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ABSTRACT 

THE REGULATION SURROUNDING THE TRIOSE PHOSPHATE UTILIZATION LIMITATION OF 
PHOTOSYNTHESIS 

 
By 

 
Alan M. McClain 

The triose phosphate utilization (TPU) limitation of photosynthesis is a paradigm in 

which the rate at which stromal phosphate is incorporated into the organic phosphate pool can 

exceed the rate at which inorganic phosphate is released by processing fixed carbon into end 

products such as starch or sucrose. TPU limitation is unique among the three canon biochemical 

limitations of photosynthesis in that the plant must regulate photosynthetic rate to a level 

below what is maximally possible in its current environment. 

I investigated the methods through which the photosynthetic rate is regulated in 

response to TPU limitation. For the first minute after imposition of TPU limitation by excess 

light and CO2, the photosynthetic rate is limited by availability of inorganic phosphate for the 

chloroplastic ATP synthase and availability of NADP+ for photosystem 1. These restrictions cause 

an increase in the redox state of the electron carrier Qa which controls energy flow during 

photosynthesis. After a few minutes of TPU, slower energy-dependent regulatory mechanisms 

at photosystem 2 and the cytochrome b6f complex reduce energy flow, relieving excess 

reduction at Qa or photosystem 1. After a day of acclimation, photoinhibition and rubisco 

deactivation prevent the appearance of TPU limitation at elevated CO2 and prevented the 

occurrence of oscillations in photosynthetic electron carrier redox status. 

Oscillations of CO2 assimilation rate induced by TPU limitation are temporarily able to 

exceed the steady-state photosynthetic rate. However, the advantage is short-lived, and overall 



 

plants assimilate less over the course of oscillations than they would during steady-state 

photosynthesis. The plants can temporarily exceed the limitation on photosynthesis typically 

imposed by TPU limitation or the RuBP regeneration limitation, but not the rubisco limitation. 

This is due to the availability of metabolites caused by a brief period of inactivity. Furthermore, 

the amplitude of the oscillations depended on how quickly the plant entered TPU limitation and 

how severe TPU limitation was when imposed. 
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and ECSt (d) to increasing CO2. The clouds are LOESS fitting (LOcal Estimation of 

Scatterplot Smoothing) 95% CI n=5.···················································································· 40 

Figure 2.3 TPU limitation causes reduced rubisco activation state percentage that persists for an 
extended period. Rubisco activation state (a) and total activity (b) are measured at 0, 2.5, 

12, and 24 h to show changes in activity over the course of a day’s acclimation. Slope of 
the decline in total rubisco activity is significant at P<0.05. Rubisco activation state 

decreases to its minimum within 10 minutes (c), and activation state is not significantly 
different after 10 m and 2.5 h (d, 0 time). After 2.5 h at elevated CO2, activation state 

recovers completely after 5 m (d), with activation state 5 m into recovery not significantly 

different from the 0 m unadapted activation state (c, 0 time) by two-sided t test.  ·········· 42 

Figure 2.4 Plants are given a step change in [CO2] from 400 to 1500 ppm, which induces 
oscillations in electron transport. Plants are held at 1500 ppm CO2 for a randomized 

length of time (x-axis) then measurements of their PSI and PSII activity are taken, along 
with electrochromic shift. The data is divided into four putative kinetic periods. In the first 

phase (grey region), photosynthesis is unlimited by TPU and PSI becomes more oxidized 

(b). The second phase (blue) is the onset of TPU limitation and notably affects proton flow 
across the thylakoid membrane (gH+, e), PSI oxidation state (b) and Qa oxidation state 

(measured as qL, c). Reduction of Qa causes energy diversion from photochemistry (φII, f) 
to nonphotochemical quenching (φNPQ, g). The third phase (green) begins when proton-

motive force (measured as ECSt, h) increases along with energy dependent quenching 
(NPQt, i) and photoprotection at cytochrome b6f complex (d). Finally, electron transport 

enters a new steady-state (red). Dots represent mean value and error bars are standard 
error, n=5. ···························································································································· 44 

Figure 2.5 Three example traces of PSI measurements from oscillations in PSI reduction induced 
by step change in CO2 from 400 to 1500 ppm, which demonstrate varying levels of re-
reduction during saturating flashes. Plants at steady state are subjected to a 0.5 s dark 
period, causing reduction of PSI (ΔA820 decreases). Then, a saturating flash is applied to 
oxidize PSI (ΔA820 increases), before returning to steady state. Typically, a saturating flash 
should fully oxidize PSI, but kinetics in electron transport can change this. (a) Extreme re-
reduction of PSI can be seen during a saturation flash when PSI is most reduced, 40 s after 
beginning an elevated CO2 pulse. (b) Less re-reduction of PSI during a saturation flash is 

seen when PSI is less reduced, 60 s after a CO2 step change. (c) 100 s after the CO2 step 
change, PSI re-reduction is much reduced.········································································· 45 

Figure 2.6 Oscillations are not seen following a step change in CO2 in plants that have 

acclimated to elevated CO2 for 30 h. The hallmark reduction of Qa, measured here as qL, is 
not seen, and so more energy is not diverted into non-photochemical quenching (φNPQ). 

Dots and bars represent mean ± standard error, n=5 ························································ 47 

Figure 3.1 Oscillations induced by elevated CO2 compared to the steady state. Top: Full ramp of 
CO2 from 50 ppm to 1500 ppm at a rate of 400 ppm/min compared to a steady-state A/Ci 
curve. Bottom: Oscillations induced by step-change of CO2 from 50 ppm to 1400 ppm 
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compared to steady-state assimilation rate at 1400 ppm CO2. For both, a linear model is 

fit to the oscillating data to show the midline of oscillations. ············································ 64 

Figure 3.2 Assimilation measured using dynamic assimilation technique ramps of CO2 in three 
styles. Top: Reference CO2 is ramped from 1500 ppm to 50 ppm at 25°C. Middle: 

Reference CO2 is ramped from 50 ppm to 1500 ppm at 25°C. Bottom: Reference CO2 is 
ramped from 50 ppm to 1500 ppm at 35°C. For all curves, CO2 is ramped at a rate of 400 

ppm/min. Assimilation and Ci are logged every 5 seconds. Different symbols indicate 
replicate leaves. ··················································································································· 67 

Figure 3.3 An example set of DAT ramps at various ramp rates, compared against the steady-
state A/Ci curve. Reference CO2 is ramped from 50 to 1500 ppm at rates of 100 to 500 

ppm/min at 25°C. For the steady-state A/Ci, 18 points were collected over a range of 
reference CO2 values from 50 to 1500 ppm over a period of 2.9 – 14.5 min. The amplitude 

of the oscillations increases in proportion to the ramp rate. ············································· 68 

Figure 3.4 Overshooting and resulting oscillations shown in Figure 3.3 compared by time, rather 
than Ci. The peak of the oscillations increases with reduced time to reach the peak, 

caused by increased ramp rate. ·························································································· 68 

Figure 3.5 A set of DAT ramps at reduced temperature. Reference CO2 is ramped from 50 to 
1500 ppm at rates of 100 to 500 ppm/min, compared to an 18-point steady-state A/Ci, all 
at 20°C. The amplitude of the induced oscillations increases with ramp rate, and is also 
greater than the amplitude of oscillations at 25°C. ···························································· 69 

Figure 3.6 Comparison of oscillations versus fitting parameters from the steady-state A/Ci. 

