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SUMMARY

The most productive C4 food and biofuel crops, such as Saccharum officinarum (sugarcane), Sorghum bico-
lor (sorghum) and Zea mays (maize), all use NADP-ME-type C4 photosynthesis. Despite high productivities,
these crops fall well short of the theoretical maximum solar conversion efficiency of 6%. Understanding the
basis of these inefficiencies is key for bioengineering and breeding strategies to increase the sustainable pro-
ductivity of these major C4 crops. Photosynthesis is studied predominantly at steady state in saturating light.
In field stands of these crops light is continually changing, and often with rapid fluctuations. Although light
may change in a second, the adjustment of photosynthesis may take many minutes, leading to inefficiencies.
We measured the rates of CO, uptake and stomatal conductance of maize, sorghum and sugarcane under
fluctuating light regimes. The gas exchange results were combined with a new dynamic photosynthesis
model to infer the limiting factors under non-steady-state conditions. The dynamic photosynthesis model
was developed from an existing C4 metabolic model for maize and extended to include: (i) post-translational
regulation of key photosynthetic enzymes and their temperature responses; (i) dynamic stomatal conduc-
tance; and (iii) leaf energy balance. Testing the model outputs against measured rates of leaf CO, uptake and
stomatal conductance in the three C4 crops indicated that Rubisco activase, the pyruvate phosphate dikinase
regulatory protein and stomatal conductance are the major limitations to the efficiency of NADP-ME-type C4
photosynthesis during dark-to-high light transitions. We propose that the level of influence of these limiting
factors make them targets for bioengineering the improved photosynthetic efficiency of these key crops.

Keywords: photosynthetic induction, C4 photosynthesis, Zea mays, Sorghum bicolor, Saccharum offici-
narum, mathematical model, Rubisco activase, PPDK regulatory protein, stomatal conductance.
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the world’s major crops is stagnating (Ray et al., 2012).

INTRODUCTION
With a forecast 60% increase in global demand for primary

Increasing crop genetic yield potential during the Green
Revolution proved critical both to global food security and
reducing the land-use change that would otherwise have
been necessary to support the growing world population.
The biggest contribution from this period was from new
genotypes of major grain crops, which had greatly
improved harvest indices and, coupled with improved
agronomy, provided increased yield (FAO, IFAD and UNI-
CEF, 2018, 2020). However, after rapid increases in yield
over the 45 years from 1960, the growth in productivity of
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foodstuffs by mid-century there is an urgent need to find
new means to sustainably increase the productivity of
these key crops (FAO, IFAD and UNICEF, 2020).

In parallel, a second global challenge is how to provide
sustainable sources of energy and bioproducts to meet
increasing societal pressures to achieve zero net glass-
house gas emissions. Displacing 55-70% of the petroleum
demand in the USA with cellulosic biofuels would require
about 10° Mg of biomass (Langholtz et al., 2016; Robertson
et al., 2017). Saccharum officinarum (sugarcane) and Zea
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mays (maize) are the largest current sources of biofuels,
whereas Sorghum bicolor (sweet and fiber sorghum) and
the sugarcane-derivative fiber crop, energycane, have
emerged as major potential bioenergy and bioproduct
feedstocks (Crow et al., 2020; Gautam et al., 2020; Jaiswal
et al., 2017; Long et al., 2015; Parajuli et al., 2020). All
belong to the monophyletic grass tribe Andropogoneae
and all predominantly use the C4 NADP-ME metabolic
pathway (Bianconi et al., 2019). Increasing crop photosyn-
thetic efficiency is one means to meet the need to increase
the yields of food, biofuels and bioproduct crops and so
avoid a need to bring more land into agriculture.

The yield potential of a given genotype at a given loca-
tion is the product of the incident photosynthetically active
radiation over the growing season, the efficiency of the
crop in intercepting that radiation (;), the efficiency of the
conversion of intercepted radiation into plant mass (e;) and
the efficiency of partitioning that mass into the harvested
product (ep), also termed harvest index (Zhu et al., 2010);
see Table 1 for a list of abbreviations, their definitions and
units. Plant breeding has optimized ¢ and ¢, to the point
where there is little opportunity for further improvement of
these efficiencies in the major crops (Long et al., 2019; Zhu
et al., 2010). Harvest indices are now as high as 0.6 in mod-
ern crop cultivars, with little scope for further improvement
in this trait (Evans, 1997; Murchie et al., 2009; Zhu et al.,
2010). Under optimal conditions the e, of maize hybrids is
about 0.52, which has remained unchanged for the last
two decades (Di Matteo et al., 2016), whereas sugarcane
has an already high ¢, of 0.8, as the majority of the plant is
the harvested product (i.e. stem) (Waclawovsky et al.,
2010). By contrast, the third factor ¢, (also known as light-
use efficiency) of C3 and C4 crops, governed by photosyn-
thesis, falls well below its theoretical maximum (Zhu et al.,
2008). Theoretical analysis and genetic engineering have
shown considerable potential to increase photosynthetic
efficiency in both C3 and C4 crops (Kromdijk et al., 2016;
Long et al., 2019; Lépez-Calcagno et al., 2020; Murchie
et al., 2009; Salesse-Smith et al., 2018; South et al., 2019;
Yoon et al., 2020). Although increasing the stress tolerance
of crops is another important route to increasing produc-
tivity, experience shows that increasing genetic yield
potential can address both of these factors, thereby
increasing the average yields achieved under both optimal
and stress conditions (Wu et al., 2019). For example, a
detailed analysis of progressive gains in yield potential
through soybean breeding have resulted in achieved yield
increases in years with both good and suboptimal produc-
tion conditions (Koester et al., 2014).

Mathematical modeling of the photosynthetic process
and the application of optimization methods have proven
valuable in identifying targets for the bioengineering of
increased efficiency and sustainability (Wang et al., 2014;
Zhu et al., 2004, 2007). They have led to proof-of-concept

improvements in productivity in replicated field trials with
genetically engineered Nicotiana tabacum (tobacco)
(Kromdijk et al., 2016; Lopez-Calcagno et al., 2020; South
et al., 2019). However, these models have focused largely
on the steady state and often on light-saturated conditions,
as have most measurements and analyses of the limita-
tions of leaf photosynthesis.

In the field, however, leaves are rarely in steady state,
and are subject to frequent fluctuations in light intensity.
There has been a growing awareness of the need to
address photosynthetic efficiency in fluctuating light condi-
tions, as well as under constant light (Acevedo-Siaca et al.,
2020b; De Souza et al., 2020; Deans et al., 2019; Hubbart
et al.,, 2012; McAusland and Murchie, 2020; McAusland
et al., 2016; Murchie and Ruban, 2020).

A great deal of progress has been made towards under-
standing the dynamic response to light in C3 plants. The
non-steady-state photosynthetic rate of C3 plants under
fluctuating light is mainly affected by the speed of the fol-
lowing responses: the relaxation of non-photochemical
quenching; the activation and de-activation of Rubisco; the
activation of ribulose 1,5-bisphosphate (RuBP) regenera-
tion enzymes; metabolite pool sizes; mesophyll conduc-
tance and stomatal conductance (Deans et al., 2019; Kaiser
et al., 2016; Mott and Woodrow, 2000; Pearcy, 1994; Slat-
tery et al., 2018). However, the major limitations vary with
species (Acevedo-Siaca et al., 2020; De Souza et al., 2020;
McAusland et al., 2016; Taylor and Long, 2017).

