolism that accounts for energy and osmolyte requirements and which is integrated with the mesophyll. The model resolved
distinct roles for starch, sugars, and malate in guard cell metabolism and revealed several unexpected flux patterns in central
metabolism. During blue light-mediated stomatal opening, starch breakdown was the most efficient way to generate osmolytes with
downregulation of glycolysis allowing starch-derived glucose to accumulate as a cytosolic osmolyte. Maltose could also accumulate
as a cytosolic osmoticum, although this made the metabolic system marginally less efficient. The metabolic energy for stomatal
opening was predicted to be derived independently of starch, using nocturnally accumulated citrate which was metabolized in the
tricarboxylic acid cycle to malate to provide mitochondrial reducing power for ATP synthesis. In white light-mediated stomatal
opening, malate transferred reducing equivalents from guard cell photosynthesis to mitochondria for ATP production. Depending on
the capacity for guard cell photosynthesis, glycolysis showed little flux during the day but was crucial for energy metabolism at night.
In summary, our analyses have corroborated recent findings in Arabidopsis guard cell research, resolved conflicting observations by
highlighting the flexibility of guard cell metabolism, and proposed new metabolic flux modes for further experimental testing.

Introduction between the amount of guard cell starch and stomatal aperture
(Lawson and Matthews 2020) and the emergence of the K*-malate
hypothesis whereby stomatal opening is driven by uptake of K*
from the apoplast and the counterions malate and/or Cl-
(Schnabl and Raschke 1980; Outlaw 1983). The latter has been

the dominant paradigm for guard cell osmoregulation for the

Regulated changes in stomatal aperture allow plants to balance
the tradeoff between CO, uptake for photosynthesis and water
loss by transpiration (Engineer et al. 2016; Zhang et al. 2018;
Lawson and Vialet-Chabrand 2019). Signaling systems within
the leaf provide information about carbon demand and water sta-

tus, and this information is integrated to regulate guard cell vol-
ume and hence stomatal aperture (Assmann and Jegla 2016;
Woolfenden et al. 2018). To increase guard cell volume and there-
by increase stomatal aperture, the concentration of osmolytes
within the guard cell must increase. Osmolytes can be taken up
from the surrounding apoplast or generated within the guard
cell by degradation of non-osmotic storage compounds such
as starch. Despite a long research history, many aspects of
osmoregulated stomatal opening remain unresolved (Lawson
and Matthews 2020).

Early explanations for guard cell osmoregulation proposed that
sucrose derived from guard cell starch degradation was the main
guard cell osmolyte during stomatal opening (Lloyd 1908; Scarth
1927). This starch-sugar hypothesis held sway until the 1960s
but subsequently fell out of favor due to a poor association

last few decades. However, quantitative analyses in Asiatic day-
flower (Commelina communis) demonstrated that K" and its coun-
terions did not provide a sufficient concentration of osmolytes
to account for observed aperture changes in that species
(MacRobbie and Lettau 1980), leading to a re-examination of the
role of sugars as osmolytes. An integration of the starch-sugar
and K*-malate hypotheses was achieved with the proposal that
K* is the main osmolyte for stomatal opening early in the day
and sucrose becomes a substantial osmolyte later in the day to
maintain stomatal aperture (Amodeo et al. 1996; Talbott and
Zeiger 1996). More recently, the role of sucrose as an osmolyte
in stomatal opening has been questioned in the light of evidence
that its role is primarily energetic (Medeiros et al. 2018).
Although it is becoming increasingly apparent that guard cell
metabolism is an important contributor to stomatal dynamics
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(Blatt 2016; Santelia and Lunn 2017), a clear picture of the role of
guard cell metabolism is proving elusive (see also Lemonnier and
Lawson (2024) for a recent extensive review on this topic).

Central to the debate is the combined potential for guard cell
metabolites to act both as osmolytes and as a source of energy to
drive osmolyte uptake and intracellular transport. Irrespective of
whether osmolytes are generated within the guard cell or taken
up from the surrounding apoplast, energy-dependent transport
across membranes is required (Jezek and Blatt 2017). The majority
of osmolytes must accumulate in the vacuole as this makes up the
bulk of the guard cell volume. Transport of metabolites from the
cytosol to the vacuole requires energization of the tonoplast by
ATP- or PPi-dependent proton pumps (Eisenach and De Angeli
2017). Additionally, energization of the plasma membrane by the
H*-ATPase causes hyperpolarization and activation of voltage-
gated K*-channels with uptake of further osmolytes including
Cl-, malate, and sugars from the apoplast (Assmann et al. 1985;
Kinoshita et al. 2001; Kwak et al. 2001; Inoue and Kinoshita 2017;
Jezek and Blatt 2017).

There are 3 ways in which the guard cell can potentially meet
this energy requirement: via photosynthesis within guard cell
chloroplasts; via respiration using respiratory substrates such as
starch, sugars, or lipids generated by metabolism within the guard
cell; or via respiration using sugars imported from the apoplast,
and ultimately derived from the mesophyll. Based on the numbers
of guard cell chloroplasts and mitochondria and measurements of
their metabolic capacity, the prevailing view is that guard cells
have limited photosynthetic capacity and that the bulk of the en-
ergy required for stomatal opening is met by respiration (Outlaw
1989; Reckmann et al. 1990; McLachlan et al. 2016; Lim et al.
2022). Furthermore, it has generally been considered that the lim-
ited amount of starch in guard cell chloroplasts means that the
bulk of the substrate for respiration is provided by uptake of sugars
and/or malate from the apoplast (Vavasseur and Raghavendra
2005; Lawson and Matthews 2020). Consistent with this, guard cell-
specific over-expression of a gene encoding sucrose synthase led to
reduced guard cell sucrose content during opening, while stomatal
aperture increased, suggesting an energetic rather than osmotic
role for guard cell sucrose (Daloso et al. 2015, 2016a, 2016b). This
was corroborated by '*C-labeling experiments with epidermal
fragments in which **C from exogenous sugars appeared in TCA
cycle carboxylic acids and related metabolites such as glutamine,
suggesting that at least some of the imported sucrose was catabol-
ized via respiration (Medeiros et al. 2018; Daubermann et al. 2024).
However, the picture has been complicated by the discovery that
breakdown of guard cell starch is required for normal stomatal
opening triggered by blue light (Horrer et al. 2016). While earlier
studies suggested that starch might provide additional respiratory
substrates and/or osmolytes during the initial opening of the sto-
mata at dawn (Blatt 2016), more recent findings suggest that rapid
starch degradation at dawn is likely required to maintain sugar ho-
meostasis during stomatal opening and to facilitate fast stomatal
opening (Flitsch et al. 2020).

The analysis of guard cell starch-breakdown mutants has shed
some light on the role of starch in blue light stomatal opening but
has alsoraised questions (Fliitsch et al. 2020). The main metabolic
difference in the mutant lines during blue light stomatal opening
was a pronounced decline in glucose levels. While this analysis
suggests that the fate of mobilized starch is to support glucose ho-
meostasis not malate synthesis, it remains unclear what the fate
of the glucose is. Evidence was provided that the lack of glucose
homeostasis affects stomatal dynamics and kinetics; but normal
transport rates of H*, K* and Cl- in the starch mutants led the

authors to conclude that starch-derived glucose was not acting
as a respiratory substrate (Flitsch et al. 2020). However, the de-
cline of glucose levels in epidermal peels of the starch-breakdown
mutants when exposed to blue light also led the authors to con-
clude that the glucose is used as a respiratory substrate. This con-
clusion effectively assumes that the guard cell distinguishes
between glucose derived from starch and glucose stores in the
guard cell built up during the previous day which is difficult to en-
visage from a mechanistic perspective.

This mutant study highlights some of the problems with the ex-
perimental evidence that has been used to infer the contribution of
guard cell metabolism to osmoregulation and energetics. First,
metabolic activity—i.e. metabolic flux—needs to be quantified in
addition to the levels of metabolites. When a metabolite level
goes up, for example, it is not possible to tell without analysis of
fluxes whether this is due to an increased influx into the pool, a re-
duced efflux from the pool, or some combination of both (Kruger
and Ratcliffe 2009). Moreover, the analysis of the starch-breakdown
mutants was based on single time point measurements (Fliitsch
et al. 2020). Given the highly dynamic nature of stomatal opening
and the fact that other products of starch turnover such as maltose
were not measured, the conclusions regarding glucose as a major
starch-derived metabolite should be taken with caution and exam-
ined in further experimental work. Second, a quantitative account-
ing of energy supply and demand, alongside the metabolic
contribution to osmoregulation is required to resolve the role of
metabolism in guard cells. In practice, this is very difficult to
achieve experimentally as it would require quantification of all
the relevant transport fluxes (including those at both the tonoplast
and the plasma membrane) as well as a detailed analysis of fluxes
of energy metabolism within the guard cell (photosynthesis and
respiration) and the rates of change of all relevant osmolytes.
Moreover, all this information would need to be collected in the
same experimental system as the experimental conditions, and
in particular the availability of ions and metabolites external to
the guard cell, are likely to strongly affect the outcome. In reality,
most of the available data is incomplete (e.g. measurement of
some transport fluxes but not others) and combines different ex-
perimental systems (e.g. isolated guard cells, epidermal peels,
and whole leaf measurements). Finally, while the use of guard cell-
specific mutants can be informative, compensatory metabolic
changes in the mutant may mislead as to the situation in the
WT. Thus, currently there is no comprehensive data set of metabol-
ic fluxes and direct measures of energy fluxes at the guard cell level
available.