Oscillations are induced by ramping from 50 ppm to 1500 ppm at rates varying from 200 
ppm/min to 500 ppm/min. Oscillations can easily surpass TPU limitation, and at higher 
ramp rates can surpass the RuBP regeneration limitation but cannot surpass the rubisco 
limitation. At the highest ramp rates, the entire overshoot closely matches the rubisco 

limitation. ···························································································································· 70 

Figure 3.7 Combination of optical measurements with DAT. Oscillations are induced by ramping 

from 50 ppm to 1500 ppm at 400 ppm/min. φII and PSI oxidation state are calculated 
from saturation flashes. PMF, gH+, and ΔA820t are calculated from dark interval kinetics. 

gH+, φII and PSI oxidation state correspond with assimilation, but PMF responds in the 
reverse. ································································································································ 72 

Figure A1.1 Measurement of quantum yield for blue and red light of a leaf of Nicotiana 

benthamiana. a: Light response curves from intensity = 20 to 60 μmol m -2 s-1 at five 
different color specifications from 10% red to 90% red (balance blue) have different 

quantum yields. Electron flux based on CO2 measurements (JC) calculated according to 
Harley et al. (1992) with plants held at 25°C under an atmosphere containing 2% oxygen 
(1.98 kPa) and 750 ppm CO2 (74 Pa). Γ* was set to 0.36, calculated from Γ* measured in 
tobacco (Bernacchi et al., 2002). Respiration in the light was set to 1.1 µmol m-2 s-1 as 
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KEY TO ABBREVIATIONS 

 

A Net assimilation of carbon, or, when negative, net respiration of carbon 

Cc Partial pressure of CO2 at the site of carboxylation 

Ci Partial pressure of CO2 inside the leaf 

DHAP Dihydroxyacetone phosphate 

DIRK Dark-interval relaxation kinetics. A dark period used to measure relaxation of proton-

motive force 

E4P Erythrose 4-phosphate 

ECS Electrochromic shift; the change in chlorophyll absorbance by the Witt effect in 
response to changes in electric field 

ECSt Total electrochromic shift caused by a dark period. A measurement of total proton-

motive force 

ETR Photosynthetic electron transport rate 

FBP Fructose-1,6-bisphosphate 

Fv/Fm A ratio of variable to maximum fluorescence in a dark-adapted plant 

GAP Glyceraldehyde 3-phosphate 

gH+ Conductivity of the thylakoid membrane to protons through the ATPase 

gm Mesophyll conductance to CO2 

Jmax Maximum rate of electron transport under infinite light 

h Hour 

ket Kinetic parameter for electron transport rate from the cytochrome b6f complex to PSI 

MEP Methylerythritol 4-phosphate 

min Minute 

NPQ Non-photochemical quenching of fluorescence, typically comprises qI, qE, and qt 
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NPQt Theoretical NPQ, calculated using a fixed Fv/Fm of 0.83 (see Tietz et al., 2017) 

PEP Phosphoenolpyruvate 
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Pi Inorganic phosphate (PO4) 

PMF Proton-motive force 
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qE Energy dependent quenching 

qI Quenching of fluorescence by photoinhibition 

R Rate of RuBP consumption 

RL Rate of respiration in the light, also called Rd (day respiration) 
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Sc/o Specificity of rubisco for CO2 versus oxygen 

SBP Sedoheptulose bisphosphate 

TP Triose phosphate 

TPT Triose phosphate/phosphate translocator 

TPU Triose phosphate utilization 

Vcmax Maximum velocity of carboxylation 

W Rate of carboxylation 

α The fraction of glycolate carbon which leaves the Calvin-Benson cycle as amino acids 
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αS The fraction of glycolate carbon which leaves the CB cycle as serine 

Γ* The rubisco CO2 compensation point ignoring the effect of RL 
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Abstract 

During photosynthesis plants fix CO2 from the atmosphere onto ribulose-bisphosphate 

producing 3-phosphoglycerate, which is reduced to triose phosphates (TPs). The TPs are then 

converted into the end products of photosynthesis. When a plant is photosynthesizing very 

quickly it may not be possible to commit photosynthate to end products as fast as it is 

produced, causing a decrease in available phosphate and limiting the rate of photosynthesis to 

the rate of triose phosphate utilization (TPU). The occurrence of an observable TPU limitation is 

highly variable based on species and especially growth conditions, with TPU capacity seemingly 

regulated to be in slight excess of typical photosynthetic rates the plant might experience. The 

physiological effects of TPU limitation are discussed with an emphasis on interactions between 

the Calvin-Benson cycle and the light reactions. Methods for detecting TPU-limited data from 

gas exchange data are detailed and the impact on modeling of some physiological effects are 

shown. Special consideration is given to common misconceptions about TPU. 

Introduction 

Triose phosphate utilization (TPU) is one of the three canonical biochemical limitations 

of photosynthesis in gas exchange analysis of C3 plants. It reflects a steady-state condition in 

which assimilation of carbon is limited by the ability to regenerate phosphate through 

production of end products of photosynthesis. Phosphate is required by ATP synthase to 

produce ATP, of which three are needed to fix a single carbon. Although all three ATP are used 

for phosphorylation of carbon chains, two are immediately released when the 3-

phosphoglyceric acid (PGA) kinase reaction is followed by glyceraldehyde-3-phosphate (GAP) 

dehydrogenase. Regeneration of ribulose bisphosphate (RuBP) releases two phosphates per 
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three fixed carbons, one from fructose bisphosphatase (FBPase) and one from sedoheptulose 

bisphosphatase (SBPase). One phosphate per three carbons remains on the triose phosphates 

(TPs) GAP and dihydroxyacetone phosphate (DHAP), which are used for synthesis of starch and 

sucrose. The capacity for end product synthesis relative to carbon fixation can determine the 

concentration of inorganic phosphate. If the capacity for TPU is high relative to carbon fixation, 

the concentration of phosphate will be high. A high concentration of phosphate will inhibit 

starch synthesis and, less so, sucrose synthesis, changing the partitioning of carbon among the 

end products. A high concentration of phosphate could also make ATP synthesis easier and so 

interfere with the acidification of the stromal lumen, which is necessary to induce energy-

dependent quenching (qE) in PSII. If triose phosphate use is too quick relative to carbon fixation, 

it may deplete Calvin-Benson cycle intermediates and lead to difficulty regenerating RuBP. On 

the other hand, if the capacity for TPU is low relative to carbon fixation, the phosphate 

concentration decreases, leading to reduced conductivity of protons through thylakoid ATP 

synthase that ultimately slows photosynthesis (Kanazawa & Kramer, 2002; Takizawa et al., 

2008; Kiirats et al., 2009). One minute after becoming TPU-limited, the ATP/ADP ratio can fall 

from 2.3 to 1.2 although after 18 minutes other regulatory processes can allow it to recover to 

1.6 (Sharkey et al., 1986c).  