Dynamic photosynthetic models infer that faster
responses of photosynthesis to light fluctuations within
canopies could increase the productivity of C3 crops by
13-32% (Taylor and Long, 2017; Wang et al., 2020; Zhu
et al., 2004). A bioengineered increase in the speed of the
relaxation of non-photochemical quenching, upon transi-
tion from high light to low light, significantly increased the
quantum yield of photosynthesis in tobacco grown under
fluctuating light, and also resulted in an approximately
20% increase in productivity in replicated field trials (Krom-
dijk et al., 2016).

Few experimental studies of photosynthesis under fluctu-
ating light conditions in C4 plants have been published,
however. The loss of productivity in fluctuating light, rela-
tive to constant light, in two C4 species (Amaranthus cauda-
tus and Setaria macrostachya) was greater than in two C3
species (Celosia argentea and Triticum aestivum), implying
a greater impact on C4 plants (Kubasek et al., 2013). Aside
from this experiment, two early sets of gas-exchange mea-
surements suggested that stomatal conductance is not a
limiting factor during photosynthetic induction in maize
(Furbank and Walker, 1985; Usuda and Edwards, 1984).

Energy-use efficiency limitations of C4 photosynthesis
under steady-state conditions have been analyzed via a
number of empirical analyses and biochemical models
(Bellasio and Griffiths, 2014; Laisk and Edwards, 2000;
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Wang et al., 2014a,b; Yin and Struik, 2018; Yin and Struik,
2021). However, no mechanistic modeling studies have
analyzed the limitations of non-steady-state C4 photosyn-
thesis. Here, we developed a dynamic model to predict the
potential limitations within C4 photosynthesis in fluctuat-
ing light to suggest feasible targets to improve the energy-
use efficiency of C4 crops. As the major food and fiber C4
crops maize, sorghum, sugarcane and Miscanthus predom-
inantly use the NADP-ME form of C4 photosynthesis, we
previously developed a kinetic metabolic model of this
form of C4 photosynthesis. It represented all discrete meta-
bolic reactions of photosynthesis within the different cellu-
lar compartments of a C4 leaf, and transfer between the
compartments, as a system of ordinary differential equa-
tions (ODEs). Each individual reaction and transfer
between compartments is described using either enzyme
kinetics or metabolite diffusion kinetics (Wang et al., 2014).
This metabolic model was used to predict the limitations
of C4 photosynthesis under steady-state lighting at 25°C.

To predict limitations under non-steady-state conditions,
this metabolic model was extended to capture the key factors
affecting non-steady-state photosynthesis during transitions
from low light to high light, and vice versa. Specifically, we
included the post-translational regulation of key photosyn-
thetic enzymes, temperature responses of the enzyme activi-
ties, dynamic stomatal conductance and leaf energy balance.
We then parameterized the model using gas-exchange data
for the three most widely grown NADP-ME C4 crops: maize,
sorghum and sugarcane. From this, the major factors limit-
ing photosynthesis during transitions from the dark to high
light for these crops were predicted to be Rubisco activase
(Rca), the pyruvate, phosphate dikinase (PPDK) regulatory
protein and stomatal conductance.

RESULTS

Factors influencing induction of C4 photosynthesis in
transitions from dark to high light

The dynamic model presented here extends a previous
C4 metabolic model (Wang et al., 2014a,b) to include
post-translational regulation, temperature responses of
enzymes, dynamic stomatal conductance and leaf energy
balance (Figure 1). The model was built by superimposing
the dynamic regulation of enzyme activation and stomatal
conductance on the metabolic NADP-ME C4 leaf photosyn-
thesis model of Wang et al. (2014). This was initially
parameterized from the literature (Table 2). During induc-
tion some C4 metabolic pools, in particular malate in the
bundle sheath cytoplasm, rise to very high concentrations
(Leegood, 1997). To assess the role of this accumulation of
photosynthetic metabolites during induction, the model
was first run assuming that all enzymes were fully acti-
vated and the stomata open. Termed scenario 1, this
resulted in a rapid induction to near steady state within

© 2021 The Authors.

Limitations to C4 photosynthesis in fluctuating light 345

120 sec (Figure 2a). The major limitation over this period
was the time taken for C4 metabolites to accumulate and
approach steady state, lagging C3 metabolites (Figure S1).
Leakiness (¢), that is the proportion of CO, released by
decarboxylation in the bundle sheath that diffused back to
the mesophyll, reached a minimum at 30 sec, gradually
climbing to a steady-state value of approximately 0.22 at
approximately 600 sec, indicating that the flux through the
C4 cycle continued to limit photosynthesis (Figure 2b). This
limitation was affected by the activity of mutase and eno-
lase, the enzymes that convert PGA to PEP. Increasing the
maximum activity of mutase and enolase accelerated
induction in scenario 1 (Figure S2).

In scenario 2, the regulation of PPDK by its regulatory
protein (PDRP) substantially slowed the rate of induction
(dA/dt) of the CO, assimilation rate (A) (Figure 2a) by limit-
ing the synthesis of phosphoenolpyruvate (PEP), and thus
lowering the predicted ¢ (Figure 2b). In scenario 3, Rubisco
regulation alone is added and resulted in a similar
decrease in the rate of induction of (dA/dt) to that of sce-
nario 2. It reduced the final steady-state level of A, as a
greater proportion of Rubisco now remained inactive (Fig-
ure 2a). As would be expected, in contrast to scenario 2,
leakiness is high in scenario 3 throughout induction, as the
C4 cycle is delivering CO, to the bundle sheath, but
Rubisco is not fully activated and so is less able to use the
CO, being released by malate decarboxylation (Figure 2b).
Combining the activation of both PPDK and Rubisco to
give scenario 4 results in a yet slower rate of induction
(Figure 2a), but the closer coordination of the activation of
the two enzymes results in less bundle-sheath leakiness
during induction. The simulated leakiness increases for the
first 600 sec and then declines to a steady-state value of
approximately 0.28 by 1200 sec, reflecting the predicted
faster activation of PPDK than Rubisco (Figure 2b). The
addition of dynamic control of the other light-activated
enzymes of photosynthetic carbon metabolism (Figure 1)
in scenario 5 produces dynamic responses of A and ¢ that
are almost identical to those of scenario 4 (Figure 2).
Finally, superimposing the response of stomatal conduc-
tance (gs) in scenario 6 on the dynamics of A and intercel-
lular CO, concentration (C) further slows the speed of
induction, but dampens the bundle-sheath leakage that
would otherwise occur (Figure 2a,b).