Computational modeling, on the other hand, can provide an in-
tegrated analysis of all relevant metabolic and transport fluxes
and there is a long history of modeling stomatal dynamics (Blatt
et al. 2022). Several models have focused on empirical capture
of the regulatory responses to water availability and CO, demand
(Sperry et al. 2017) or on the mechanisms of osmolyte transport
(Chen et al. 2012). The OnGuard framework (Hills et al. 2012) al-
lows quantitative dynamic modeling of guard cell behavior by
simulating transporters at the plasma membrane and tonoplast.
The most recent iteration, OnGuard3, models the interplay of fo-
liar CO, diffusion and mesophyll photosynthesis, and thus con-
nects transport processes at the guard cell membrane to gas
exchange of the whole plant (Jezek et al. 2021). Despite these ad-
vances in modeling stomatal physiology, there are relatively few
models that consider guard cell metabolism and its role in stoma-
tal movement.

Animportant first step in addressing this gap was the construc-
tion and analysis of a flux-balance model of guard cell metabolism



(Robaina-Estévez et al. 2017) based on a model of primary metab-
olism in Arabidopsis (Arabidopsis thaliana) (Arnold and Nikoloski
2014). In this framework, metabolic fluxes were estimated by
maximizing their concordance with cell-type-specific transcrip-
tome data for guard and mesophyll cells. The analysis predicted
that guard cell photosynthesis and carbon fixation in the chloro-
plast were active, leading to starch and sucrose biosynthesis.
Additionally, the model predicted that malate decarboxylation
in the chloroplast was the main source of CO, for carbon fixation
by Rubisco, similar to C4 and CAM photosynthesis albeit without
the spatial and temporal separation. While this model demon-
strated the potential of constraint-based modeling in the context
of guard cell metabolism, it has several limitations. First, it relies
on flux solutions that match transcript abundances of the respec-
tive enzymes even though it is well established that there is no
simple relationship between transcript abundance and flux
(Schwender et al. 2014). Second, it represents a single metabolic
steady-state and can therefore say nothing about stomatal dy-
namics. Third, it lacks an explicit representation of the accumula-
tion of osmolytes and therefore does not account for the cost of
osmolyte transport during guard cell volume changes. Finally, it
makes separate comparisons of mesophyll and guard cell metab-
olism even though it is known that their metabolism is intercon-
nected (Lawson et al. 2014).

Some of these shortcomings were addressed in a multiphase
flux-balance model of guard cell metabolism (Tan and Cheung
2020). Guard cell metabolism was modeled over 4 distinct phases
of the diel cycle representing day and night and stomatal opening
and closing. Guard cell-specific metabolism was modeled by sim-
ulating the accumulation of osmolytes during the opening and
day phases. To model the contribution of the mesophyll to os-
motic requirements for stomatal opening, a fixed value of sucrose
import from the apoplast was set. The model predicted an alterna-
tive flux mode of the Calvin-Benson-Bassham cycle during sto-
matal opening which maximized pyrophosphate (PP;) production
to drive the pumping of protons across the tonoplast and to enable
subsequent accumulation of osmolytes in the vacuole during sto-
matal opening. An analysis of the energetics in the model found
that malate and Cl- were similarly efficient as the counterion for
K* during stomatal opening. A drawback of this study was that
the model behavior was mainly dictated by constraints based on
known behavior of guard cell metabolites and osmolytes. For in-
stance, the model was only allowed to use K*, Cl-, malate, and su-
crose as osmolytes, and starch and sucrose as carbon and energy
reserves. While this model incorporated some important aspects
of guard cell metabolism such as the temporal changes in osmo-
lyte levels and the associated cost of osmolyte transport, it failed
to answer relevant questions due to the nature of its constraints.
For instance, it cannot resolve the role of glucose as metabolite
and osmolyte during stomatal opening (Fliitsch et al. 2020), or
the contribution of guard cell photosynthesis and of the meso-
phyll to the overall leaf energetics.

Here, we report a more advanced flux-balance model that inte-
grates guard cell and mesophyll metabolism. By representing sev-
eral successive time intervals during the diel cycle, our model
accounts for the metabolic, osmotic, and energetic changes as
guard cells swell and shrink in volume during stomatal dynamics.
To do this, we utilized the GrOE-FBA framework to predict (rather
than constrain) the use of different osmolytes (Shameer et al.
2020); and we used experimentally determined stomatal aperture
as aninput to the model. We report the most efficient flux distribu-
tions in guard cells during stomatal opening in blue or white light
by optimizing the model for overall photosynthetic productivity in
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the leaf. The results of this minimally constrained stoichiometric
model provide a detailed quantitative accounting of guard cell en-
ergetics and osmolyte accumulation, and present a comprehen-
sive picture of possible metabolic states of guard cells.

Results

Construction of an integrated stoichiometric
model of guard cell and mesophyll metabolism
with 4 temporal phases

The starting point for the integrated model was an earlier diel stoichio-
metric model of plant leaf metabolism, PlantCoreMetabolism_v1_2
(Shameer et al. 2018, 2020). The model consists of a detailed cata-
logue of all the subcellular reactions and transport steps required
for autotrophic growth and has been extensively curated to en-
sure that the reactions of primary metabolism, the mechanisms
and proton coupling of metabolite and ion transporters, and the
effect of sub-compartmental pH on the ionic speciation state of
carboxylates and phosphates are all accurately represented.
Starting from this base model, our model reconstruction process
involved the following steps.

First, to capture metabolic interactions between guard cells and
the mesophyll, we duplicated the model to represent a guard cell
and mesophyll cell connected by an apoplastic compartment
with which both cells can exchange metabolites and ions, includ-
ing protons (Fig. 1, see Materials and methods, Supplementary Fig.
S1). We then added reactions to the guard cell model to account for
known guard cell plasma membrane and tonoplast transporters
and channels (see Materials and methods, Supplementary Fig.
S2). To account for any difference in photosynthetic capacity be-
tween the mesophyll and guard cell, we derived equations which
relate the total volume of guard cell and mesophyll and the ca-
pacity and number of chloroplasts in each cell type to the level
of photon influx in each cell type (see Materials and methods).

Second, to represent stomatal aperture dynamics and to ac-
count for the energetics of the entire diel cycle, we quadrupled
the 2 cell-type model, representing 4 distinct phases—Opening,
Day, Night 1, and Night 2 (Fig. 1, see Materials and methods).
Four phases are necessary to allow for the essence of diel stomatal
dynamics to be captured. Day 1 and Day 2 represent stomatal
opening and closing, and Night 1 and Night 2 allow capturing the
diel pattern of starch levels (Horrer et al. 2016). To model the accu-
mulation and degradation/export of metabolites and ions, these 4
phases were coupled by “linker” reactions that can transfer metab-
olites between adjacent time phases. For the mesophyll cell, we
added the same linker reactions as used previously: sucrose, ma-
late, citrate, and amino acids in the vacuole and starch in the plas-
tid (Cheung et al. 2014). For the guard cell, we also added sucrose,
malate?”, citrate®”, maltose, and palmitate linker reactions in the
cytosol, and added K*, Cl-, NOg3, glucose, and fructose linker reac-
tions in the vacuole and cytosol. The fatty acid palmitate was in-
troduced as a linker metabolite to allow the utilization of lipids
for the production of respiratory substrates during stomatal open-
ing (McLachlan et al. 2016; Geilfus et al. 2018; Korte et al. 2023). We
also added transport reactions for the osmolytes to the apoplast,
except for citrate and the amino acids, where there has been noin-
dication that these are exported/imported to/from the apoplast
(see Supplementary Table S1). The model was constrained in a
way that metabolites that accumulate in 1 or more phases will
be consumed in subsequent phases in order to close the diel
loop. For example, starch levels at the beginning of Night 2 must
match those at the end of Night 1.
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Figure 1. Construction of an integrated model of guard cell and mesophyll cell metabolism. Top left: Starting point for the model construction was a
stoichiometric core model of cellular metabolism which accounts for plant primary metabolism and subcellular compartmentation (Shameer et al.
2018). For clarity only chloroplast, cytosol and vacuole are shown. “Transport” reactions move ions/metabolites between compartments within the cell,
“transfer” reactions connect the cell to an apoplast compartment, and “linker” reactions can move ions/metabolites from 1 phase to the next thus
allowing the simulation of accumulation and degradation patterns. Top right: To create a combined model of guard cell and mesophyll cell metabolism,
this core model was replicated, guard cell-specific transport reactions and photosynthetic efficiency assumptions were added to the guard cell model,
and the cell volumes were constrained relative to one another. Bottom: Finally, this combined model was replicated to create 4 temporal phases
capturing the main phases of guard cell metabolism accounting for environment and species-specific constraints such as light quality and intensity,
aperture, volume, and osmolarity changes during stomatal opening and closing at the beginning of the day. Linker reaction arrows with a dotted line
represent ion/metabolite movements that link the end and beginning of the diel cycle. This generic guard cell-mesophyll interaction model was then
constrained by specified metabolic and osmotic constraints and simulated to optimize overall photosynthetic productivity in the leaf. Modeling

predictions are optimal osmolyte concentrations and metabolic fluxes.

Third, we modeled changes in the turgor pressure of the guard
cells which drive the changes in volume necessary to open and
close stomata. To provide a way to constrain the turgor pressure,
we used the GrOE-FBA framework (Shameer et al. 2020). This
framework constrains the total osmolyte concentration in the cell
to a specified value, but leaves unconstrained which metabolites
and ions are accumulated. In our model, we incorporated equa-
tions from the OnGuard model (Hills et al. 2012) to calculate the
osmolarity and volume of the guard cells required for specific sto-
matal apertures. Thus, we can specify the aperture of the stomata

at the end of each phase based on information from the literature.
This in turn constrains the model to accumulate the right amount
of osmoticum for that given aperture. See Materials and methods
for details of all calculations.