The decline in ATP is a form of feedback limitation and is potentially quite dangerous to 

the plant. Feedback conditions are known to cause photodamage due to the inability to move 

energy downstream (Pammenter et al., 1993; Takizawa et al., 2008; Kiirats et al., 2009). To 

avoid photodamage, instead of maintaining phosphate-restricted feedback, a series of 

regulatory steps are engaged to slow photosynthetic electron transport and carbon fixation by 
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rubisco. While the capacity is determined by phosphate balance, the steady-state rate is set by 

regulatory effects that serve to ameliorate feedback conditions. This includes reduction in the 

photosystem 2 quantum yield (ΦPS2) (Sharkey et al., 1988; Kiirats et al., 2009) and reduced 

activation state of rubisco (Sharkey et al., 1986a; Socias et al., 1993; Viil et al., 2004; Cen & 

Sage, 2005). In this review we discuss the effect of end product synthesis on the overall rate 

and regulation of photosynthesis. 

How are triose phosphates used? 

The maximal photosynthetic rate under TPU limitation is primarily, but not exclusively, 

determined by the rate of conversion of triose phosphates into starch and sucrose. The 

synthesis of sugar alcohols in some plant species (Escobar-Gutiérrez & Gaudillère, 1997; 

Loescher et al., 2000) have the same effect as sucrose synthesis. The limitation on assimilation 

is based on the release of phosphate from Calvin-Benson cycle intermediates that leave the 

cycle, and the most immediate release is from the activity of fructose-1,6-bisphosphatase 

(FBPase) in the chloroplast for starch synthesis or in the cytosol for sucrose synthesis. Sucrose 

synthesis begins with the translocation of TPs through the triose phosphate/phosphate 

translocator (TPT) (Riesmeier et al., 1993). This removes carbon from the Calvin-Benson cycle 

and returns phosphate from the cytosol to the chloroplast. Each sucrose molecule requires the 

combination of two hexose molecules, for a total of four triose phosphates. Net phosphate 

release from organic phosphates during sucrose synthesis occurs at FBPase (2), UDP-glucose 

pyrophosphorylase (1), and sucrose-phosphate phosphatase (1). Sucrose synthesis is typically 

measured at between 25 and 50% of total carbon assimilation (Sharkey et al., 1985; Escobar-

Gutiérrez & Gaudillère, 1997; Szecowka et al., 2013; Abadie et al., 2018), with some studies 
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demonstrating up to 75% (Stitt et al., 1983). It is likely the species and environmental 

conditions have an effect on partitioning of carbon into sucrose.  

In starch synthesis, phosphate release occurs at stromal FBPase and ADP-glucose 

pyrophosphorylase. The flux to starch varies considerably with the growth conditions of the 

plant, for example Arabidopsis growing in an 18 h photoperiod committed only 24% of fixed 

carbon to starch but in a 6 h photoperiod committed 51% (Sulpice et al., 2014). Other studies 

show between 30 and 60% of fixed carbon goes to starch (Sharkey et al., 1985; Escobar-

Gutiérrez & Gaudillère, 1997; Szecowka et al., 2013; Abadie et al., 2018) but the amount of 

carbon partitioned to starch can vary greatly among plant species (Huber, 1981). A small 

amount of phosphate is added to starch in photosynthesizing leaves by glucan-water dikinase 

and phosphoglucan-water dikinase but the amount is very low, 0.1-0.9% of glucose moieties 

(McPherson & Jane, 1999; Ritte et al., 2002; Kötting et al., 2004), and so is not relevant for 

understanding gas exchange properties of photosynthesis. 

There are a number of other routes by which carbon is exported from the Calvin-Benson 

cycle (Figure 1.1). Any carbon metabolism pathway that begins with a phosphorylated Calvin-

Benson cycle intermediate and ends with a non-phosphorylated molecule will contribute to 

TPU. The shikimate pathway to aromatic amino acid synthesis begins with the export of GAP 

from the chloroplast to make phosphoenolpyruvate (PEP). PEP is reimported into the 

chloroplast through the phosphoenolpyruvate/phosphate translocator (PPT) and combines with 

erythrose 4-phosphate (E4P) and ends with chorismate, accounting for 1 to 2% of fixed carbon 

(Escobar-Gutiérrez & Gaudillère, 1997; Abadie et al., 2018). Fatty acids and branched chain 

amino acids are synthesized from acetyl-CoA from pyruvate and account for 1 to 3% of fixed 
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carbon (Bao et al., 2000). It has been shown that oil biosynthesis can be increased as a carbon 

sink and this would contribute to a higher capacity for TPU (Sanjaya et al., 2011). The 

methylerythritol 4-phosphate (MEP) pathway begins with GAP and pyruvate to produce 

isoprenoids consuming up to 3% of fixed carbon (Rasulov et al., 2014). Pyruvate is made from 

triose phosphate exported from the chloroplast and dephosphorylated by pyruvate kinase 

freeing phosphate in the cytosol or by beta elimination of phosphate during the rubisco 

reaction (Andrews & Kane, 1991) freeing phosphate in the stroma.  

Figure 1.1 A depiction of the major phosphate and carbon exits from the Calvin-Benson cycle. 
Rates: Sucrose, 25-50%; Starch, 30-60%; Photorespiratory amino acids, 7-15%; Shikimate 
pathway, 1-2%; Lipids 1-3%; Methylerythritol pathway, 1-3%; PEP Carboxylation, 0.5-4%; CO2 
release from photorespiration*, 7-12.5% of fixed carbon lost and does not contribute to TPU 
capacity. Abbreviations: E4P, erythrose 4-phosphate; F6P, fructose 6-phosphate; GAP, 
glyceraldehyde 3-phosphate; PEP, phosphoenolpyruvate; PGA, 3-phosphoglyceric acid; SBP, 
sedoheptulose bisphosphate; TP, triose phosphates; Xu5P, xylulose 5-phosphate. 
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Amino acid intermediates in the photorespiratory pathway can be exported from the 

leaf or used in the cytosol as carbon skeletons, for transamination, or for protein construction. 

It is estimated that an average of 30% to a high of 70% of photorespiratory glycolate carbon is 

exported from the Calvin-Benson cycle as modeled from gas exchange measurements (Busch et 

al., 2018). If the ratio of oxygenation to carboxylation (φ) is assumed to be 0.25, this represents 

carbon export from the Calvin-Benson cycle equivalent to 7-15% of fixed carbon. In addition, 

CO2 lost from conversion of glycine to serine will allow for increased rates of carboxylation, 

though it does not increase the maximum assimilation rate. If we assume φ is 0.25 and no 

glycine export, this represents 12.5% of fixed carbon lost, but under TPU-limited conditions 

excess carboxylation capacity allows fixation of the same amount of CO2. This is part of the 

reason photosynthesis becomes insensitive to CO2 even though the rate of photorespiration 

varies with CO2.  