The model is shown to predict typical dynamic
responses of A and g,, both with respect to pattern and
magnitude during induction. The simulation predicts PPDK
activation, Rubisco activation and stomatal dynamics as
the major limitations, whereas the activation of other
enzymes of carbon metabolism and metabolic pool size
adjustment had little effect (Figure 3). The concentration of
PDRP regulates the initial phase of the photosynthetic
induction curve (Figure 3a), whereas the speed of Rubisco
activation affects the later phase of the induction

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2021), 107, 343-359



346 Yu Wang et al.
Activities
of enzymes
———— | Mesophyll cell Bundle sheath cell
T ——+» T rATPsymhase ATPsynthase —»ATP
\ z AP -7 1ap 4
", Leaf Energy Balance - ‘% )
PAR\ | Boundary Layer PAR-- | GAPDH PANR
\. | Conductance 3 PGA .7 ™~
Bl - Y/ N j//ﬁ\x
o GAPDH
- o
COZ — G — Cf PPDK <— {1 Pyr Rubisco
Dynamic stomata 3
conductance Hcﬁ/ GER FBPase
o /| SBPase
PEPC : BEEY / o
} v e
OAA —+— MDH —Mal ME NS
PAR

Figure 1. Metabolic model schematic of C4 photosynthesis. The model includes all metabolites and enzymes of photosynthetic carbon metabolism, as detailed
previously (Wang et al., 2014). Here, only enzymes that are light modulated and therefore modified in this new dynamic model are indicated. Green rectangles
are driving environmental variables affecting enzyme activities (purple) and stomatal conductance. Blue blocks are state variables calculated from leaf energy
balance for Te,, dynamic stomatal response model for stomatal conductance (gs), and from the external [CO,l, gs and predicted leaf CO, uptake rate for C;.
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Figure 2. Simulated induction of: (a) leaf CO, uptake (A); and (b) bundle-sheath leakiness (¢), with various dynamic regulation settings. Scenario 1 uses the origi-
nal metabolic model (Wang et al., 2014), which assumes steady-state light activated enzyme activity and stomatal conductance from time zero, that is, throughout.
In scenarios 2 and 3, DyPPDK and DyRubisco are added to the steady-state model of scenario 1to model the induction responses of pyruvate phosphate dikinase
(PPDK) and Rubisco, respectively, regulated by the action of the PPDK regulatory protein (PDRP) and by the action of Rubisco activase (Rca) for Rubisco, respec-
tively. Scenario 4 combines scenarios 2 and 3, and scenario 5 includes all light-regulated enzymes. Scenario 6 superimposes stomatal opening on scenario 5. The

induction simulates transfer from darkness to full sunlight: 1800 umol m™2

(Figure 3b). During the mid-phase of induction, gs is shown
to limit A (Figure 3c).

Measured photosynthetic induction of maize, sorghum
and sugarcane

To further analyze the limitations for different C4 crop spe-
cies, the steady-state and dynamic gas exchange of three
major C4 crops were measured, using one widely grown
or well-studied genotype for each species: maize B73, sug-
arcane CP88-1762 and sorghum Tx430. During the transi-
tion from dark to high light, the CO, assimilation rate of
maize rose the fastest, followed by sorghum and then by
sugarcane (Figure 4a). The time required to reach 50% of
the steady-state rate (IT50) for the three crops was 196, 237
and 316 sec, respectively. The average CO, assimilation
rate in the 30-min induction was reduced by 17.7, 20.6 and
24.2% in maize, sorghum and sugarcane, respectively,

sec™". The input parameters are those listed in Table 2: ‘Original values'.

compared with the steady-state CO, assimilation rate.
However, maize had a slower rate of increase in gs com-
pared with sorghum and sugarcane (Figure 4c; Table 2).
The C value dropped rapidly in the first approximately
100 sec, and then slowly increased to the steady-state
level. The lowest C, values were 66, 86 and 107 pmol mol™
in maize, sorghum and sugarcane, respectively, which are
53, 21 and 22% lower than their steady-state C; values (Fig-
ure 4b). The low G values would appear to be insufficient
to fully saturate photosynthesis from about 180 to 600 sec
after illumination began. Maize showed the highest intrin-
sic water-use efficiency (i\WUE) in the first 600 sec, whereas
sorghum had the highest iWUE after 600 sec (Figure 4e).
iWUE is the ratio of A to g.. Non-photochemical quenching
(NPQ) of the three species rose to a peak at approximately
60 sec and then declined to a steady state at approximately
600 sec, largely in concert with assimilation (Figure 4d).
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Figure 3. Simulated induction of leaf CO, uptake (A) from dark to high light with variation in (a) the concentration of pyruvate phosphate dikinase regulatory
protein (PDRP), (b) the time constant for the activation of Rubisco by Rubisco activase (trypisco) and (c) the speed of stomatal opening (gs «); ki is the rate con-
stant for increase in stomatal conductance. After dark adaptation, and at time 0 above, the light intensity was raised to 1800 umol m~2 sec™" to initiate induction.
The input parameters and 'Original values’ are listed in Table 2; symbols are defined in Table 1.

Model parameterization and validation . .. . ..
P 1zatl validatt Rubisco activity (V;max); maximum PEP carboxylase activity

Using the measured steady-state and dynamic gas (Vomax); rate constants for stomatal conductance on dark-
exchange data (Figures 4, 5 and Figure S6), we estimated to-light and light-to-dark transitions (k and kg, respec-
the following photosynthetic parameters: maximum tively); time constant of Rubisco activation (trupisco);
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Figure 4. Measured gas exchange parameters upon
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mitochondrial respiration (Ry); concentration of PDRP; and
the slope and intercept for the model described by Ball
et al. (1987) (Figures S3-S7; Table 2). Using these species-
specific parameters alone, the model was able to closely
replicate the measured dynamics of A and gs in all three
C4 crops under fluctuating light (Figure 5). This consisted
of 30 min of dark adaptation, followed by 30-min intervals
of high light, low light and high light again (Figure 5).

Factors limiting the speed of photosynthetic induction

Sensitivity analysis of PDRP and Rca concentrations and
the speed of the stomatal response indicated that all
three limit the rate of photosynthetic induction upon tran-
sition from dark to light in the three C4 crops (Figure 6).
However, the strength of each limitation varied between
species and with time into induction. In maize B73, sensi-
tivity analysis suggested that PDRP exerts the highest
limitation in the first 200 sec of induction, followed by
stomatal opening over the next 400 sec and then Rca
slightly limits the remaining phase of induction (Fig-
ure 6a). In sorghum Tx430 and sugarcane CP88-1762, the
concentration of PDRP limits the rate of induction in the
first 240 sec, a little longer than in maize (Figure 6b,c).

Rca exerts more influence in sorghum, with a peak at
around 420 sec (Figure 6b), whereas the Rca limitation in
maize and sugarcane remains approximately constant
over this time period (Figure 6a,c). Stomatal limitation
was greater in maize and sugarcane compared with sor-
ghum (Figure 6).

In general, PPDK and Rubisco have high control coeffi-
cients in the first few minutes; whereas that of PPDK then
declines, Rubisco continues to exert control through the
mid and final stages of the induction. PEPC also has a high
control coefficient from the middle of the induction in sug-
arcane (Figure 7e). PPDK and ME have some control in the
later stage in maize and sorghum (Figure 7c). A control
coefficient in the present context quantifies the relative
influence of a single metabolic step on the rate of CO,
assimilation. A control coefficient of 1 indicates that the
step has complete control and a control coefficient of zero
indicates that the step has no control. Except for Rubisco,
other light-regulated enzymes of the Calvin—-Benson
cycle, including glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH), sedoheptulose-bisphosphatase (SBPase)
and phosphoribulokinase (PRK), exerted only mild control
in the first 150 sec of the induction (Figure 7b,d,f).
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Figure 5. Simulated dynamic (a, c, e) photosynthe- 60
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Predicted CO, leakiness (¢) during photosynthetic
induction

Predicted ¢ shows an increase as PPDK becomes activated
and then declines as simulated Rubisco activity catches up
for the three C4 crops. This suggested a loss of coordina-
tion between the C4 and Calvin-Benson cycles during
induction (Figure 8). The simulated ¢ of sorghum declines
more slowly than that of maize and sugarcane, because of
the slower rate of Rubisco activation (Figure S4; Table 2).