Overall, this metabolic modeling framework represents a ge-
neric guard cell—mesophyll cell system which can be parameter-
ized according to the system under consideration. To arrive at a
context-specific representation, we can specify the light intensity
(PPFD) of the light source illuminating the leaf, the aperture
of the stomata, the length of each phase, and the anatomical
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Table 1. Environmental and Arabidopsis-specific parameters used to constrain the model

Parameter Description Value Units Source

PPFD Photosynthetic Photon flux density 150 pmol-m=2s7! (Horrer et al. 2016)
Paps Proportion of light absorbed by leaf 0.9 Dimensionless (Zhu et al. 2010)

Ty Thickness of leaf 1.7x107* m (Wuyts et al. 2010)
Veeind Volume of individual GC 475%x 1073 dm? (Jezek and Blatt 2017)
FoFm PS efficiency of GC as proportion of MC 0.9 Dimensionless (Lawson et al. 2003)
Ren Ratio of chloroplast number GC:MC 0.0692 Dimensionless (Fujiwara et al. 2019)
Rehvol Ratio of chloroplast volume GC:MC 0.2005 Dimensionless (Knoblauch et al. 2023)
Propair Proportion of leaf that is air 0.37 Dimensionless (Earles et al. 2018)
Propepidermis Proportion of leaf that is epidermis 0.15 Dimensionless (Wuyts et al. 2010)
Vacfrac Proportion of GC that is vacuole 0.751 Dimensionless (Wang et al. 2017)

T Temperature 296.15 K (Horrer et al. 2016)
Nges Number of GCs in model 5.8%x108 m~? (Papanatsiou et al. 2017)
n Osmolarity parameter 2.5 atm (Wang et al. 2017)

m Osmolarity parameter 0.8 atm-yum™* (Wang et al. 2017)

r Osmolarity parameter 5x1071 dm®pum™? (Wang et al. 2017)

s Osmolarity parameter 3x1071 dm?® (Wang et al. 2017)
Capo Osmolarity of the apoplast 0.0230 mol-dm~3 (Wang et al. 2017)
Aclosed Closed aperture 1.6 pm (Horrer et al. 2016)
Aopen Open aperture 2.75 pm (Horrer et al. 2016)
H+-ATPase Plasma membrane H+-ATPase constraint 7.5 fmol-h™* (Jezek et al. 2021)

Parameter values used to predict osmolyte levels and metabolic fluxes in guard and mesophyll cells in an Arabidopsis leaf were collected from the corresponding
source. n, m, r, and s are empirical parameters used in the OnGuard model for calculating guard cell osmolarity (see Materials and methods).

GC, guard cell; MC, mesophyll cell; PS, photosynthetic.

parameters of our system of interest which are then converted into
constraints in the model. Additionally, the number and length
of the phases can also be adjusted to model a different system.
The model can be solved as a single optimization problem that ful-
fills the given constraints and predicts flux patterns and osmolyte
levels that maximize the export of sucrose and amino acids at a de-
fined composition from the mesophyll to the phloem (phloem out-
put) over the diel cycle (see Materials and methods, Supplementary
Data Set 1).

Table 1 lists the parameters from A. thaliana which were used in
the model. We based the duration of the 4 phases on the pattern of
stomatal aperture reported for A. thaliana, with a half-hour opening
phase, 11.5 h day phase, and two 6 h night phases (Horrer et al. 2016)
and scaled the linker reactions appropriately to adjust for the differ-
ences in length (see Materials and methods). Additionally, we used a
closed aperture of 1.6 pm, an open aperture of 2.75 pm, and a PPFD
of 150 umol-m~2.s™* as reported in the same study. As experimen-
tally determined starch levels in our reference study were of semi-
quantitative nature (starch granule area), we did not add any
constraints on starch levels to the model (Horrer et al. 2016). Using
these parameters, osmolarity increased by ~37 mu during opening,
from 179 mw to 216 mu, which was similar to the measured increase
in concentration of 47 mu (Flitsch et al. 2020). Per guard cell, this
corresponded to an increase of 27 fmol, from 68 fmol to 95 fmol.

Leaf maintenance costs were calculated based on a previous
derived light-dependent equation (Topfer et al. 2020). To calculate
the relative contributions of maintenance from mesophyll and
guard cells, we derived a proxy for the relative metabolic activities
for mesophyll and guard cells based on the sum of absolute met-
abolic fluxes. The calculated maintenance costs were used to con-
strain ATP and NADPH-consuming maintenance reactions in the
model (see Materials and methods).

The model was solved using parsimonious FBA (pFBA), first op-
timizing the main objective, in this case phloem output from the
leaf, before minimizing the sum of absolute fluxes in the model.
This minimization of fluxes assumes that metabolism has evolved
to be efficientin its use of enzymes, and it also avoids potential ar-
tifacts such as futile cycles in model solutions. Further details of
this process can be found in the Materials and methods section.

We then used this species-specific integrated guard cell—mesophyll
model to investigate optimal metabolic fluxes in A. thaliana guard
and mesophyll cells under a range of physiologically relevant sce-
narios. After initial investigation without any additional kinetic con-
straints, we found that our model overestimated the guard
cell plasma membrane H*-ATPase flux with 14.0 fmol GC™*h™?
as compared to 7.5 fmol GC*h™* calculated from the OnGuard
model (Hills et al. 2012). The import of K* and Cl~ was sufficient
for stomatal opening with no starch accumulation over the diel
cycle, suggesting that ion import is more efficient in providing osmo-
ticum compared to starch degradation. To generate a realistic
energy-bound for ion transport, we set an upper bound of
7.5 fmol GC"*h™* on the flux through the guard cell plasma mem-
brane H*-ATPase (Supplementary Fig. S3). We simulated both blue
and white light stomatal opening which represents stomatal open-
ing in the morning or during the day, respectively. Furthermore, to
investigate the role of guard cell starch metabolism and the photo-
synthetic contribution of the guard cell to stomatal opening, we si-
mulated both WT and guard cell starch-knockout metabolism as
well as guard cells that lack any photosynthetic contribution. The
values for all parameters and the sources for them can be found
in Table 1. Although the model solution is a prediction of optimal
fluxes over the entire diel cycle in both the guard cell and mesophyll
cell, unless otherwise stated, we analyze and present only fluxes
from the guard cell during the opening phase.

Distinct roles for starch and carboxylic acids in
blue light stomatal opening

When stomata open at dawn, they do so in blue light that contains
little photosynthetically active radiation. Experimental settings to
study blue light opening typically use a fluence rate insufficient
for the activation of guard cell photosynthesis. To resolve the met-
abolic flux states that allow guard cell expansion under these con-
ditions, we prevented photosynthesis during the opening phase of
the model (Fig. 1). As expected, import of K* and Cl- ions into the
guard cell from the apoplast made a substantial contribution
(55%) to the increase in osmolarity during stomatal opening,
with an increase of 30 mu (Fig. 2A, for full results in this section,
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see Supplementary Data Set 2). Moreover, the model predicted the
breakdown of guard cell starch during the opening phase (Fig. 2B),
which is an important result that is consistent with experimental
data showing that starch breakdown is required for blue light-
stimulated stomatal opening (Fliitsch et al. 2020).

The model also revealed the fate of the glucose produced by the
starch degradation, allowing open questions about the role of
starch breakdown in the supply of osmoticum and energy to be
addressed. We found an unusual flux pattern in guard cell central
metabolism that suggests that the fate of starch in blue light
opening is exclusively to supply osmoticum in the cytosol and
not to participate in energy metabolism. Starch was catabolized
using the amylolytic pathway, which first breaks starch down
into maltose which is then hydrolyzed to glucose. The model pre-
dicted that none of this starch-derived glucose was transported
into the vacuole for osmoticum. Instead, the model used 2 ener-
getically cheaper solutions in the vacuole: (i) importing K" and
Cl- ions into the vacuole (requiring 1 proton to be pumped into
the vacuole) compared to importing 2 molecules of glucose (re-
quiring 2 protons to be pumped into the vacuole); and (ii) breaking

down sucrose by vacuolar invertase to form glucose and fructose
in the vacuole. Surprisingly, none of the cytosolic glucose entered
glycolysis and glycolytic flux was essentially absent during this
phase of opening. This can be rationalized as a means of allowing
cytosolic glucose derived from starch to accumulate, by restrict-
ing its onward metabolism via glycolysis. An alternative possibil-
ity is that other intermediates in the pathway of starch breakdown
could accumulate instead of, or as well, as glucose. Indeed, rapid
accumulation of maltotriose and maltose has been reported in a
study of Vicia faba epidermal peels exposed to blue light (Talbott
and Zeiger 1993). To test this possibility, we performed an addi-
tional simulation and found that maltose only accumulated in
the model when cytosolic hexose accumulation was blocked.
This makes sense at an osmotic level: Splitting 1 molecule of mal-
tose into 2 molecules of glucose generates twice as much osmotic
potential and hence is more efficient. However, the overall effi-
ciency loss was marginal (0.00014%).

With starch and sugar making no contribution to energy me-
tabolism in the guard cell, the question arises as to how stomatal
openingis powered in blue light. In the model, the energy required


http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koae252#supplementary-data

for opening was derived from the metabolism of a small amount
of citrate (2.5 mM change in concentration) that had accumulated
in the cytosol in the dark (Fig. 2A). Citrate was metabolized to ma-
late through the TCA cycle providing reducing power for mito-
chondrial ATP synthesis (Fig. 2C). The resulting malate
accumulated during the day and was reconverted to citrate at
night, completing the citrate-malate cycle over the diel cycle.
There was no gluconeogenic flux, so citrate made no contribution
to sugar homeostasis and instead was exclusively used for energy
metabolism.