Plants are capable of carboxylating PEP and releasing the phosphate on PEP. The 

resulting oxaloacetate can be transaminated to aspartate or reduced to malate for use in 

anapleurotic reactions or storage in the vacuole (sometimes as fumarate). PEP carboxylation 

contributes to TPU as PEP may come from triose phosphates exported from the chloroplast and 

the carboxylation consumes atmospheric carbon which would be measured in gas exchange. 

Gauthier et al. (2010) found that amino acids made from -ketoglutarate are quickly labeled by 

15N-ammonium nitrate but not 13CO2 fed to photosynthesizing leaves indicating that the carbon 

for these amino acids comes from preexisting pools and so do not contribute to TPU. Szecowka 

et al. (2013) showed that no more than 2.6% of 13C-labeled carbon from CO2 fixation goes 

through PEP to organic acids or amino acids, including non-carboxylation reactions. Ma et al. 
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(2014), using extensive in silico modeling combined with mass spectrometry measurements, 

found that PEP carboxylation represented 0.5 to 4% of fixed carbon, depending on how much 

PEP carbon is assumed to be directly from the Calvin-Benson cycle and the overall rate of 

photosynthesis. Another study found that the rate of PEP carboxylation varied with the rate of 

photosynthesis, increasing significantly in its proportion at low assimilation from 2% to 25% of 

fixed carbon (Abadie & Tcherkez, 2018). In Arabidopsis a significant amount of carbon is stored 

in the vacuole as fumarate; it is not known how much of this carbon is recent (and therefore 

contributes to TPU) and how much is preexisting carbon (Chia et al., 2000; Pracharoenwattana 

et al., 2010; Zell et al., 2010; Ma et al., 2014). This is also true of sunflower (Abadie et al., 2018). 

In summary, TPU is primarily starch and sucrose synthesis (approximately 80%). The 

next most important “use” of triose phosphates may be in removal of glycine or serine from the 

photorespiratory cycle, potentially reaching 15% but likely usually well below 10%. Many other 

metabolic pathways account for the remainder but none of these are likely to exceed 5% of the 

rate of carbon fixation and so usually do not have a significant impact on TPU-limitation 

behavior. 

TPU and gas exchange 

TPU is typically assessed from gas exchange data obtained using infrared gas analyzers 

to measure rates of CO2 uptake. Because of the usefulness of fluorescence parameters in 

analyzing gas exchange data, gas exchange measurements are frequently combined with 

chlorophyll fluorescence analysis. Measuring the stomatal conductance to gas exchange by 

transpiration allows the calculation of the partial pressure of CO2 inside the leaf (Ci) (Sharkey et 

al., 1982). Diffusion resistance within the mesophyll will further reduce the effective partial 
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pressure of CO2 resulting in the partial pressure of CO2 at the site of carboxylation (Cc). TPU-

limited photosynthesis is mostly insensitive to CO2, so resistance to diffusion of CO2 has little or 

no effect on TPU-limited photosynthesis.  

Plots of carbon assimilation (A) as a function of Ci (or better Cc when mesophyll 

conductance can be estimated since this eliminates CO2 diffusion effects on the results) can be 

interpreted using rubisco kinetics to predict what biochemical process is limiting assimilation. 

At low Cc, assimilation is typically limited by binding affinity of rubisco for CO 2 (and the 

inhibition by oxygen), known as the rubisco limitation (often abbreviated as C limitation). At 

intermediate Cc or when given insufficient light, assimilation is typically limited by the rate of 

regeneration of ribulose 1,5-bisphosphate (RuBP), frequently referred to as J limitation. TPU 

limitation, sometimes called P limitation, only happens when the plant has a greater capacity to 

fix carbon than it has to remove carbon from the Calvin-Benson cycle in end product synthesis. 

In many plants this can be seen at high Cc and saturating light. The requirement for high 

photosynthetic rate may be why TPU limitation is so hard to detect in plants with low inherent 

photosynthetic rates such as Arabidopsis (Yang et al., 2016).  

Lack of, or reverse, sensitivity of A to oxygen partial pressure changes and CO2 partial 

pressure increases is the primary gas exchange behavior of TPU limitation (Sharkey, 1985a). 

Insensitivity had been reported for many years (Ludwig & Canvin, 1971; Jolliffe & Tregunna, 

1973; von Caemmerer & Farquhar, 1981). Critically, Harris et al. (1983) found insensitivity 

following feeding with mannose, which sequesters phosphate. Later it was shown that oxygen 

insensitivity was correlated with CO2 insensitivity (Sharkey, 1985a). Leegood and Furbank 

(1986) found that oxygen-insensitive photosynthesis in leaf discs was induced by a combination 
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of low temperature and high CO2 partial pressure. Feeding of phosphate restored normal 

oxygen sensitivity and also increased CO2 assimilation rate, showing that phosphate 

metabolism was involved in both oxygen sensitivity and the limitation of assimilation. From this 

and other considerations Sharkey (1985a) concluded  

“(a)s the rate of CO2 assimilation increases, starch and sucrose synthesis must increase 

as well. If not, triose-P and PGA will build up and phosphate will decline. These changes in pool 

size will stimulate starch and sucrose synthesis. However, there is a limit to how far the 

phosphate pool can fall before it begins to limit photophosphorylation. Once this limit is 

reached, CO2 will be assimilated at the rate at which starch and sucrose synthesis can 

metabolize triose-P, regardless of whether oxygenation occurs or not.” 

When photosynthesis is limited either by rubisco or RuBP regeneration, increasing CO 2 

or decreasing O2 should increase A. When A is rubisco-limited, A will increase because of (1) the 

affinity of rubisco for CO2 and the effects of O2 on CO2 affinity and (2) the reduced CO2 release 

in photorespiration. When A is limited by RuBP regeneration, A will increase because of (1) the 

reduced CO2 release in photorespiration (as above) and (2) the diversion of RuBP from 

oxygenation to carboxylation when photorespiration is suppressed. TPU limited photosynthesis 

does not exhibit this stimulation or exhibits a reduced stimulation when photorespiration is 

suppressed (Badger et al., 1984; Sharkey, 1985a). The insensitivity of A while TPU-limited 

happens because the controlling factor is the ability of the leaf to make end products and this is 

not affected by CO2, O2, or the rate of photorespiration. Increasing photorespiration by 

increasing O2 or decreasing CO2 partial pressures will be compensated by increased RuBP 

regeneration and carboxylation but because these capacities are in excess in a TPU-limited 
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state, this will not affect A. Use of oxygen or CO2 insensitivity to determine photosynthetic 

limitations in A/Ci curves is discussed in greater detail in Busch and Sage (2017). 

It is not possible to determine whether C4 plants suffer TPU limitation. The carbon pump 

of C4 metabolism makes it difficult to see the gas exchange behaviors that characterize TPU 

limitation. C4 plants at high photosynthetic rates are interpreted to be limited by CO2-saturated 

rubisco activity, and at lower rates by PEP carboxylase activity (Collatz et al., 1992). Even if 

rubisco is not saturated with CO2, oxygen-dependent changes in the rate of photorespiratory 

CO2 release changes the CO2 concentration in the bundle sheaths, making C4 photosynthesis 

rate independent of photorespiration rate (von Caemmerer, 2000). Thus, the CO2 and O2 

dependence that results from the variation in the ratio of carboxylation to oxygenation is not 

observed in C4 photosynthesis and because this is the gas exchange characteristic that is used 

to diagnose TPU limitation, it is not possible to tell if C4 plants have a TPU-limited state. 