DISCUSSION

The energy-use efficiency of C4 leaves is impacted under
fluctuating light

In this study, the average photosynthetic rate through the
30-min induction was reduced by 18, 21 and 24% in maize,
sorghum and sugarcane, respectively, as compared with
the steady-state photosynthetic rate (Figure 4a). This
reduction has a very significant effect on the energy-use
efficiency and net carbon assimilation of crops in the field,
as clouds, wind and the movement of the sun cause

© 2021 The Authors.

frequent light fluctuations within leaf canopies (Kaiser
et al., 2018; Tanaka et al., 2019; Wang et al., 2020; Zhu
et al., 2004). In sunny conditions, C4 crops have a higher
light energy-use efficiency compared with C3 crops as a
result of the CO, concentrating mechanism, which largely
removes the energy cost of photorespiration (Zhu et al.,
2010). However, C4 crops may be less resilient to fluctuat-
ing light levels, resulting in a decrease in productivity in
dynamic light environments (Kubasek et al., 2013). This
indicates a significant potential for yield improvement of
C4 food and biofuel crops by engineering or breeding for
improved speeds of adjustment to fluctuating light.
Including post-translational regulation, the temperature
response of enzyme activities, dynamic stomatal conduc-
tance and a leaf energy balance module, the model closely
simulated the measured photosynthetic responses of these
crops under fluctuating light (Figure 5), in contrast to the
original metabolic model (Figure 2). This suggests that the
model captured the key factors affecting the speed of
induction upon light fluctuations (Figure 5). Using this
model, we determined the factors influencing the speed of
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induction. With the species-specific input parameters
(Table 2), the model is able to predict the limiting factors
under conditions of fluctuating light (Figures 6 and 7). This
has identified potential targets for the improvement of
energy-use efficiency in maize, sorghum and sugarcane.
Namely, the coordinated upregulation of Rca and the PPDK
regulatory protein, as well as increased rates of stomatal
adjustment.

Limiting factors during photosynthetic induction

In C3 plants, the rate of photosynthetic induction is mainly
limited by the activation of Rubisco, the activation of the
enzymes affecting RuBP regeneration and the speed of
stomata opening, with the major limitations varying
between species (Acevedo-Siaca et al., 2020; De Souza
et al., 2020; McAusland et al., 2016; Taylor and Long, 2017).
However, the limitations to C4 photosynthetic efficiency
under fluctuating light have received little attention.

Through a combination of model simulation and gas-
exchange experiment, we identified the following limiting
factors in photosynthetic induction: (i) the accumulation of
C4 photosynthetic intermediates to drive intercellular flux;
(i) the activation of PPDK; (iii) stomata opening; and (iv)
the activation of Rubisco.

In our simulations, C4 cycle metabolites took longer to
reach a steady state compared with Calvin-Benson cycle
enzymes (Figure S1c,d), although the influence on the
induction of photosynthesis was limited to the first 120 sec
(Figure S1a). Also, accelerating the exchange of metabo-
lites between the Calvin-Benson cycle and the C4 cycle,
that is, increasing the activity of mutase and enolase,
which catalyze the conversion of PGA to PEP, can further
reduce the limitation of metabolites during this initial per-
iod of induction (Figure S2). We noted that mutase and
enolase exerted higher control at the beginning of the
induction and dropped to zero after about 60 sec, based on
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our control analysis for the three C4 crops (Figure 7). How-
ever, if the leaves experience a short-term sun fleck,
increased rates of photosynthetic metabolite accumulation
would improve efficiency. The high concentration of C4
metabolites in NADP-ME species at light saturation results
in a slower decline in leaf CO, uptake upon transitions
from high light to shade, as the decarboxylation of malate
continues to provide NADPH, compensating for the decline
in NADPH from whole-chain electron transport for a few
minutes (Stitt and Zhu, 2014).

Our results infer that increasing the concentration of
PDRP will increase the photosynthetic efficiency of these
C4 plants under the fluctuating light conditions of field
crop canopies. This is based on the simulation using the
dynamic model developed in this study, which suggested
that the concentration of PDRP is a major limitation during
the first 180 sec of induction for maize, and for roughly the
first 250 sec of induction for sorghum and sugarcane (Fig-
ure 6). It regulates both dark-induced inactivation and
light-induced activation of PPDK by catalyzing the reversi-
ble phosphorylation of a threonine residue (Ashton et al.,

© 2021 The Authors.

1984; Budde et al., 1985; Burnell and Hatch, 1983, 1985;
Chastain, 2010; Chastain et al., 2018). Although these stud-
ies elucidated the molecular mechanism for the activation
of PPDK by PDRP, the direct effect of PDRP on photosyn-
thetic efficiency has not been analyzed previously. The pre-
sent analysis suggests that overexpression of PDRP would
increase photosynthetic efficiency under field conditions.
The sensitivity coefficient of the time constant of stom-
ata opening (k) indicated that the speed of stomatal open-
ing was rate limiting from 180 to 600 sec after illumination
in maize (Figure 6). This differed from two previous studies
indicating that stomatal conductance was not limiting in
maize because C; was always higher than 100 umol mol™
during photosynthetic induction (Furbank and Walker,
1985; Usuda and Edwards, 1984). A meta-analysis of
responses of A to C; across a number of studies in maize
indicated that A was only CO, saturated at
Ci > 100 umol mol~" (Pignon and Long, 2020). In the mea-
surements here, G dropped as low as 66 umol mol™, sug-
gesting that g; was a limitation (Figure 4). However, our
study used a higher inducing light intensity of
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Figure 8. Simulated CO, leakiness (¢) dynamics for maize, sorghum and
sugarcane during photosynthetic induction following 30 min of dark adapta-
tion. The light intensity was set to 1800 umol m~2 sec™". The input parame-
ters are listed in Table 2: ‘Maize, sorghum and sugarcane’'.

1 2-

1800 umol m~2sec™", as compared with 1400 pmol m™~
sec”! (Usuda and Edwards, 1984) and 115-1150 pmol m~%
sec™' (Furbank and Walker, 1985), and a longer dark
treatment time of 30 min, in comparison with 10 and
20 min, respectively. The higher the light intensity used,
the lower C; appeared during the induction (Furbank and
Walker, 1985). The longer dark treatment time used here,
was to allow sufficient time for stomata to close and for
Rubisco to deactivate.