To confirm the role of starch in providing osmoticum but not
energy during blue light stomatal opening, we simulated a starch
breakdown knockout mutant by adding a constraint to the model
that prevented guard cell starch breakdown. In this scenario,
although the model took up the same amount of K* and Cl-
from the apoplast as in the WT model, less was imported into
the vacuole so that more could be retained in the cytosol to con-
tribute toits osmotic potential in the absence of starch-derived cy-
tosolic glucose. Note that the differences in the concentrations of
K* and CI- between WT and starch knockout were due to the dif-
ferences in the basal levels of K* and Cl™ in the guard cell at the
end of the dark period, but the changes in K* and Cl- concentration
were the same (Fig. 2A). Part of the basal levels of K* and Cl- was
instead replaced by maltose, which from a computational per-
spective are equivalent as they have the same osmotic coefficient.
To compensate for the reduced KCI content of the vacuole, the
model accumulated close to 4 times more sucrose in the vacuole
overnight than in WT and this was broken down during opening
by vacuolar invertase to form glucose and fructose, providing an
osmotic contribution of 54 mwu (Fig. 2, A and B). Energy was still ex-
clusively provided by the metabolism of citrate into malate via the
TCA cycle.

In summary, these results suggest that the role of starch break-
down during blue light opening is to provide glucose for cytosolic
osmoticum and that energy is supplied by the metabolism of cit-
rate to malate with no contribution from glycolysis. In the model,
this is the most efficient way of balancing the osmotic and energy
requirements of stomatal opening. If starch breakdown is not pos-
sible, the next most efficient metabolic mode is to degrade vacuo-
lar sucrose stored overnight into vacuolar hexoses and to retain
more K* and Cl™ in the cytosol for osmoticum.

Sugars for osmoticum are provided by guard cell
starch breakdown and photosynthesis in white
light stomatal opening

In the blue light opening scenario, photon influx was prevented
during the opening phase and permitted during the day according
to the photosynthetic capacities of the guard cell and the meso-
phyll (see Materials and methods). To observe how photosynthe-
sis might contribute to the osmotic and energy requirements
during opening, we also simulated the model with photon influx
into the guard cell and mesophyll during the opening phase. As
before, we simulated both a WT and a starch degradation knock-
out scenario (Fig. 3; for full results, see Supplementary Data Set 2).

In the WT simulation, in the same way as in the blue light sce-
nario, K" and Cl- imported from the apoplast were the main source
of osmolytes during stomatal opening, and starch was broken down
to provide glucose that accumulated as osmoticum in the cytosol
due to the absence of glycolytic flux (Fig. 3). Vacuolar sucrose was
broken down to provide glucose and fructose as osmoticum in the
vacuole. While the amount of starch broken down was 5.7% higher
than in blue light, the amount of sucrose broken down was 22%
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lower. Guard cell photosynthesis played a minor role in the synthe-
sis and accumulation of osmoticum in the cytosol (Fig. 3B). The
amount of osmoticum produced from guard cell photosynthesis
was 3% of that from starch degradation. Guard cell photosynthetic
energy was sufficient for import of K* and Cl-ions and for synthesis
of sucrose from CO,. However, to meet the demand for ATP in the
cytosol (primarily due to the plasma membrane H*-ATPase), a co-
ordinated chloroplast-mitochondrion energy system was used.
This involved shuttling of photosynthesis-generated reducing
power (NADPH) via the malate-OAA metabolite shuttle to the mito-
chondrion (Fig. 3C). The NADH released in the mitochondrion due
to mitochondrial malate dehydrogenase activity was used to fuel
the mitochondrial electron transport chain and mitochondrial
ATP synthase. Although the importance of mitochondrial metabo-
lism to utilize chloroplast reducing power has been previously rec-
ognized (Shameer et al. 2019), the unusual feature of the metabolic
flux mode predicted here was the use of mitochondrial electron
transport in the absence of a TCA cycle flux, instead the electrons
coming exclusively from malate shuttled from the chloroplast.

In white light, the model predicted the operation of an alterna-
tive flux mode of the Calvin-Benson-Bassham cycle that generated
PP; by using pyrophosphate: fructose-6-phosphate 1-phosphotrans-
ferase (PFP) and transaldolase instead of fructose-6-phosphatase
and sedoheptulose-1,7-bisphosphatase in WT guard cells during
stomatal opening. A similar flux mode was predicted in a previous
modeling study, with the PP; being used to fuel the tonoplast-
pyrophosphatase (Tan and Cheung 2020). In contrast, the PP; pro-
duced here was involved in a sucrose cycle that partially salvaged
the Gibbs energy in PP; while producing hexoses from sucrose as os-
moticum (Fig. 3D). Instead of directly using invertase to break down
sucrose into hexoses, the model predicted the use of sucrose syn-
thase to produce UDP-glucose and fructose. Glucose-1-phosphate
uridylyltransferase can combine PP; and UDP-glucose to form glu-
cose 1-phosphate and UTP, conserving the energy in PP; (Fig. 3D).
A cycle involving sucrose phosphate synthase, sucrose phospha-
tase, and sucrose synthase can then convert the resulting hexose
phosphate into hexose for osmoticum. The net effect is the conver-
sion of 1 sucrose into 2 fructose while combining 1 PP; with 1 UDP to
form 1 UTP and 1 Pi (Fig. 3D).

When starch utilization was prevented, the import levels of K*
and Cl-remained the same, but in contrast to the WT, some of the
K* and ClI- accumulated in the cytosol as a substitute for the glu-
cose produced from starch in WT (Fig. 3, A and B). K" and CI-im-
port to the vacuole decreased by 55% compared to the WT.
Instead, there was a 5-fold increase in the degradation of sucrose
that had been stored in the vacuole overnight into hexoses which
then contributed to osmoticum. As in the WT, energy came from
photosynthesis and was used for import of K* and Cl-ions and for
carbon fixation, but with more ATP utilized to fix carbon as less
energy was used to transport K" and Cl- across the tonoplast com-
pared to the WT. In the starch knockout mutant, PP; from the al-
ternative Calvin-Benson-Bassham cycle flux mode was used by
the tonoplast H*-pyrophosphatase to energize the tonoplast for
ion transport into the vacuole.

Starch breakdown provides both energy and
osmoticum in nonphotosynthetic guard cells in
white light stomatal opening

In the previous white light opening scenario, the assumed photo-
synthetic capacity of the guard cell was sufficient for the guard
cell to function independently of carbon from the mesophyll.
However, the capacity of the guard cell to perform photosynthesis
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Figure 3. Osmolyte concentrations and metabolic fluxes in the guard cell during opening in white light. A) Overall concentration of osmolytes and
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is a matter of debate (Lim et al. 2022), so next we simulated a white
light opening scenario where guard cells had no capacity for pho-
tosynthesis but, distinct from blue light opening, the mesophyll
was able to perform photosynthesis as normal.

In the WT, import of K*/Cl- from the apoplast was still the most
efficient way to increase osmolarity (Fig. 4A; for full results, see
Supplementary Data Set 2). Import levels were in line with pre-
vious solutions, and all K*/Cl- was imported into the vacuole.
The next largest contribution came from glucose in the cytosol
andin the vacuole. About half of the cytosolic glucose was derived
from starch breakdown and the rest from the breakdown of su-
crose. This sucrose was stored overnight in the cytosol and 64%
was degraded in the cytosol into glucose and fructose with the
rest being imported to the vacuole for degradation. It was recently
suggested that guard cells run a sucrose futile cycle during the

later hours of the day to avoid excess starch synthesis while main-
taining a pool of cytosolic sugars available to fuel glycolysis and
mitochondrial metabolism if needed (Robaina-Estévez et al.
2017; Piro et al. 2023). Our model prevents futile cycles due to
the pFBA formulation which minimizes the sum of metabolic
fluxes. However, in alternative optimal solutions with relaxed
constraints on metabolic flux sums, a futile cycle could explain
the maintenance of high sucrose levels.

In the previous blue light and white light opening scenarios, the
fate of glucose produced by starch breakdown was exclusively
to accumulate as osmoticum, with no onward metabolism by
glycolysis. Here, in contrast, 12% of the maltose released by starch
breakdown was metabolized by an alpha-glucanotransferase into
a 1:1ratio of glucose and heteroglycans and the latter entered gly-
colysis via their catabolism into glucose 1-P. Thus, a full glycolytic
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pathway was active as far as phosophoenolpyruvate (PEP) (Fig. 4C).
This metabolic shift to using glycolysis for energy and osmolyte pro-
duction occurs when guard cell photosynthesis falls below 0.32% of
that of the mesophyll cell per cell volume (Supplementary Fig. S4).
PEP was then converted to malate via PEP carboxylase, which carried
out anaplerotic carbon fixation as well as producing osmoticum in
the cytosol. Asin blue light, a partial TCA cycle in the guard cell con-
verted citrate that had been stored in the cytosol overnight to ma-
late. Malate was then exported to the cytosol for osmoticum
(Fig. 4C) and the reducing power produced by the TCA cycle was
used for ATP synthesis by oxidative phosphorylation.

The fluxes in this scenario are likely driven by the tradeoff be-
tween efficiently producing enough energy for import of K" and CI-
while still retaining osmoticum. The partial breakdown of starch
to malate produced energy from glycolysis while still producing
osmoticum. Similarly, the conversion of citrate to malate using
an incomplete TCA cycle created reducing power while not con-
suming osmoticum.