Reverse sensitivity to CO2 and O2 partial pressures 

While the TPU limitation offered understanding of insensitivity to increasing O 2 and CO2 

partial pressures, it did not immediately explain reverse sensitivity. It has long been known that 

oxygen inhibits photorespiration due to competitive binding to rubisco and photorespiratory 

CO2 release (Warburg, 1919; Ludwig & Canvin, 1971; McVetty & Canvin, 1981). It was therefore 

unexpected to find that reducing oxygen or increasing CO2 partial pressures could sometimes 

reduce the rate of CO2 assimilation. As photorespiration releases CO2, it is counterintuitive that 

altering the gas composition to favor carboxylation would result in decreased carbon 

assimilation. Yet data dating back decades shows that once at high CO2, increasing CO2 can 
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cause a decrease in net assimilation (Jolliffe & Tregunna, 1973; Canvin, 1978; von Caemmerer & 

Farquhar, 1981), and increasing O2 can cause an increase in net assimilation (Viil et al., 1977). 

Photorespiration was one key to understanding the reverse oxygen sensitivity under 

TPU-limiting conditions. Phosphoglycolate is dephosphorylated by phosphoglycolate 

phosphatase before export through PLGG1 or BASS6 (South et al., 2017). Photorespiratory 

metabolism of two glycolate molecules leads to re-import of carbon as glycerate, which is 

phosphorylated to phosphoglyceric acid. The extra phosphate released can be used to make 

ATP that phosphorylates ribulose 5-phosphate to produce RuBP that will be used to accept a 

CO2, balancing the photorespiratory loss of one carbon. However, the two amino acid 

intermediates in the photorespiratory pathway can be used in the cytosol, resulting in net 

carbon export from the Calvin-Benson cycle. This carbon is effectively lost from RuBP and not 

directly from CO2 fixed from the atmosphere. Photorespiratory carbon that never returns to the 

chloroplast was parameterized as α, the fraction of glycolate carbon that leaves the 

photorespiratory cycle as amino acids (Harley & Sharkey, 1991). The α parameter was later 

refined to αG and αS, the fraction of glycolate carbon that leaves as glycine and serine 

respectively (Busch et al., 2018). When glycine is exported instead of serine, no CO2 is released. 

As these amino acids come from phosphorylated plastidic metabolites, and permanently leave 

the Calvin-Benson cycle, they contribute to TPU capacity. Adjusting the gas composition to 

decrease φ reduces the export of glycine and serine and therefore reduces TPU capacity, 

reducing the maximum photosynthetic rate. This can explain the reverse sensitivity of A to CO2 

and O2. 
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Starch synthesis is also affected by oxygen partial pressure and can contribute to severe 

reverse sensitivity. Beans photosynthesizing quickly then transferred to low oxygen were found 

to have reduced rates of starch synthesis but a minimal change in the rate of sucrose synthesis. 

A concurrent reduction in the ratio of glucose-6-phosphate to fructose-6-phosphate indicates 

inhibition of phosphoglucose isomerase (Dietz, 1985; Vassey & Sharkey, 1989). The precise 

mechanism of this inhibition is unclear. 

Modeling 

TPU models have seen some recent changes to account for our enhanced understanding 

of the possible role of photorespiration in nitrogen metabolism. Original models that account 

for triose phosphate usage relied on simple stoichiometry (Sharkey, 1985b): 

 

 𝑊𝑝 =  
3×𝑇𝑃𝑈

1−0.5𝜑
      Eq. 1.1 

 

where Wp is the rate of carboxylation when limited by phosphate metabolism and  is the 

ration of oxygenation to carboxylation by rubisco. Under this model photosynthetic 

carboxylation would equal the rate of carbon export from the Calvin-Benson cycle for starch 

and sucrose synthesis (numerator) adjusted by the amount of carbon released during 

photorespiration (denominator). Under TPU limitation A is given by 

 

 𝐴 = 𝑊𝑝 ∙ (1 − 0.5𝜑) − 𝑅𝐿     Eq. 1.2 

 

where RL is respiration in the light. 



14 

When Equation 1 is plugged into Equation 2 the (1-0.5) term cancels out and so A is 

independent of the rate of photorespiration. This is because rubisco is not limiting so the 

amount of CO2 released during photorespiration can be compensated by increased rubisco 

activity.  

However, this model did not account for reverse sensitivity of assimilation to oxygen or 

CO2 frequently observed. The model also describes all carbon export as triose phosphate usage, 

which is not directly true. Any carbon that leaves the Calvin-Benson cycle and is 

dephosphorylated will contribute to the maximum TPU capacity. While all carbon in the Calvin-

Benson cycle derives from TP, some of the end products are made from Calvin-Benson cycle 

intermediates other than TPs. Despite this, the simple model has some advantages. It requires 

no estimation of RL, mesophyll conductance (gm) or . These three parameters are currently 

impossible to directly measure, and there is some debate about our ability to accurately fit 

them and the constancy of these parameters. 

A recent model for TPU incorporates parameters for glycine or serine exit from the 

photorespiratory cycle. The glycine and serine need not accumulate and could have a range of 

metabolic fates, as long as the carbon does not reenter the Calvin-Benson cycle. From Busch et 

al. (2018): 

 

  𝑊𝑝 =
3×𝑇𝑃𝑈

1−0.5(1+3𝛼𝐺 +4𝛼𝑆 )𝜑
    Eq. 1.3 
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The denominator in equation has three terms to account for carbon that exits 

photorespiration as glycine (g) or serine (s). As one carbon out of four is lost as CO2 in the 

formation of serine, αS cannot be greater than 0.75. If αG and αS are zero, equations 1 and 3 are 

identical. Unlike the simple model of equation 1, equation 3 requires knowledge of the relative 

rate of photorespiration, and therefore relies on fitting for Γ*. There is little signal to 

differentiate αS and αG by gas exchange, which can make fitting these two parameters 

challenging. For conversion of equation 3 to assimilation as would be measured by gas 

exchange, Wp must be adjusted for respiratory carbon loss:  

    

𝐴 = 𝑊𝑝 ∙ (1 −
𝛤𝛼𝐺

∗

𝐶𝑐
) − 𝑅𝐿    Eq. 1.4 

where Γ*αG is the rubisco-Cc compensation point given the reduced rate of photorespiratory 

CO2 release due to export of glycine. Γ*αG/Cc is equivalent to 0.5 if αG = 0. 

Current modeling software is available with varying numbers of parameters to fit. 