The present analysis indicated that the activation of
Rubisco by Rca is the most important limiting factor after
the first few minutes of induction, especially in sorghum
with slower Rubisco activation (Figures 5 and 6). In Oryza
sativa (rice), Rca has been demonstrated to play a crucial
role in the regulation of non-steady-state photosynthesis
(Yamori et al., 2012). Rubisco is arguably the major limiting
enzyme of light-saturated C4 photosynthesis (von Caem-
merer, 2000; von Caemmerer et al., 2005; Furbank et al.,
1997; Kubien et al., 2003; Wang et al., 2014), and increasing
both Rca and Rubisco content have been shown to
increase grain yield in maize (Salesse-Smith et al., 2018;
Yin et al., 2014). Hence, based on our simulation and previ-
ous studies, increasing the activity of Rubisco and Rca in
tandem will increase the photosynthetic efficiency under
constant and fluctuating light.

Phosphoenolpyruvate carboxylase (PEPC) appears not to
restrict photosynthesis under steady-state conditions,
except under conditions inducing a low C;, such as drought
(Pignon and Long, 2020). However, as C; dropped below
100 umol mol™" during induction (Figure 4b), sensitivity
analysis indicated that increasing PEPC would increase
photosynthetic efficiency from 180 sec to about 600 sec
during induction in maize and sorghum (Figure 7a,c). In

sugarcane, however, PEPC limits the steady-state photo-
synthetic rate of sugarcane, through its lower Vymax com-
pared with maize and sorghum (Figure 7e; Table 2).

Differences in the limiting factors of photosynthetic
induction among species

Furbank et al. (1997) concluded from antisense manipula-
tions that PPDK and Rubisco shared metabolic control of
steady-state light-saturated photosynthesis in the C4 dicot
Flaveria bidentis. The limited studies of C4 photosynthesis
under fluctuating light have focused on maize. Two early
studies indicated that photosynthesis reached a maximum
rate after about 15-25 min in maize (Furbank and Walker,
1985; Usuda and Edwards, 1984), which is comparable with
the observations and simulations here (Figures 4a and 5).
This study is limited to single accessions of each of three
NADP-ME C4 species. Therefore, it cannot be generalized to
the species studied here. However, the examination of indi-
viduals from three distinct species of the monophyletic
Andropogonae, all C4-NADPME plants, is likely to have
revealed limitations that apply across this key clade of food
and energy crops. They therefore point to manipulations that
could improve photosynthetic efficiency and yields across
the clade. Although there were many similarities, some dif-
ferences were found. Maize, as perhaps the species most
intensively bred for productivity, showed the fastest induc-
tion and greatest efficiency of carbon gain over the period of
induction, whereas sugarcane was the slowest (Figure 4).
Whether these are species characteristics can only be deter-
mined by analyzing a wider range of genotypes of each crop.
Characterizing within-species variation would also show the
potential for improving non-steady-state photosynthesis
through breeding. In rice, intraspecific genetic variation in
non-steady-state photosynthetic efficiency was found to be
substantially greater than in the steady state, suggesting an
overlooked target for improvement that might similarly be
available in these crops (Acevedo-Siaca et al., 2020a,b).
Maize showed the fastest induction, because of more
PDRP and faster trupisco (Table 2), which indicated that
maize has faster PPDK and Rubisco activation capacity.
However, the stomatal response of maize is slow (Table 2).
Here the stomata were one of the major limiting factors
during the induction process (Figure 6). This conclusion is
different from previous studies (Furbank and Walker, 1985;
Usuda and Edwards, 1984), and the possible reasons were
explained in the previous section. Speeding up stomatal
opening and closing is the key to speed up the photosyn-
thetic response while maintaining water-use efficiency.
New combined thermal and modulated fluorescence tech-
niques now provide a potential high-throughput means to
screen germplasm for this trait (Pignon et al., 2021; Vialet-
Chabrand and Lawson, 2019; Vialet-Chabrand and Lawson,
2020). Bioengineering for more and smaller stomatal com-
plexes would be another approach (Drake et al., 2013).
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For sorghum, the speed of stomatal opening had little
effect on A during induction (Figure 6). Enzyme activities
were the main limiting factors, that is, the concentration of
PDRP (i.e. the activation rate of PPDK), the activation rate
of Rubisco (trubisco) and Rubisco activity (Vymax) (Figures 6
and 7). Thus, increasing the activity of PDRP, Rca and
Rubisco would lead to higher dynamic photosynthesis.
However, analysis of water-use efficiency across a wide
range of sorghum germplasm suggests at the species level
that the speed of stomatal adjustment is also important
(Pignon et al., 2021).

For sugarcane, its dynamic photosynthetic efficiency
was co-limited by many factors, including the rate of stom-
atal opening, the concentration of PDRP, the activation rate
of Rubisco (trypisco) @and Rubisco activity (Vomax). In addi-
tion, a high control coefficient of PEPC, relative to the other
species, was found in sugarcane during induction and in
the steady state (Figure 7). Therefore, to improve dynamic
photosynthesis, all the limiting factors above may need to
be considered. However, with only one accession of each
species, our study cannot determine whether these are
actual species differences or simply the result of the acces-
sions that were chosen.

Imbalances in the regulation of C3 and C4 cycles

Coordination between the C3 and C4 cycles is essential to
the efficiency of C4 photosynthesis. Leakiness (¢$) describes
the proportion of carbon fixed by PEPC that retrodiffuses
back out of bundle-sheath cells into the mesophyll (Equa-
tion 30). It was estimated to be about 0.2 in several C4 spe-
cies under various environmental conditions (Henderson
et al., 1992) and between 0.20 and 0.22 in a recent study of
maize (Salesse-Smith et al. 2018). Our simulated steady-
state ¢ values of the three species lie between 0.2 and 0.3
(Figure 8). In our simulation, the leakiness is predicted to
change during the induction through an imbalance in the
regulation of the Calvin-Benson cycle and the C4 cycle,
especially when the activation of Rubisco is slower (Fig-
ure 8, Sorghum). Thus, increasing the activation speed of
Rubisco is the first choice to improve efficiency during
transitions from dark to light. Although the activation of
PPDK is also one of the main limiting factors, increasing
the PDRP concentration could not significantly improve
photosynthetic efficiency without a larger increase in the
speed of Rubisco activation. Overall, this study has identi-
fied several potential opportunities for increasing photo-
synthetic efficiency in these major crops during the
frequent light fluctuations that occur in field canopies.

EXPERIMENTAL PROCEDURES
Model development

We developed a generic dynamic systems model of C4 photosyn-
thesis from the previous NADP-ME metabolic model for maize
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(Wang et al., 2014a,b, Appendix S2). The NADP-ME metabolic
model is an ordinary differential equation model including all indi-
vidual steps in C4 photosynthetic carbon metabolism. Here, we
extended the model to include the post-translational regulation
and temperature response of enzyme activities, together with the
dynamics of stomatal conductance and leaf energy balance. The
model was implemented in maTLAB. To save space and make the
text more readable, abbreviations have been introduced through-
out this section. They can be seen in Table 1.