In the starch knockout mutant, K*/Cl- was imported into the
guard cell at the same level as in the WT simulation, and while
all the Cl- was transferred into the vacuole, 71% of the K* re-
mained in the cytosol to compensate for the loss of starch-derived
osmotic sugar (Fig. 4, A and B). A larger proportion of the vacuolar

osmolarity was provided through partial import of sucrose that
had been stored overnight in the cytosol and its subsequent deg-
radation into hexoses. The level of this vacuolar degradation
was around 3-fold higher than in the WT. Malate was transferred
from the vacuole to the cytosol, balancing the flow of negative
charge of Cl- into the vacuole. Sucrose was also catabolized in
the cytosol at 77% of the level in WT. As starch could not be uti-
lized, energy was solely provided by the conversion of citrate to
malate via an incomplete TCA cycle. This led to a lower rate of en-
ergy production which was offset by a 26% decrease in consump-
tion from the tonoplastic H*-ATPase pump. This decrease was
achieved partly through replacing the import of K* ions into the
vacuole with import of sucrose and its subsequent degradation
into glucose and fructose.

These simulations showed that starch could be converted to
glucose and malate during opening to provide a mixture of osmo-
ticum and energy. The latter required glycolysis, which was in
contrast to the white light opening scenario where energy needs
were met by guard cell photosynthesis in the absence of glycoly-
sis. Thus, the necessity for glycolysis depended upon the extent
to which guard cell photosynthetic capacity could meet the en-
ergy demand for stomatal opening. Moreover, without guard cell
photosynthesis, the role of malate changed from being a conduit
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for transfer of reducing equivalents between chloroplast and mi-
tochondrion to being used as an osmolyte.

Preventing guard cell starch utilization leads to
lower ATP turnover during opening but a less
carbon-efficient leaf overall

The simulations show that guard cell metabolism can be flexible
and operate in different modes depending on the environmental
and biological constraints. To obtain a detailed overview of the
cellular economy, we investigated the energy and carbon budgets
of the opening and day phases of the guard cell in the 6 scenarios
we have described (Figs. 5 and 6 and Supplementary Data Set 3, for
full results, see Supplementary Data Set 2). This analysis high-
lights the importance of including both day and night temporal
phases and interactions with the mesophyll cell in the model, as
the turnover of ATP and NAD(P)H in the opening phase did not
necessarily associate with the overall efficiency, measured as
phloem output over the diel cycle.

During opening, the highest guard cell ATP turnover occurred
in the white light scenarios due to the large production of
ATP by photosynthesis and its consumption for carbon fixation
(Fig. 5A). In the absence of photosynthesis, ATP production was
largely dependent on the mitochondrial ATP synthase with only
minor contributions from substrate level phosphorylation and
glycolysis. Proton pumping by the plasma membrane H*-ATPase
took its maximum constrained value in all 3 scenarios and it
was the main consumer of ATP during blue light opening. The in-
volvement of the tonoplast varied between the 3 scenarios, and
this contribution decreased in the starch knockout scenarios in

which the accumulation of sucrose in the vacuole in place of
starch led to more vacuolar sugars as osmoticum and less trans-
port of K" and Cl across the tonoplast.

During the day, all scenarios with photosynthetic capacity
produced the same level of ATP mainly through photosynthesis
and this was mostly consumed by carbon fixation in the Calvin-
Benson-Bassham cycle (Fig. 5B). In the scenario with no photosyn-
thetic capacity, the vast majority of ATP was produced by the
mitochondrial ATP synthase, and then consumed by the plasma
membrane H*-ATPase to import sucrose as well as for maintenance.

During opening, all the NAD(P)H was generated from oxidative
metabolism except in the white light scenario where most of the
NAD(P)H was derived from photosynthesis (Fig. 5C). Besides car-
bon fixation and maintenance, the reducing power was almost
all consumed by the mitochondrial ATP synthase.

During the day, in scenarios with photosynthesis, NAD(P)H was
generated through photosynthesis and used for carbon fixation
(Fig. 5D). NAD(P)H turnover in the scenario without photosyn-
thetic capacity was about 12% of the other scenarios, with reduc-
ing power generated via glycolysis and the TCA cycle mostly used
for ATP production in the mitochondrial electron transport chain
and for maintenance.

The metabolic efficiency of the guard cell can be judged by con-
sidering the net export of carbon from the guard cell to the meso-
phyll cell. There was no transport of carbon between the 2 cell
types during the opening phase under any scenario, so in the
following, we refer only to the day phase (Fig. 6). The guard cell
was a net exporter of carbon in the scenarios where it had photo-
synthetic capacity, and despite large differences in ATP and
NAD(P)H production and consumption during opening, the export
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levels were similar for these scenarios. In the blue light and white
light opening scenarios, the guard cell imported sucrose and ex-
ported glucose, with roughly twice the amount of carbon exported
than imported, resulting in a net export of carbon. In the white
light scenario, net carbon export was 6.5% higher compared to
the blue light scenario as the guard cell received extra energy
from photosynthesis. This net carbon export decreased by 1.8%
when starch could not be utilized in the starch-breakdown mu-
tant in white light.

The guard cell was a net importer of sugars in the scenarios
without guard cell photosynthesis. In both the WT and the starch
knockout, the export of glucose was similar to that in scenarios
with guard cell photosynthesis, but the import of sucrose was
higher, resulting in a small net import of carbon (Fig. 6). In the
WT, 11.53 fmol-GC™* of hexose equivalents of sucrose was im-
ported compared to 11.31 fmol-GC™" glucose exported, a differ-
ence of 0.23 fmol-GC™. The net sugar import was about doubled
in the starch knockout, presumably due to the lack of starch
breakdown for energy production.

In summary, this analysis demonstrates that in many instan-
ces, a higher energy turnover in the opening phase results in a
more efficient guard cell overall. It also shows that the cost of
opening and closing of the guard cell is comparable to the esti-
mated guard cell photosynthetic capacity.

Conclusions are insensitive to variation in
parameters or enzyme/transporter costs

There is considerable variation in guard cell physiology across dif-
ferent species, and in addition, there was uncertainty in the values
to be used for parameters in the selected scenarios. To confirm
that our conclusions were robust to variations in these parame-
ters, we performed a parameter sensitivity analysis on the 19 pa-
rameters in the model (Table 1, excluding PPFD where all other
parameters were varied relative to PPFD). As testing of all combi-
nations with only 2 levels of each parameter would have led to
2'9=524 288 simulations, we performed a parameter sampling
This allows a systematic sampling from a high dimensional param-
eter space to generate a computationally manageable number of
parameter sets representative of the whole parameter space.

In our case, we chose reasonable bounds for the 19 parameters
(Supplementary Table S2) and used Latin hypercube sampling to
generate 1,000 parameter combinations for further analysis. Of
these 1,000 parameter sets, 968 resulted in sensible constraints
with 32 combinations removed due to the open aperture being
smaller than the closed aperture. We simulated the model using
each of the 968 parameter sets under both blue and white light
opening and obtained a total of 1,934 solutions and 2 infeasible
simulation. Figure 7 displays the results of this parameter sam-
pling. The constraints used are available in Supplementary Data
Set 4, and the results for blue and white light opening in
Supplementary Data Sets S5 and S6, respectively.

We first investigated how much each parameter affected
phloem output of the leaf. To relate the parameters of the model
with phloem output of the leaf, we used lasso regression to fit a
linear model (see Materials and methods). Using only the propor-
tion of photons absorbed by the leaf (P,ns) and whether opening
was in blue or white light, the linear model predicted phloem out-
put with an R? > 0.999 (Fig. 7A), suggesting that the phloem output
is mostly dependent on incident light. As this outputis very sensi-
tive to parameters that are not directly related to the guard cell,
we repeated the lasso regression to fit a model relating net hexose
export from the guard cell with a reduced set of parameters more
specific to the guard cell including the volume and osmolarity of
the guard cell when opened and closed, the photon influx into
the guard cell, and the upper bound of the plasma membrane
H*-ATPase in the guard cell. To correct for blue versus white light
opening, we multiplied the photon influx by the number of hours
for which it occurred (11.5 for blue and 12 for white light opening)
to give photon influx per day into the guard cell. The net hexose
export was correlated with daily photon influx into the guard
cell with an R? of 0.952, and combining this with the difference
in osmolarity upon opening improved it further to 0.998 (Fig. 7B).
Importantly, the guard cell acted as a source tissue in 1,757 out
of 1,934 (91%) feasible solutions, suggesting that in most scenar-
ios, guard cells are not a sink tissue.