Sharkey (2016) presented an excel tool which allows picking of points from A/Ci curves, with 

options to fit RL, gm, and αG and αS. Bellasio, et al. (2016) provide a highly detailed Excel tool 

that uses combined gas exchange and fluorescence to fit RL, gm, Jmax, Vcmax, Γ* and rubisco 

specificity for CO2 versus oxygen (Sc/o), but not α; much of the basis of this fitting are also 

discussed by Yin et al. (2009). Dubois et al. (2007) provide a SAS program which allows fitting of 

RL, gm, Jmax, Vcmax, Γ* and Sc/o, and α. Moualeu-Ngangue et al. (2017) propose to improve the 

Dubois fitting by reducing the number of assumptions made, though they do not fit α. Gu et al. 

(2010) provide a website for fully automated leaf data analysis called LeafWeb which does not 
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require selecting limitations point-wise or specific software. It should be noted that no current 

model attempts to incorporate other carbon sinks, and TPU is treated as a single variable. 

Temperature sensitivity 

Photosynthesis under TPU limitation is highly temperature sensitive. Though the other 

photosynthetic limitations demonstrate temperature sensitivity, (Cen & Sage, 2005; Sage & 

Kubien, 2007; Sharkey & Bernacchi, 2012; Busch & Sage, 2017), TPU-limiting conditions are the 

most temperature sensitive (Sharkey & Bernacchi, 2012; Yang et al., 2016) perhaps because of 

the strong temperature sensitivity of sucrose-phosphate synthase (Stitt & Grosse, 1988; 

Leegood & Edwards, 1996) or altered sensitivity of cytosolic FBPase to 2,6-fructose 

bisphosphate (Stitt & Grosse, 1988). Other enzymes implicated in TPU limitation are also 

temperature sensitive, such as nitrate reductase (Leegood & Edwards, 1996; Busch et al., 2018). 

Because of the different ways by which temperature affects the three limitations, the 

conditions in which they appear changes with temperature. At temperatures lower than growth 

conditions the plant is significantly more likely to become TPU limited (Stitt, 1986; Sage & 

Sharkey, 1987; Labate & Leegood, 1988). Labate and Leegood (1988) demonstrated a 

temperature-sensitive increase in photosynthesis from phosphate feeding. Leaf discs floated on 

a solution containing phosphate at 25°C saw a marginal reduction in assimilation. However, 

discs fed phosphate at 10°C experienced significant photosynthetic gains, indicating that 

reduced temperatures result in greater limitation of photosynthesis by TPU (Figure 1.2).  

Acclimation of TPU 

The capacity for triose phosphate utilization is not immutable. Plants grown under low 

temperature tend to have greatly elevated TPU capacity (Guy et al., 1992; Holaday et al., 1992; 
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Sage & Kubien, 2007). This acclimation largely comes from increased expression of sucrose 

biosynthesis enzymes (Guy et al., 1992; Holaday et al., 1992; Strand et al., 1999; Hurry et al., 

2000), and it has been proposed that this acclimation is signaled by low phosphate levels (Hurry 

et al., 2000). This increased capacity offsets the decreased activity of starch synthase and 

sucrose-phosphate synthase at low temperature and makes it less likely that the plant will be 

TPU-limited (Cornic & Louason, 1980; Sage & Sharkey, 1987). Plants transferred to an elevated 

CO2 environment developed increased phosphate regeneration capacity, demonstrating 

acclimation (Sharkey et al., 1988; Sage et al., 1989). 

Plants experiencing water stress reduce their TPU capacity, possibly reflecting the 

reduced internal CO2 partial pressure that results from stomatal closure (von Caemmerer & 

Farquhar, 1984; Vassey & Sharkey, 1989; Cornic et al., 1992). Transgenic plants overexpressing 

alternative oxidase cope better with water stress (Dahal et al., 2014, 2015) and experience 

reduced negative effects on assimilation from TPU capacity. The reduced occurrence of TPU 

limitation in plants overexpressing the alternative oxidase was correlated with higher amounts 

of chloroplast ATP synthase, which might allow ATP synthesis at lower phosphate 

concentration. This adaptability shows that TPU will influence the metabolic investments of the 

plant; it will enhance the ability to handle high TP production, but only when it is required for 

the current output of photosynthesis. 
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The adaptability of TPU is important for fulfilling the role of stromal phosphate in 

balancing starch synthesis and ATP synthesis (Figure 1.3). Starch synthesis is highly sensitive to 

phosphate due to inhibition of ADP-glucose pyrophosphorylase (Preiss, 1982), and ATP 

synthase is kinetically (Takizawa et al., 2007) and thermodynamically sensitive to phosphate. 

This relationship can help explain the very low partitioning of carbon into starch at low 

photosynthetic rate (Escobar-Gutiérrez & Gaudillère, 1997), which is exacerbated by reduced 

Figure 1.2 Rate of CO2 assimilation of barley versus Ci in 10°C 
(top) and 25°C (bottom) with and without the addition of 
phosphate. A temperature-dependent increase in 
photosynthetic assimilation is observed upon addition of 

phosphate. Re-drawn from Labate & Leegood 1988. 
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levels of PGA which would otherwise stimulate starch production (Heldt et al., 1977). If sucrose 

synthesis is in excess, the balance of starch versus sucrose synthesis during the day could 

become unfavorable for growth and the extra phosphate could even collapse the Calvin-Benson 

cycle by driving export of too much triose phosphate out of the chloroplast. This has been 

reported in isolated chloroplasts (Leegood & Walker, 1983) but not in intact leaves. High 

phosphate outside of chloroplasts has also been shown to result in starch breakdown in the 

light (Stitt & Heldt, 1981). The highest rate of photosynthesis will be achieved with a fine 

balance of phosphate usage and phosphate release. In an environment where expected 

photosynthetic rates are lower, the plant will benefit from reduced TPU capacity. This allows 

Figure 1.3 As photosynthetic rate increases, the gap between the phosphate concentration 
required by the ATP synthase and the phosphate concentration to inhibit starch synthesis 
narrows. The shapes of the responses are represented by straight lines only for simplicity. 

When TPU limits photosynthetic rate any increase in phosphate required for higher ATP 
synthase activity would inhibit starch synthesis restricting phosphate release. 
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phosphate to fall, correcting several issues with starch and sucrose metabolism and reducing 

the risk of over-consumption of triose phosphates. When expected photosynthetic rates are 

higher, the plant will benefit from increased TPU capacity allowing better recycling of 

phosphate and improved ATP synthase throughput and alleviating the potential for 

photodamage due to feedback conditions.  

Effects on the light reactions 

Elevating CO2 partial pressure when photosynthesis is limited by TPU will cause a 

decrease in ΦPS2. Rubisco binds CO2 and O2 competitively, meaning that an increase in CO2 

partial pressure reduces the rate of the light reactions needed for photorespiration. This does 

not lead to an increase in assimilation when TPU is controlling. Rather, it reduces the rate of 

carboxylation as assimilation is maximized and less carbon is lost through photorespiration, 

resulting in reduced total rubisco activity. Both carboxylation and oxygenation require ATP and 

NADPH, which come from electron transport. Therefore, increasing CO2 partial pressures over 

TPU limited leaves results in an overall reduction in electron transport requirements (Stitt, 

1986; Sharkey et al., 1988; Stitt & Grosse, 1988). Regulatory processes lead to reduced ΦPS2, a 

phenomenon which can be useful in discriminating TPU limitation using combined gas exchange 

and fluorescence data (Figure 1.4). 