Post-translational regulation of enzyme activity. PPDK
activation state—The activity of PPDK is regulated by PDRP,
which is affected by the level of incident light via ADP concentra-
tion (Ashton et al., 1984; Burnell and Hatch, 1985; Chastain, 2010).
PDRP is a bifunctional protein kinase/protein phosphatase, catalyz-
ing the reversible phosphorylation of PPDK. The inactivation rate
(Vrprey) and activation rate (Vpprpa) wWere calculated by the fol-
lowing equations:

[PDRP]MchI  Keat PoRP. - [E]Mchl i [ADP]Mcm

Viore) =
(Bl + K ADP]y + K 1 D))’
([Elven + Km.ppoK pDRP. ) { [ADPlen; + KimADP.pDRPI ( 1+ g/, it
(1)
Vv _ [PDRPyety - Keat.porPA * [EPIcn - [Pilmcni
PORPA =T P (10 P\ (P P .
[EPlioni + Km ppok pore A - { 1+ g2 ) ) ([Pilyens + Km.pioRe.a)

(2)

where [PDRP]ycn is the PDRP concentration in the mesophyll cell
chloroplasts, and k¢atpprps and Keatppre.a are the turnover number
of PDRP for the inactivation and activation reaction, respectively.
[E]pen is the concentration of active PPDK in the mesophyll chloro-
plasts; [EP]y. is the concentration of inactive PPDK in the meso-
phyll chloroplasts.

Differential equations, parameters and their sources are listed in
Appendix S1.

Rubisco activation state—The time constant of Rubisco activa-
tion was determined from the measured kinetics of photosynthetic
gas exchange following transitions from dark to high light, using
the method given by Woodrow and Mott (1989) (Equation 27; Fig-
ure S4). The differential equation for the transient maximal
Rubisco activity is:

d Vmax Rubisco.i 1
" —= (Vmax_Rubisco_s - Vmax.Rubisco_i), (3)
dt TRubisco

where Trupisco IS the rate constant of Rubisco activation catalyzed
by Rca. Viax Rubisco_ i 1S the transient maximal Rubisco activity;
Vimax_Rubisco_s IS the steady-state maximal Rubisco activity, which
is related to the Rca concentration, [Rcal (Mott and Woodrow,
2000). The total [Rca] is calculated using measured tgypisco (Equa-
tion 25; Table 2):

[Reca] = (4)

TRubisco,
where k is a constant, which is 216.9 min mg m~2 (Mott and Woo-
drow, 2000).

Steady-state maximal Rubisco activity is calculated with the fol-
lowing equations:

Vmax_Rubisco . [RC&]A

— (5)
Kactivase + [RC&]A

Vmax_Rubisco_s =

[Rca]A = [Rca] " @Rca_s» (6)
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Table 1 Abbreviations

Parameter Full name Unit

¢ CO, leakiness Dimensionless

A Net CO, uptake rate pmol m~2 sec™

G Intercellular CO, concentration pmol mol™’

E Transpiration rate mol m~2 sec”™’

fymRubisco The ratio between measured Vnax and the maximal Rubisco Unitless
activities in the model

fympEPC The slope of the linear relationship between measured Vpmax and the Unitless
maximal PEPC activities in the model

Js Stomatal conductance

Js Kd Rate constant of decreasing stomatal conductance min~"

Os Ki Rate constant of increasing stomatal conductance min~"

Jrmax Maximum electron transport capacity pmol m~2 sec”

Ky Michaelis-Menten constant of Rubisco for O, mbar

K. Michaelis-Menten constant of Rubisco for CO, pbar

PAR Photosynthetically active photon flux pmol m=2 sec™’

PEPC Phosphoenolpyruvate carboxylase

PDRP Pyruvate phosphate dikinase regulatory protein

PPDK Pyruvate phosphate dikinase

Rca Rubisco activase

Ry Mitochondria respiration pmol m~2 sec™’

TRubisco Time constant of Rubisco activation min

Vemax Maximum rubisco activity estimated from measured A-C; curve pmol m=2 sec”™’

Vomax Maximum PEPC activity estimated from measured A-C; curve pmol m=2 sec™’

Vinax Maximum activity of enzyme pmol m=2 sec™’

WUE Water-use efficiency (A/E) mmol (CO,)/mol (H,0)

Table 2 Input parameters for the dynamic C4 photosynthesis model

Original Method of
Parameters value Reference Maize Sorghum Sugarcane measurement
Slopegs 4,53 Miner et al. (2017) 5.183 + 0.419 4.843 + 0.211 4941 £ 0.177 A-Qcurve
Interceptgg 0.020 Miner et al. (2017) 0.036 + 0.020 0.019 + 0.013 0.027 + 0.007 A-Qcurve
Js ki (min™") 0.227 McAusland et al. (2016) 0.127 + 0.016 0.257 + 0.063 0.204 £ 0.031  Shade-light dynamics
Js_kd (min™") 0.071 McAusland et al. (2016) 0.123 + 0.026 0.377 + 0.055 0.221 £ 0.023  Shade-light dynamics
Vomax (umol m~2sec”’) 120 Von Caemmerer (2000) 124,128 4+ 9.253 133.626 + 5.678 83.840 + 4.140 A-C; curve
Vemax (umol m~2sec™) 60 Von Caemmerer (2000) 49.919 + 1.847 51.082 + 2.001 52.783 + 1.975 A-C; curve
TRubisco (MiN) 5 Woodrow and Mott (1989) 3.881 + 1.117 9.714 + 2.338 4776 + 0.316  Dark-light dynamics
fympePC 1 Assumed 0.72 0.68 0.92 A-C; curve
fymRubisco 0.85 Assumed 0.67 0.56 0.67 A-C; curve
[PDRP] (umol) 0.04 Assumed 0.058 0.038 0.037 Dark-light dynamics
Rd (umol m~2sec™") 1 Von Caemmerer (2000) 2.282 0.979 1.446 Dark-light dynamics
The values were collected from literature or calculated from gas exchange measurements.
where VaxRubisco 1S the theoretical maximum activity of Rubisco. .
[Rcala is the concentration of active Rca, which is regulated by ags=min((kea-l+cea)s 1), (8)
light intensity (Appendix S1). K,ctivase iS @ constant, which equals VimaxE.s = Vimaxk - 8 » (9)

12.3 mg m~2 (Mott and Woodrow, 2000).

Activation of enzymes regulated via light intensity—The
model used a simplified equation for the light regulation of ATP
synthase  (ATPase), fructose-1:6-bisphosphatase  (FBPase),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), phospho-
ribulose kinase (PRK), rubisco activase (Rca) and sedoheptulose-
1:7-bisphosphatase (SBPase):

dVimaxei _ 1
%-EJ = E ( VinaxEs — VimaxEi )I 7

where Viax g i is the transient maximal enzyme activity, t¢ is the
rate constant of the activation of each enzyme and V£ is the
steady-state maximal enzyme activity, as affected by light inten-
sity (I). ke_a and ce_a are two constants, that is, the slope and inter-
cept of the linear relationship of the proportion of activated
enzyme (ags) as a function of . Vhaxe is the activity of the enzyme
when fully activated.

Although the activation of PEPC is regulated by light via phos-
phorylation, the whole pathway and parameters of this regulation
have not been measured quantitatively. Thus, the dynamics of
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PEPC activity was as described by Equations 7-9. Parameters and
their sources are listed in Appendix S1.

Temperature response of enzymes. In order to simulate the
effects of fluctuating leaf temperature with fluctuations in light,
the Arrhenius equation (Johnson et al., 1942) and Qi function
were used to adjust the enzymatic parameters to the actual leaf
temperature (Tiear). The formula used for each parameter was
determined based on the availability of experimental data.