Our model initially overestimated the flux of plasma mem-
brane H'-ATPase and so the flux was constrained to the value cal-
culated from the OnGuard model. We investigated the impact of
variation in the kinetics of the plasma membrane H*-ATPase
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Figure 7. Effect of varying model parameters on guard cell starch and sugar metabolism. We selected 965 feasible of 1,000 combinations of the 19
model parameters that were variable, using Latin hypercube sampling with bounds as given in Supplementary Table S2. Each dot in the plots
represents the solution for 1 combination of parameters and blue and white light, respectively. A) Phloem output versus Py, the proportion of photons
that hit the leaf that are absorbed, colored by whether the opening is in blue or white light. B) Net hexose export versus total photons into the guard cell
across the diel cycle. Color corresponds to the total osmolarity increase of the guard cell. C) Guard cell starch degradation versus the increase in
osmolarity during opening, colored by the total level of H* export by plasma membrane H*-ATPase. The gray line represents a 1:1 relationship between
osmolarity increase and starch degradation. D) Increase in total guard-cellular glucose during opening versus the level of starch degradation per guard
cell during opening. Colors indicate whether glucose was imported from the cytosol into the vacuole (Vacuolar Glc. import) and whether sucrose is
degraded in the guard cell (Vacuolar Suc. deg.). The gray line represents a 1:1 relationship between starch degradation and increase in glucose.

and found that it had relatively small effects on the energetics of
the guard cell, with the flux only correlated to hexose export with
an R? of 0.109. Despite this, we wanted to test its influence on
guard cell flux modes and particularly on the utilization of starch.
In 98% of solutions, starch was degraded in the guard cell during
opening, indicating that its utilization is a crucial component of
optimal opening. Starch utilization was almost completely con-
trolled by whether the upper bound set on the plasma membrane
H*-ATPase was limiting, i.e. whether the import of K* and Cl~ was
sufficient for the change in stomatal aperture. The plasma mem-
brane H*-ATPase activity was limiting for 98.5% of the 1,892 solu-
tions utilizing starch, while the plasma membrane H*-ATPase
activity was not limiting in all 42 solutions without starch utiliza-
tion. These results suggest that the import of K* and Cl~ energized
by plasma membrane H*-ATPase was the preferred way of gener-
ating osmotic pressure and only when the import of K™ and CI~
was insufficient starch was broken down to produce osmoticum.
The level of starch degradation can be determined largely by a
combination of the total increase in osmolarity upon opening
and the level of flux permitted through the plasma membrane
H*-ATPase, especially at lower osmolarity increases (Fig. 7C).

Subsequently, we investigated the 1,892 solutions where starch
was degraded to explore its utilization pattern. We assumed that
the degradation of starch via the amylolytic pathway, which gen-
erates only glucose molecules, was driven primarily by the need to
produce osmoticum. On the other hand, when starch was de-
graded to form 1 glucose molecule and 1 glucose 1-phosphate
molecule, we assumed that the driver was energy production,
with half of the energy utilized for glycolysis and the remaining
half retained as glucose for osmoticum. In white light, starch
was used for production of osmoticum in all solutions, but for en-
ergy production in only 37% of solutions. Even in the solutions
where starch was used for energy, only an average of 3.4% of
the starch was degraded for energy with most of the starch used
for producing osmoticum. For blue light, while the majority
(96%) of solutions used starch for energy, on average only 7% of
the starch was degraded for energy. This reinforced the conclu-
sion that the main driver for starch utilization was the production
of osmoticum.

As we and Flutsch et al. (2020) have both observed starch being
utilized for glucose during the opening process, we conducted a
comparison between starch degradation and the concurrent
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increase in glucose concentration (Fig. 7D). We observed a strong
positive relationship between starch degradation and the net in-
crease in glucose concentration during stomatal opening. The sol-
ution can be separated into 4 different categories depending on
the presence or absence of sucrose degradation in the vacuole
and glucose import into the vacuole. For solutions with a low glu-
cose increase, presumably corresponding to a low osmoticum re-
quirement and/or high upper bound on the plasma membrane
H*-ATPase, starch degradation was sufficient to provide glucose
as osmoticum in the cytosol without the need to import glucose
into the vacuole (6.0% of solutions). As glucose accumulation in-
creased, sucrose degradation in the vacuole was needed to pro-
duce hexoses for osmoticum in the vacuole without glucose
import into the vacuole (2.5% of solutions). At higher glucose ac-
cumulation and starch degradation, glucose produced from
starch was imported into the vacuole, with most of the solutions
also involving sucrose degradation in the vacuole (90.9% of
solutions) and only 12 solutions (0.6% of solutions) with glucose
import without vacuolar sucrose degradation. These results sug-
gest that starch degradation is important in producing glucose
as osmoticum, with some of the resulting glucose being trans-
ported into the vacuole in most cases. Furthermore, this process
can be accompanied by the degradation of sucrose stored over-
night to produce hexoses as osmoticum in the vacuole.

In summary, based on this comprehensive robustness analysis,
we can conclude that the results obtained for the selected scenar-
ios (Figs. 2 to 4) provide a reliable representation of the potential
flux modes, despite the uncertainties surrounding the precise pa-
rameter values used. We found that the guard cell is likely to act
as a source tissue unless photosynthetic capacity is very small rel-
ative to the mesophyll cell, and that the kinetics of the plasma
membrane H*-ATPase and the resulting limited import of K*
and Cl™ are likely to be a key point of control for starch utilization.
The key driver for starch utilization is likely the production of glu-
cose for osmoticum, rather than provision of energy.

Discussion

The stoichiometric integrated guard cell metabolic model pre-
sented here predicts metabolic and osmolyte fluxes taking into
consideration the interaction with the mesophyll and the day
and night cycle of leaf metabolism under the assumption that
stomatal opening is realized in a way that maximizes the overall
performance of the leaf. The model partially builds on, and com-
plements, the OnGuard model (Hills et al. 2012) which enables dy-
namic simulations of ion transport processes at the plasma
membrane and tonoplastin the guard cell. Furthermore, the mod-
el overcomes some of the weaknesses of previous stoichiometric
models of guard cell metabolism such as limitation to a single
metabolic state (Robaina-Estévez et al. 2017), the lack of consider-
ation of the guard cell mesophyll interaction, and rigid constraints
that enforce the model predictions to match experimental obser-
vations (Robaina-Estévez et al. 2017; Tan and Cheung 2020).

Guard cell starch breakdown during stomatal
opening is for osmoticum and not energy
production under different light conditions
Analysis of the levels of sugars and malate in guard cells isolated
from wild type and a-amylase3 (AMY3) and p-amylasel (BAM1)
knockout mutants suggests that the role of blue light starch turn-
over is to provide sugars and not malate (Flutsch et al. 2020).
Stoichiometric modeling not only confirms this observation, but
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explains why: It is the most efficient way to provide organic osmo-
ticum in the cytosol in the absence of photosynthesis. Meanwhile,
the metabolism of a small amount of citrate stored overnight can
entirely meet the energy needs of the guard cell via mitochondrial
metabolism. Moreover, even in white light opening (i.e. in the
presence of photosynthesis), if starch is present, then it is mobi-
lized to generate sugars that contribute to the osmotic require-
ment for guard cell expansion. Interestingly, the model predicts
that starch-derived glucose accumulates in the cytosol and not
the vacuole, where import of K* and Cl™ remains the most energy
efficient mechanism for increasing turgor. In the absence of
starch breakdown, the model reveals that the next most efficient
route to guard cell expansion is to retain a greater proportion of
imported KClin the cytosol and to generate vacuolar turgor by hy-
drolysis of sucrose stored overnight to generate 2 hexoses.

Use of sugars as cytosolic osmoticum for stomatal
opening

Although the prediction of the model that glucose derived from
starch turnover in blue light accumulates as a cytosolic osmoti-
cum is consistent with results from Arabidopsis starch turnover
mutants (Flutsch et al. 2020), it is also possible for the other cyto-
solic product of starch breakdown, maltose, to contribute to cyto-
solic osmoticum. However, as demonstrated by the model, it is
more efficient from an osmotic standpoint to cleave the maltose
into 2 glucose molecules, which raises the question as to why mal-
tose has been observed to accumulate in broad bean (V. faba) epi-
dermal peels exposed to blue light (Talbott and Zeiger 1993).

One possible explanation could be regulatory: It has been dem-
onstrated that high levels of sugars stimulated stomatal closure in
a response mediated by the hexokinase sugar sensor and a num-
ber of other signaling systems (Kelly et al. 2013; Li et al. 2016; Hei
etal. 2017; Kottapalliet al. 2018). Therefore, the use of sugars such
as glucose as an osmoticum to drive stomatal opening could be
counterproductive if the sugar instead signals the induction of
stomatal closure. The accumulation of maltose as an osmolyte
would potentially avoid hexokinase-mediated sugar signaling as
long as the maltose was not further metabolized to glucose. As
our model does not capture these regulatory considerations, it
chooses to use the more-osmotically efficient solution of glucose
accumulation. Nevertheless, if hexose accumulation is prevented
in the model, then it does indeed elect to accumulate starch-
derived maltose as a cytosolic osmoticum, with a minor penalty
in terms of the overall efficiency of the system (1%).

Note that while maltose is the primary product of transitory
starch breakdown in leaves, maltotriose is also produced as a
product of glucan chains with odd numbers of glucose residues
and is acted on by chloroplast disproportionating enzyme to gen-
erate maltopentaose and glucose (Critchley et al. 2001). Some of
this glucose is likely to be exported to the cytosol and thus it is
conceivable that even with no onward metabolism of maltose,
some cytosolic glucose will be generated by starch breakdown. It
is unclear whether this glucose could accumulate to levels that
are insufficient to trigger hexokinase-mediated signaling or
whether it would have to be metabolized by glycolysis.

The use of glycolysis in guard cells

However one views it, in order for either maltose or glucose to ac-
cumulate to contribute to cytosolic osmoticum, there would have
to be limited onward metabolism of the sugars otherwise they
would not accumulate. The limited role for guard cell glycolysis
during blue- and white-light opening in the model is consistent
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with this, but is nevertheless one of the more striking predic-
tions of our model. The model demonstrates that, in principle,
guard cell glycolysis is not necessary to support the energy re-
quirements of stomatal opening. In blue light-induced opening,
the guard cell was energized in the model by a pattern of carbox-
ylic acid metabolism that involved a citrate-malate cycle over
the diel cycle. Citrate is metabolized to form malate by a partial
TCA cycle during stomatal opening while malate accumulates
throughout the day and is converted back into citrate at night.
The citrate-malate cycle allows the guard cell to “shuttle” en-
ergy over the diel cycle without affecting the overall osmoticum
level, which could be particularly important in guard cells.
Although further experimental work would be required to test
this prediction, we note that malate has been observed to
accumulate in epidermal peels exposed to blue light (Talbott
and Zeiger 1993).