There are effects on the kinetics of the light reactions that happen concurrently with 

reduction of electron transport rate. Proton conductivity across the thylakoid membrane goes 

down under TPU limitation (Takizawa et al., 2008; Kiirats et al., 2009; Yang et al., 2016). It is 

proposed that this kinetic change occurs because of a reduced pool of available phosphate in 

the stroma, which reduces the rate of ATP synthase. The Km of chloroplast ATP synthase for 
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phosphate has been measured at 0.2-1 mM (Selman-Reimer et al., 1981; Grotjohann & Gräber, 

2002). Stromal phosphate concentration during feedback conditions is estimated to be 

between 0-1.7 mM depending on how much phosphate is assumed to be free (Sharkey & 

Vanderveer, 1989), so it is reasonable to suggest that the phosphate concentration may drop 

below the Km of ATP synthase. Joint with a decrease in ATP synthase conductivity is an increase 

Figure 1.4 The decline in electron transport rate is diagnostic of TPU limitation. From 
combined gas exchange and fluorescence data in A/C i curves of Nicotiana benthamiana at 

varying light intensity and 35°C. At low CO2, plants are limited by rubisco activity (C limitation, 
red), characterized by a sharp upwards slope of both A and ETR with increasing CO 2. When 
light is insufficient, plants will be limited by the rate of RuBP regeneration (J limitation, 
green), characterized by a flat slope of ETR with increasing CO2. Only when the plant has 
ample CO2 and electron transport will TPU limitation (P, yellow) be seen, characterized by a 
decline in ETR with increasing CO2. ETR is calculated from fluorescence-derived ΦPS2. Light 
intensity (µmol m-2 s-1):  - 250,  - 400,   - 550,  - 750,  - 1000,  - 1500. 
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in proton-motive force (PMF). The energy needed to make ATP will depend on the 

concentration of phosphate. 

 

 ∆𝐺𝐴𝑇𝑃 = ∆𝐺𝐴𝑇𝑃
′0 + 𝑅 ∙ 𝑇 ∙ 𝑙𝑛

[𝐴𝑇𝑃]

[𝐴𝐷𝑃]∙[𝑃𝑖 ]
    Eq. 1.5 

 

As the effective [Pi] declines, ∆𝐺𝐴𝑇𝑃  will increase, requiring a greater PMF for ATP 

synthesis. Increased PMF leads to controls on electron transport through qE, reducing energy 

arrival at P680 or reduction in the rate of electron flow at the cytochrome b6f complex, leading 

to reduced rates of electron transport (Kramer & Crofts, 1996; Owens, 1996). While phosphate 

seems to play a role in linking the light reactions and the Calvin-Benson cycle, it is less clear 

what other molecular mechanisms may be important. It is likely that we do not yet know some 

important regulatory components that control ETR when TPU limits the rate of photosynthesis. 

TPU and sink strength 

TPU limitation is a form of very short-term sink/source disequilibrium, separate from 

long-term sinks such as fruit or root growth, though the two could be related. TPU is concerned 

with the ability to quickly dephosphorylate and remove carbon from the Calvin-Benson cycle. 

The half-life of Calvin-Benson cycle intermediates tends to be very short, with many under one 

second, and some larger pools such as glucose 6-phosphate and UDP-glucose have a half-life of 

under one minute (Stitt et al., 1980; Arrivault et al., 2009). Pool lifetimes this short mean that 

TPU limitation can build up and diminish very rapidly. Over a longer timeframe, a greater sink 

can be important in freeing up short-term sinks. It has been reported that defruited wheat 

experiences significant downregulation of photosynthesis (King et al., 1967), though not all 
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plants experience this effect (Farquhar & von Caemmerer, 1982). Buildup of sucrose in source 

leaves could result in reduced TPU capacity due to reduced sucrose-phosphate synthase activity 

as shown in some experiments (Huber, 1981; Paul & Foyer, 2001), or increased invertase 

activity (Mengin et al., 2017). In some experiments using conditions consistent with TPU 

limitation, starch builds up and causes a decline in photosynthetic rate (Sasek et al., 1985; Peet 

et al., 1986; Ramonell et al., 2001). The source of this decline is still to be conclusively 

determined. A long-term sink which can absorb carbon will allow the plant to recover (Sasek et 

al., 1985; Arp, 1991). 

TPU and plant nutrition 

TPU limitation is often incorrectly interpreted as a nutritional deficiency. It is true that 

plants transferred to media without any phosphate experience significant reduction in 

photosynthetic capacity (Brooks, 1986; Foyer & Spencer, 1986). However, less dramatic 

differences in phosphate nutrition result in relatively small changes in photosynthetic rate. This 

is due to the vacuole buffering phosphate concentration in the rest of the cell on an hours 

timescale (Rebeille et al., 1983; Woodrow et al., 1984). Under increased or decreased 

phosphate nutrition, large changes in vacuolar phosphate concentration are seen, but only 

relatively small changes are seen in plastidic phosphate concentration (Rebeille et al., 1983; 

Foyer & Spencer, 1986). Plants grown with different phosphate nutrition are therefore not 

significantly more or less likely to experience TPU limitation. Most phosphate in 

photosynthesizing cells will be used by nucleic acids and phospholipids (Dissanayaka et al., 

2018) and growth is more sensitive to phosphate nutrition than is photosynthetic rate (Mo et 

al., 2018). Ellsworth et al. (2015) showed a survey of Australian plants growing in the wild with 
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varying phosphate availability were adapted to their environment, and TPU limitation was more 

likely at high phosphate nutrition. Furthermore, TPU limitation can only be seen when the plant 

is photosynthesizing very quickly, which usually cannot be seen if the plant is nutritionally 

deprived. Plants with reduced nitrogen were not capable of photosynthesizing quickly enough 

to reach TPU limitation (Sage et al., 1990). 

Oscillations 

Oscillations in carbon assimilation rate are a common side-effect of TPU limitation 

(Ogawa, 1982; Sivak & Walker, 1986, 1987). They are typically seen after a perturbation in the 

environment of a plant that results in high photosynthetic rates, such as sharp increases in 

illumination or CO2. Oscillations then continue without further input for a variable amount of 

time. Oscillations include tandem changes in carbon assimilation and fluorescence parameters, 

indicating simultaneous changes in both the light reactions and the Calvin-Benson cycle 

(Ogawa, 1982; Walker et al., 1983; Peterson et al., 1988; Stitt & Grosse, 1988). The amplitude of 

oscillations can increase with conditions that further exacerbate TPU limitation, such as low 

temperature or low O2 (Peterson et al., 1988; Stitt & Grosse, 1988). Oscillations showed a 

significant impact on organic phosphates and their relevant ratios, notably large initial spikes in 

PGA, reduction in RuBP and ATP pools (Sharkey et al., 1986c; Sage et al., 1988; Stitt & Grosse, 

1988; Laisk et al., 1991). 