The temperature response of the maximum activity of carbonic
anhydrase (CA) and PEPC (Viax ca and Viax pepc) Were incorpo-
rated into the model using a peaked Arrhenius function (Johnson,
Eyring and Williams, 1942):

Eﬂ'”leai’z‘r’)
VmaxEnz1 = Vimax Enz1.25 - €257 (Teat +27315)

(298.15:05-Hy)
1+ e :8mR

((Tigat127319) 85 Hy) !
146 (Neart2315)R

(10)

where E, is the exponential rate of the rise, Hy describes the rate
of decrease at supraoptimal temperatures and AS is the entropy
factor.

The remperature response of enzymatic parameters of pyruvate
phosphate dikinase (Viax peok), €lectron transport capacity (Jmax)
and Rubisco (Vmax,Rubisco,COZI Vmax,Rubisco,OZ/Vmax,Rubisco,COZr Ko
and K:) were incorporated into the model using an Arrhenius
function:

Ea (Tleaf’25)
Vmax_Enz2 = Vmax_Enz2_25 - 7815 (Tigaf 27315) (11)

Parameters and sources are listed in Appendix S1.

For other enzymes, a Qo function was used to estimate the
temperature response of the maximum activity, as described pre-
viously (Woodrow and Berry, 1988). Qo was set as 2:

(T|E§Ig725)
VmaxEnz3 = Vmax Enz3.25 - O1O_Enz . (12)

Dynamic stomatal response. Ball-Berry model parameters
for predicting steady-state stomatal conductance (Ball et al., 1987)
were obtained from light response curves measured for each C4
crop evaluated in this study. In the Ball-Berry model, stomatal
conductance was with a function of A, relative humidity (RH) and
CO, concentration at the leaf surface (C,):

A-RH
s steady = S10Pegs C + Interceptgg, (13)
a

where Slopegg is the slope of the relationship between g steady
and A x RH/C, and Interceptgg is the residual stomatal conduc-
tance. Slopegg and Interceptgg were estimated by linear regres-
sion of % and gs_steady from the light response curve (A-Q curve)
measurement.

Dynamic stomatal conductance (gs) was estimated with the fol-
lowing equation:

dg
d_tS: k(gs,steady - gs)r (14)

where gs seady IS the steady-state stomatal conductance calculated
by the Ball-Berry model (Equation 13; Ball et al., 1987); k (k; or kg)
is the rate constant of the stomata conductance response calcu-
lated from the measured stomata dynamics of the three C4 crops,
and k; and ky represent the rate constants of stomata conductance
increasing and decreasing, respectively (Table 2; Equation 26).
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Dynamic leaf energy balance. For leaf energy balance, the
equations used in our model were based on the method of Niko-
lov et al. (1995). According to this model, leaf energy balance
takes account of intercepted short- and long-wave radiation, radia-
tive energy loss from the leaf, convection and latent heat loss in
transpiration. The net photosynthesis rate (A), stomatal conduc-
tance and leaf temperature are interdependent. For example, A
affects stomatal conductance, stomatal conductance affects leaf
temperature and leaf temperature affects A. Instead of solving
these steady-state circular connections iteratively (Nikolov et al.,
1995), a differential equation describes leaf temperature (Tiesf)
change (Equation 15):

Ticat  PARaps+ NIR+LR— (H+LE+E+ M)

, (15)
dt CP * Mgaf

H=2Cy., 9pn(Treat — Tair): (16)

C
LE:%gl(Esat*Eair): (17)

a

E= 2EG-,—;‘eafK' (18)
M, =0.506A, (19)

where PAR.us is the absorbed photosynthetic active radiation,
assuming that 85% of PAR is absorbed by the leaf, NIR is the
absorbed near-infrared radiation and LR is the absorbed long-
wave radiation. Both NIR and LR were set to zero. Cj, is the speci-
fic heat capacity of the leaf, and here we assumed it is the same
as the specific heat capacity of water (4.184J g7 °C™"). myeut is
the specific leaf fresh weight (g m™2) and was set as 198 g m~2
for all species based on the measured value of maize leaves
(197.9 + 45 g m™). Humidity in the leaf internal air space is
assumed to be saturated at the temperature of the leaf. H and LE
are the sensible and latent heat fluxes, respectively. E is the emit-
ted long wave radiation and M, is the energy consumed in
photosynthesis (Nikolov et al., 1995). The boundary layer conduc-
tance to heat is calculated as gy, = 0.924g,, (Nikolov et al., 1995).
Cp_air is the specific heat capacity of air (29.3 J mol~" °C™"), G, is
the latent heat of vaporization of water (44 000 J mol™") and g, is
the total conductance of the stomata and the boundary layer. ¢ is
the leaf emisivity of long-wave radiation and ¢ is the Boltzman
constant.

Boundary layer conductance. Boundary layer conductance
was calculated following Nikolov et al. (1995), and both free and
forced convection was considered in determining the boundary
layer conductance of the leaf. The leaf boundary layer conduc-
tance to vapor transport is the maximum of gyps and gy,

Gb = Max(Gofs Gor)- (20)

The forced-convective and free-convective leaf boundary layer
conductance is computed as:

0.5
u
Gor = Ci Toe | (Tairk +120) , (21)
doPa
T eatic - 120\ %
Gor = Co Thpos (7““;; > (AT)*%, (22)
a

where d, is the characteristic dimension of a leaf (leaf width), AT
is the temperature difference between the leaf and the local air
(Monteith and Unsworth, 1990), u is the wind velocity, and ¢; and
¢e are two constants.
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Gas exchange measurement and parameter estimation

Gas exchange measurements of Maize B73, sugarcane CP88-1762
and sorghum Tx430 were used to calculate the values of the fol-
lowing photosynthetic parameters: maximum Rubisco activity;
maximum PEPC activity; rate constants for stomatal conductance
during opening and closing; time constants for Rubisco activation;
mitochondrial respiration; concentration of PPDK regulatory pro-
tein; and the Ball-Berry slope and intercept (Table 2).

Plant material and growth conditions. Maize B73, sugarcane
CP88-1762 and sorghum Tx430 were grown in a controlled-
environment glasshouse at 28°C (day)/24°C (night). Maize and sor-
ghum were grown from seed and sugarcane CP88-176 was grown
from stem cuttings. The positions of the plants in the glasshouse
were re-randomized every week to avoid the influence of environ-
mental variations within the glasshouse. From 25 July to 8 August
2019, six biological replicates were measured in a randomized
experimental design for each species in each measurement.

Steady-state gas exchange measurements and parameter

estimation. Leaf gas exchange of the youngest fully expanded
leaf was measured on plants at 30-35 days old with a gas
exchange system (LI-6800; LI-COR, Lincoln, NE, USA). The leaf
chamber temperature was set at 28°C, with a water vapor pressure
deficit of 1.32 KPa and a flow rate of 500 umol sec™" for all gas
exchange measurements.

For the response of A to intracellular CO, concentration curves
(A-C; curves), the leaf was acclimated to a light intensity of
1800 pmol m~2 sec™" and a CO, concentration of 400 umol mol~".
After both A and g, reached steady state, the CO, concentration of
the influent gas was varied in the following sequence: 400, 300,
200, 120, 70, 40, 20, 10, 400, 400, 400, 600, 800, 1200 and
1500 pmol mol™".