In white light-induced stomatal opening, when guard cell photo-
synthesis was allowed to be active in the model, the chloroplast and
mitochondria coordinately provided the energy required for open-
ing. As much of that energy is required in the cytosol and the chlor-
oplast lacks an active ATP export system (Shameer et al. 2019; Lim
et al. 2022), cytosolic ATP was predicted to be supplied via mito-
chondrial oxidative phosphorylation which was powered by malate
exported from the chloroplast. Again, in this scenario, glycolysis
was not required. This is in apparent contradiction to experimental
evidence that suggests that guard cell glycolysis is stimulated by il-
lumination (Hedrich et al. 1985). The experimental evidence is
based on the observed increase of the regulatory metabolite fruc-
tose 2,6-bisphosphate which would lead to stimulation of glycolysis
by activation of the enzyme PFP and by inhibition of the gluconeo-
genic enzyme fructose-1,6-bisphosphatase. A decline in hexose
phosphate levels was observed upon illumination of isolated guard
cell protoplasts from V. faba which could also be consistent with an
acceleration of glycolysis. However, we note that no flux measure-
ments were made and the results are open to interpretation.

Moreover, it is also apparent from our model that the extent to
which glycolysis contributes to energy metabolism during stoma-
tal opening is crucially dependent on the capacity for guard cell
photosynthesis, something that remains much debated. We
show that if guard cell photosynthesis drops below a certain
threshold (in our model, this is expressed in terms of the relative
total volume of guard cell chloroplasts versus mesophyll chloro-
plasts and the crucial threshold is 0.32%—see Supplementary
Fig. S4), then guard cell glycolysis becomes important. Also, under
this threshold, PEP carboxylase also becomes active in the model.
While these results appear more consistent with the interpreta-
tions of metabolic activity in guard cells based on **C-labeling ex-
periments of guard-cell-enriched epidermal fragments of tobacco
(Nicotiana tabacum) leaves (Daloso et al. 2015), the sensitivity of
guard cell metabolism to the extent of guard cell photosynthesis
and the nonphysiological state of the guard cells in the labeling
experiments raises the possibility of alternative flux modes in
vivo in which glycolysis and PEP carboxylase are less important.
The experimental literature presents contradictory evidence
about the role of photosynthesis in guard cells, with some studies
demonstrating that the absence of guard cell chloroplasts attenu-
ates stomatal responses (Wang et al. 2014) and others suggesting
that guard cell chloroplasts have a limited role in stomatal energy
metabolism (Lim et al. 2022).

If guard cell photosynthesis is sufficiently active that glycolysis
becomes less important to energize stomatal opening, then how
do we reconcile the fact that transcriptomic data and **C-labeling
studies both suggest that the enzymes of glycolysis are present

and can be active to generate an appreciable flux (Medeiros et al.
2018)? The answer is that despite not being substantially impor-
tantin the model during stomatal opening, the model does predict
substantial glycolytic flux at other times of the day and, in all sce-
narios tested, glycolysis was active at night where it played a ma-
jor role in energy provision by substrate level phosphorylation
(Supplementary Data Set 2).

Guard cells are likely to act as a source tissue

The ongoing discussion about the photosynthetic activity of
guard cells and the contribution it makes to stomatal opening
(Flitsch et al. 2022, Lemonnier and Lawson 2024) and our dem-
onstration of the sensitivity of metabolism to the extent of guard
cell photosynthesis means that it remains unclear what are the
dominant metabolic flux modes that support guard cell energy
metabolism. Guard cells usually contain chloroplasts and
all the enzymes of the Calvin-Benson-Bassham cycle (Lawson
et al. 2014; Lawson and Blatt 2014). However, the chloroplasts
are typically smaller and less numerous than in mesophyll
cells and the levels of Rubisco are relatively low (Outlaw 1989;
Vavasseur and Raghavendra 2005). At the same time, guard cells
contain large numbers of mitochondria (Allaway and Setterfield
1972) and experiments on guard cell protoplasts suggest that mi-
tochondrial oxidative phosphorylation is the main source of en-
ergy in guard cells (Lim et al. 2022). These observations raise
questions about the quantitative importance of guard cell photo-
synthesis (Santelia and Lawson 2016). Recent work showed that
although the role of photosynthesis in guard cells might be
small, chlorophyll at the thylakoid membrane seems to be crit-
ical for guard cell turgor (Lim et al. 2022). They also found that
guard cell photosynthesis is required for proper starch accumu-
lation in guard cell chloroplasts which is in line with previous re-
ports (Azoulay-Shemer et al. 2015).

In this study, the model was parameterized using anatomical
and photosynthetic data from the literature for Arabidopsis and
guard cells with photosynthetic activity were net exporters of car-
bohydrate during the day phase (Fig. 6). The effect of varying the
photosynthetic capacity of the guard cell was tested using a con-
straint sampling strategy and this showed that even a very low
level of photosynthesis compared to the mesophyll would be suf-
ficient for guard cell functioning over the whole diel cycle (Fig. 7).
On this basis, we conclude that it is most likely that the guard cell
acts as a source tissue, with photosynthetic carbon fixation mak-
ing a major contribution to its energy budget and carbon metabo-
lism during the day. Evidence for photosynthetic carbon fixation
in guard cell chloroplasts has been obtained in **C-bicarbonate la-
beling experiments (Daloso et al. 2015).

Recently, it has been suggested from a meta-analysis of the
3C-labeling patterns observed in experiments in which leaves
and epidermal strips were incubated with >CO,, **C-bicarbonate,
and *C-sucrose that guard cell metabolism has the characteristics
of a sink tissue (Daubermann et al. 2024). However, in contrast to
the modeling analysis, the labeling experiments have not yet
yielded quantitative measures of the fluxes through the guard
cell network, and this limits the extent to which conclusions can
be drawn about the contribution of the detected pathways to
the overall energetics and carbon balance of the guard cell. As
a further complication, the supply of CO, from **C-bicarbonate
solution is unlikely to match that which the guard cell would ex-
perience via the stomata in a leaf and that could compromise
the overall contribution of photosynthesis to metabolism in the
experiments.
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Limitations of the model

Asin any stoichiometric model that predicts metabolic fluxes based
on an optimality principle, the model includes only minimal man-
ually curated information about kinetic constraints and does not
explicitly account for enzyme kinetics. Hence, it may be that regu-
latory or enzyme-capacity limitations could lead to different meta-
bolic flux modes to the ones we predict. The model in its current
formulation is also not capable of predicting impaired stomatal dy-
namics (either with respect to aperture or the time it takes to open)
as these data are inputs for the model. However, as we demon-
strate, parameter scans can be used to explore the effect of varying
the relationship between aperture and osmolarity. While the mod-
eling framework itself could readily be adjusted to accommodate a
more fine-grained temporal resolution, the analysis of each in silico
experiment needs a detailed consideration of flux distributions in 2
cell types and multiple time intervals. Thus, a more detailed analy-
sis of metabolism and the fate of osmolytes during the rest of the
day would go beyond the scope of this study. On a related note,
the model did not choose fatty acids for the production of respira-
tory substrates as shown for guard cells of Arabidopsis plants grown
under short day conditions and/or heat stress (McLachlan et al.
2016). Further studies could investigate under which specific condi-
tions the utilization of lipids might be favorable.

Conclusions

Our modeling work revealed a range of different metabolic
behaviors in the guard cell, some of which are quite different to
the dominant (and therefore expected) flux modes observed in
other tissues. The work resolved the role of starch breakdown dur-
ing blue light opening: It is the most efficient way of contributing
to cytosolic osmoticum by accumulation of glucose. Moreover, the
modeling suggested that mechanistically, this is achieved by
downregulation of guard cell glycolysis. The interplay between
citrate and malate could play a role in supporting the energetic
needs of guard cells while maintaining osmotic pressure. In white
light opening, a coordinated action of chloroplast and mitochon-
drial metabolism, connected by a malate shuttle, provided energy
for guard cell ion and metabolite transport. These varying and in
many cases unusual flux modes demonstrate the flexibility of
guard cell metabolism to efficiently realize stomatal opening in
various environments. With our analyses, we have been able to
corroborate some of the recent findings in Arabidopsis guard
cell research, demonstrated the validity of our conclusions with
respect to variation in parameters or enzyme/transporter costs,
helped to resolve conflicting experimental observations by dem-
onstrating the flexibility of guard cell metabolism, and put for-
ward metabolic flux modes for further experimental testing.

Materials and methods

The code required to reproduce the results presented here,
including most of the figures, is available as Jupyter notebooks
at https:/github.com/toepfer-lab/mmon-gcm, with documenta-
tion at https:/toepfer-lab.github.io/mmon-gcmy/. Please refer to
this for the most complete and accurate description.

Constructing an integrated stoichiometric model
of guard cell and mesophyll metabolism with 4
temporal phases

The starting point for the model of guard cell metabolism was our
previously published stoichiometric model of plant central
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metabolism, PlantCoreMetabolism_v1_2 (Shameer et al. 2018). This
core model was duplicated to represent guard cell and mesophyll
cellmetabolism with the respective suffixes_gcand _meadded tore-
action identifiers. In the guard cell, reactions representing plasma
membrane and tonoplast transporters and channels were added
based on literature (Hills et al. 2012; Feng and Frommer 2015;
Santelia and Lawson 2016) (Supplementary Fig. S2). For every metab-
olite or ion that contained transporters to the extracellular compart-
ment, a “transfer reaction” was included in the mode to allow
exchange between the extracellular compartment of the cell and
the apoplast compartment (Supplementary Figure S1).