The maximum Rubisco activity (Vimax) and maximum PEPC
activity (Vomax) were estimated from the A-C; curves using the
equations of von Caemmerer (2000). In order to obtain the rela-
tionship between estimated Vymax and the theoretical maximal
PEPC activity (Viax_pepc) in our model, and similarly the relation-
ship between V,,ax and the theoretical maximal Rubisco activity
(Vinax_Rubisco), We introduced two variables (f,pmax and ficmax) into
the simulation:

1

Vmax,PEPC = meax: (23)

fvpmax

Vmax_Rubisco :71; ! chax: (24)
vcmax
Both fipmax and ficmax Were estimated by minimizing the sum
(Stvpepc and Sqemax) Of the squared differences between the esti-
mated A (A g) from the dynamic model and the measured A
(Am_c), in response to intercellular CO, (A-C; curve), using the
least-squares method for each species:

Stpepc = (Saeci( fuperc) — Samci)’, (25)
vacmax:Z(Ae,Ci ( fvcmax) - Am,ci)z- (26)

fupepc Was estimated using the initial slope (sam.ci) of the mea-
sured A-C,; curve (CO, air = 120, 70, 40, 20, 10 umol mol™); fuemax
was estimated using CO,-saturated Ay, ¢;i (CO, air = 800, 1200 and
1500 pmol mol™") (Figure S3). The steady-state V., of the other
enzymes of C4 and C3 metabolism in Figure 1 were scaled for
each species with f,pmax and ficmax, respectively.

To define the response of A to light intensity (A-Q curves), the
leaf was acclimated to a light intensity of 1800 ymol m=2 sec™
and a CO, concentration of 400 umol mol~". After leaf gas
exchange reached the steady state, the light intensity in the cham-
ber was changed in the following sequence: 2000, 1500, 1000, 500,
300, 200, 100 and 50 pmol m~2 sec™". The gas exchange data were
logged after 5 min to ensure that there was enough time for the
transpiration, and therefore stomatal condcutance, to reach the
steady state at each light level. Ball-Berry model parameters (Ball
et al., 1987) were estimated by the linear regression of A'c—’:’" and
s steady from data from the A-Q curves, including the prediction
of steady-state stomatal conductance (gs_steaqy) fOr each species
(Equation 13).

Dynamic gas exchange measurements and parameter esti-

mation. Gas exchange during photosynthetic induction was
measured in the transition from darkness to high light
(1800 pmol m~2 sec™") to determine the kinetics of Rubisco activa-
tion in these C4 crops (trubisco)- The leaf was first acclimated to
darkness for 30 min, with a CO, concentration of 400 umol mol~"
and then the light intensity was changed to 1800 pmol m~2 sec™
for 30 min, which was more than sufficient time for leaf CO,
uptake and stomatal conductance to reach the steady state. Leaf
gas exchange was logged before the light was turned on, and
then logged every 10 sec for the following 30 min. The time con-
stant of Rubisco activation (tgrupisco) Was estimated from the linear
portion of the semi-logarithmic plot of photosynthesis with time
(Woodrow and Mott, 1989, 1993; Figure S4). The slope of this por-
tion was determined by the linear regression of the data between
3 and 7 min. The value of trypiscoWas calculated as:

1

- (27)
slope

TRubisco =

The calculated values of the three C4 species are listed in
Table 2.

To further evaluate the response of gas exchange in C4 plants
under fluctuating light, following this 30 min of induction the
responses to the transition from high to low and back to high light
(i.e. relaxation curves followed by induction curves) were mea-
sured. This involved decreasing light to 200 umol m~2 sec™" PPFD
for 30 min and then returning to 1800 umol m=2 sec™" PPFD for an
additional 30 min. Gas exchange was recorded every 10 sec.

Rate constants were calculated for gs increase on transfer from
low light (200 umol m~2 sec™" PPFD) to high light (k), and again
for the decrease in gs on return to low light (kq). The measured
time series for stomatal conductance changes were fitted with the
following equation (Vialet-Chabrand et al., 2017):

gs:(gmaxfgo)e_kt‘\‘gor (28)

where gmax is the maximum stomata conductance, gp is the mini-
mum stomata conductance, t is time and k (ki or ky) is the rate
constant of gs. gmax: 9o and k were estimated using Equation 28
by the curve fitting function (riT) in maTLAB (MathWorks, https:/
www.mathworks.com).

Mitochondrial respiration (Ry) was estimated from the mea-
sured CO, efflux after 30 min of dark adaptation. The concentra-
tion of PDRP was estimated by minimizing the difference between
the estimated A (A 1) from the dynamic model and the measured
A (A ) at the beginning of the induction using the least-squares
method, which minimizes the sum (Spprp) of the squared differ-
ence between estimated and measured A in the beginning of the
photosynthetic induction (Figure S5). Data points from 1-3 min of
the induction were used.
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Spore = Y.(Ae 1 ([PDRP]) — Ay 1)? (29)

Model parameterization. The model took the following 11
photosynthetic parameters estimated from measured gas
exchange data as input variables: maximum Rubisco activity (Vemax
and ficmax); maximum PEPC activity (Vpmax and f,pmax); the rate
constant of stomata conductance increase and decrease (k; and kg);
the time constant of Rubisco activation (trypisco); Mitochondrial res-
piration (Ry); [PDRP]; and the Ball-Berry slope (Slopegg) and inter-
cept (Interceptgg) (Table 2). The estimation methods of the input
variables were described in the previous section (Gas exchange
measurement and parameter estimation). Parameters and equa-
tions affected by the input variables are listed in Appendix S1.

Model prediction

CO, uptake rate (A) and leakiness (¢) calculation. During
the simulation, metabolite concentrations and reaction rates were
extracted from the model. The velocity of CO, flowing into the leaf
via stomata was used to represent A. Leakiness (¢) describes the
proportion of carbon fixed by PEPC that subsequently leaks out of
the bundle sheath cells. Thus, ¢ was calculated as:

_ Veo,teak _ Pco, pa ([CO2Jgsc — [CO)c)
VPEPC VPEPC

, (30)

where the CO, leak rate (vcoz ieak) is determined by the permeabil-
ity of CO, through plasmodesmata (Pco_pq) and the concentration
gradient of CO, between bundle sheath cytosol and mesophyll
cytosol, [CO,lgsc-ICO,lume, and vpepe is the velocity of carbon fixa-
tion by PEPC.

Sensitivity analysis. The sensitivity coefficient (SC,) gives the
relative fractional change in the simulated result with a fractional
change in the input variable (p), SC, is the partial derivative used
to describe how the output estimate varies with changes in the
values of the input parameter (p), where the output in this study is
the estimated leaf CO, uptake rate (A):

_0Ap A-A
TopAT 0.02-A7

where the variable (p) was both increased and decreased by 1%
individually in the model to calculate the new value of A (A* and
A, respectively) in order to identify the parameters influencing A.

The flux control coefficient of each enzyme (FCC) was also esti-
mated by Equation 31, using the maximal activity (Vmax ) of the
enzyme as the variable (p).
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