To represent stomatal aperture dynamics over the course of
the diel cycle, the 2-cell model was quadrupled to represent 4 dis-
tinct time phases with additional suffixes of _1, _2, 3, and _4
added to reaction identifiers. The temporal phases were con-
nected by “linker reactions” that allowed the simulation of the ac-
cumulation and degradation of specified metabolites by passing
them from one time phase to the next. Because the model is re-
quired to balance fluxes across the complete day-night cycle, me-
tabolites that accumulate in 1 or more phases must be consumed
in subsequent phases. Linker reactions are defined in a .csv file
that is parsed by the model creation scripts. Linker reactions for
species with a mixed protonation state, such as malate and cit-
rate, have the corresponding linker reactions for each protonation
state added. Throughout the text, the use of malate and citrate re-
fers to the sum of the 2 protonation states. The linker reactions in-
cluded in the model are listed in Supplementary Table S1.

Scaling of fluxes to account for temporal differences

The inclusion of temporal phases of unequal duration is an exten-
sion of our previously described “diel” frameworks (Cheung et al.
2014; Topfer et al. 2020) and necessitates appropriate scaling of
linker fluxes. For example, if glucose for osmoticum is produced
at a rate of 5 fmol-h™, 10 fmol will be produced if a phase is 2h
long, but only 2.5 fmol if the phase is 0.5 hlong, and this also holds
for rate of consumption in the next phase. Linker reactions were
therefore constructed according to the following equation:

Linkeri:1/Phaselength; - Species; — >1/Phaselength, - Species;, ;.

For example, for Linker 2 (phase 2 is 0.5 h, phase 3 is 11.5h):
2-Species ->0.087-Species.

Charged pseudo-osmolytes were also added to linker reactions
of charged species to ensure no net charge is accumulated across
phases. Finally, total phloem output was calculated by multiply-
ing the output flux of each temporal phase by the length of the
phase and summing up the 4 phases.

Scaling of fluxes to account for cell size

Another important scaling consideration was the unequal total
proportion of the 2 cell types in the leaf. This was taken into ac-
count by scaling the influx of photons into the 2 separate cell types
relative to their volumes. We first define that all photons that are
absorbed by the leaf contribute to either guard cell or mesophyll
photosynthesis:

P =P, - PPFD
P=Pgc + Pumc

where P is the total number of photons absorbed per m? of leaf; Py
is the proportion of photons that hit the leaf that are absorbed, and
PPFD is the number of photons that hit each m? of leaf. P is the
total photon uptake by the guard cell per m? of leaf; Pyc is the total
photon uptake by the mesophyll per m? of leaf.


https://github.com/toepfer-lab/mmon-gcm
https://toepfer-lab.github.io/mmon-gcm/
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koae252#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koae252#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koae252#supplementary-data

16 | The Plant Cell, 2025, Vol. 37, No. 1

We then define guard cell photon influx to be the product of to-
tal influx (P), the proportion of the volume of the leaf that is guard
cells (Propgc), and the efficiency (e) of guard cell photosynthesis
compared to mesophyll:

Poc=e- Propgc -P

where efficiency is the product of the quantum efficiency (FgFm),
the number of chloroplasts in the guard cell relative to the meso-
phyll (Ren), and the volume of chloroplasts in the guard cell rela-
tive to the mesophyll (Rehvol):

e= Fqu . Rch . Rchvol~

The volume of the leaf (V1), the total volume of guard cells (Vg),
the total volume of the mesophyll cells (Vy,e), and the proportion
of the volume of the leaf thatis guard cells (Propg.) are defined as:

Vio=TL AL
vgc = Vgcind . NgCS
Ve =V - (1 - Propepidermis) +(1 - Prop,;,)
Pl’Opgc = Vgc/(vme + VgC)

where T; is the thickness of the leaf; A; is the area of the leaf (which
was set as 1 m? to study the metabolic fluxes per 1 m? leaf area);
Vgcing 18 the volume of an individual guard cell; Ng¢ is the number
of guard cells; Propepidermis 1S the proportion of the leaf that is epi-
dermis; and Prop,;, is the proportion of the leaf that is air.

Assuming that the volume of the guard cell is negligible com-
pared to the mesophyll cell:

PlropgC =Vgc/Vrme.

Thus, photon influx into the guard cell and mesophyll during the
day can be constrained by specifying the relevant parameters out-
lined in Table 1. Photon input for the night phases was set to O.

Phloem output reaction

We use the phloem output reaction defined earlier (Cheung et al.
2014). This reaction describes the composition of amino acid and
sucrose exports from a mature Arabidopsis (A. thaliana) leaf, with
output constrained to a 3:1 ratio for day:mnight.

Osmotic constraints

To calculate total osmotic concentration of the guard cell for a giv-
en stomatal aperture, we used the empirical relationship defined
in the OnGuard model (Hills et al. 2012). The equations imple-
mented here are:

RT <<2-A-(r+s)

2
_ _RT P a4\ _ a4y
OSina =75 RT + Capo + RT) (Capc’ + RT) )

OStotal = osind . Ngcs
q=mn-m)-(s/r)
p=m/r

where A is guard cell aperture, 1, s, n, and m are empirical param-
eters, R is the ideal gas constant (0.08205 dm*-atm-K~mol ™), T is
the temperature defined as 296.15 K in Horrer et al. (2016), Capo is
the sum of osmolyte concentrations in the apoplast, and Osj,g and
Osiotal are the total number of moles of osmolyte in individual
guard cells and all the guard cells, respectively.

Then, to simulate turgor-pressure driven changes in guard cell
volume, the model needed to generate the specified amount of to-
tal osmolyte from a range of specified metabolites and ions for the

aperture values for differing phases. For this, we used the
GrOE-FBA framework (Shameer et al. 2020). This framework im-
poses OSsiora) @s a constraint during flux balance analysis (FBA) us-
ing “osmotic pseudo-metabolites” which are added to linker
reactions for osmotic metabolites and ions in stoichiometric pro-
portions. The linker reactions that were included in the osmolar-
ity calculations are specified in Supplementary Table S1. Osmotic
pseudo-metabolite fluxes were collected in an “aggregator reac-
tion” with the constraint applied that the flux of the aggregator re-
action in each temporal phase be equal to Osiota1. The proportion
of the cell that was vacuole was set at 0.751, with the rest of the
cell defined as cytosol, according to Wang et al. (2017), and the ag-
gregator reaction was constrained so that it consumed vacuolar
and cytosolic osmotic pseudo-metabolites in this ratio, assuming
equal osmotic concentration in the 2 compartments.

Accounting for maintenance costs (ATP and
NADPH consumption)

Maintenance costsin a leaf are dependent on the incident light in-
tensity and were implemented as described elsewhere (Topfer
et al. 2020). Moreover, to distribute maintenance costs between
guard cells and mesophyll tissue, the light-independent portion
of maintenance was distributed between the 2 cell types using a
proxy based on their relative metabolic activities. More specifi-
cally, this relative metabolic activity was calculated based on
the ratio of the total sum of metabolic and transport reaction
fluxes for each cell type in the absence of any maintenance costs.

Obtaining the plasma membrane H*-ATPase
value using the OnGuard model

The model file “RCA5-wt-191120-wt”, that was packaged with the
Summer 2022 release of OnGuard 3 (Version 3.3.6.2) (Jezek et al.
2021) was modified by unticking the “CRR” box and then simulat-
ing 24h. The average flux through the plasma membrane
H*-ATPasein the first half hour was then used as the upper bound
for the plasma membrane H"-ATPase.

FBA

FBA problems were set up and run using scripts in Python version
3.9 and the COBRApy package (Ebrahim et al. 2013) (version
0.27.0). The complete model with both cell types and all 4 temporal
phases was solved as a single optimization problem using pFBA
(Lewis et al. 2010). The primary optimization objective was to max-
imize phloem output, and the secondary objective was to minimize
the sum of fluxes in the model. To account for the unequal duration
of the 4 temporal phases in the sum of fluxes calculation, a
phase-specific weighting was applied to each reaction flux, effec-
tively multiplying the flux by the duration of the phase. Fluxes
through the linker reactions were excluded from the weighting as
these are not enzyme-catalyzed. Flux variability analysis was im-
plemented as described elsewhere (Mahadevan and Schilling 2003).

Other analyses

The parameter combinations for the robustness analysis were
generated using Latin hypercube sampling (Van Schepdael
etal. 2016) and coded using the “lhs” function of the pyDOE pack-
age (version 0.3.8) (https:/github.com/tisimst/pyDOE/). Linear
regression and lasso linear regression were implemented using
scikit learn (Garreta and Moncecchi 2013) (version 1.2.0). NBDev
(https:/github.com/fastai/nbdev) (version 2.3.7) was used for
creating the Python package and documentation; matplotlib


http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koae252#supplementary-data
https://github.com/tisimst/pyDOE/
https://github.com/fastai/nbdev

(Hunter 2007) (version 3.6.0) and seaborn (Waskom 2021) (version
0.12.0) were used for plotting; escher (King et al. 2015) (version
1.7.3) was used for generating flux maps useful in analysis; and
pandas (The pandas development team 2024) (version 1.5.0)
and pandarallel (https:/github.com/nalepae/pandarallel) (ver-
sion 1.6.3) were used for data analysis. Color schemes were
from Paul Tol (https:/personal.sron.nl/~pault/).
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