A few models have been produced to explain oscillations. The most significant theory is 

that there is a delay in activation of sucrose synthesis after a photosynthetic increase that 

causes oscillations (Laisk & Walker, 1986). The delay may also originate from cytosolic fructose-

1,6-bisphosphatase inhibition by fructose-2,6-bisphosphate (Stitt et al., 1984; Laisk & 
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Eichelmann, 1989; Laisk et al., 1989) or post-translational regulation (Huber & Huber, 1996). An 

additional interpretation of these oscillations has been proposed originating from the light 

reactions, with damping caused by a slow leak of protons across the thylakoid membrane 

(Kocks & Ross, 1995). 

Environmental impact 

The changing climate, resulting, in large measure, from increasing CO2 in the 

atmosphere, has the potential to affect the frequency and severity of TPU limitations to 

photosynthesis. Since this syndrome occurs when carbon fixation and light capture have a 

greater capacity than end product synthesis, increasing CO2 should increase the occurrence of 

TPU limitation. However, because TPU is stimulated by increasing temperature, there could be 

a reduction in the occurrence of TPU limitation in the future. It is hard to predict which effect 

will dominate, and whether TPU limitation will be observed more or less frequently based on 

climate change predictions. However, beyond the short-term effects of temperature and CO2 it 

is important to consider how the plant responds when it is TPU-limited. Generally, plants 

growing in elevated CO2 show less propensity for TPU limitation because they have reduced 

capacity for other processes in photosynthesis (Sage et al., 1989). This suggests that plants 

cannot or do not make full use of the greater potential for photosynthesis. We hypothesize that 

understanding TPU will help in predicting acclimation responses of plants to increasing 

atmospheric CO2. How plants might acclimate could depend on such things as stochasticity of 

their environment and the typical day/night change in temperature. If night (and dawn) 

temperature rises more than day temperature this could affect optimal TPU capacity. 
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It is often found that TPU-limitation occurs whenever photosynthesis is stimulated to be 

about 20% higher than was occurring in the plant under natural conditions (Yang et al., 2016). 

Increasing CO2, decreasing oxygen, or lowering the temperature usually allows TPU-limitation 

to be observed. In a large study of published A/Ci curves Wullschleger (1993) found 23 cases 

(out of 109) where investigators reported TPU limitations. It is likely that the phenomenon is 

observed but not recognized much more often. For example, a curve presented in Wullschleger 

et al. (Figure 1B, taken from Ireland et al., 1988) shows evidence of TPU-limitation but this was 

not one of the 26 instances of TPU limitation cited. It is common for the TPU limitation to be 

ignored even when it is evident in data. 

Since the components of photosynthesis must all work in concert and in strict 

stoichiometry, it is not surprising that there might be a relationship between Vcmax and TPU 

capacity. This has been invoked in global models of photosynthesis although many models do 

not include TPU. Lombardozzi et al. (2018) used several estimates of the ratio of Vcmax and TPU 

capacity and concluded that current global models may overestimate how much CO2 will be 

fixed by plants in the future because TPU-limitations, or adjustments to avoid TPU limitation, 

will reduce photosynthetic capacity. It is important to realize that even though plants growing 

in elevated CO2 do not show TPU-limitation, TPU still may be setting an upper bound and that 

plants adjust other capacities to keep below the upper bound of TPU because TPU can cause 

damage. 

Conclusions 

TPU is a metabolic condition that incorporates numerous signals to reflect the state of 

photosynthesis across the whole cell. Most metabolites in the chloroplast are phosphorylated, 
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and so phosphate can reflect the metabolic state of the chloroplast. Phosphate is linked 

through the cytosol, where sucrose synthesis takes place, and thus phosphate represents 

photosynthetic state across all chloroplasts. Phosphate concentrations are carefully regulated, 

and TPU limitation is very unlikely to be found at ambient conditions. A low phosphate level 

naturally signals to the other processes that photosynthesis is very fast, kinetically controls the 

ATP synthase, and leads to downstream effects on photosynthesis by accumulation of PMF and 

engaging qE. The reduction in phosphate signals the plant to build up starch by relieving 

phosphate inhibition of ADP-glucose pyrophosphorylase (Preiss, 1982). Plants which are 

photosynthesizing slowly can reduce their TPU capacity, which will lower their phosphate 

regeneration, helping to produce starch and prevent cycle collapse from over-export of triose 

phosphates; conversely, increasing TPU capacity in plants which are photosynthesizing quickly 

will raise their phosphate regeneration and help produce ATP. In this way, TPU sets the span on 

expected photosynthesis. We believe that the gas exchange behavior in TPU conditions reflects 

several important regulatory features. Yet, the role of TPU as regulation is relatively 

unexplored. Experimental determination of the molecular mechanisms that underpin this 

system, and ecological studies to examine the broader effects of TPU are exciting future 

directions in this field. 

A number of misconceptions cloud the field in regards to TPU. Even the term “TPU” can 

now be seen not to be wholly accurate. It largely describes phosphate metabolism, but not all 

effects on carbon metabolism related to phosphate can be accurately described as triose 

phosphate usage. At steady state, there are other sources of phosphate release that contribute 

to the assimilation cap. Amino acid release from photorespiration, MEP and shikimate 
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pathways, and other carbon sinks for Calvin-Benson cycle intermediates will all contribute to 

the maximal assimilation rate when photosynthesis is TPU limited. An alternative view is that all 

Calvin-Benson cycle exports are downstream of TP, and thus constitute a form of TPU. The 

specific terminology and nuance are less important than the total understanding, which is that 

TPU limitation is the result of insufficient capacity for carbon export from the Calvin-Benson 

cycle. Other carbon metabolism pathways in the chloroplast that do not immediately originate 

in the Calvin-Benson cycle, while important for the overall physiology of the plant, will not be 

discernible in gas exchange measurements. 

Maintaining TPU limitation is unhealthy for the plant due to risk of oxidative stress from 

photosystem oxidation (Pammenter et al., 1993). Electron transport regulation as assessed by 

chlorophyll fluorescence quenching analysis and deactivation of rubisco lead to an overall 

slowing of photosynthesis lower than TPU, eventually reaching a steady state with assimilation 

rate based on the rate of TPU (Sharkey et al., 1988). Excess assimilation when already low on 

phosphate would further deprive ATP synthase of phosphate it needs. Contrary to what one 

might expect given the term “TPU limitation,” triose phosphates do not necessarily need to 

build up, though phosphate levels should be low (Sharkey & Vanderveer, 1989). This is why 

plants can be drained of phosphate via mannose or deoxyglucose feeding and be TPU limited 

(Herold & Lewis, 1977; Herold, 1980; Sivak & Walker, 1986). It is the relationship between the 

need for phosphate for ATP synthase and the phosphate sensitivity of starch and sucrose 

synthesis that results in TPU (Herold, 1980). 
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CHAPTER II 

The time course of acclimation to the stress of triose phosphate use limitation 
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Abstract 

Triose-phosphate utilization (TPU) limits the maximum rate at which plants can 

photosynthesize. However, TPU is almost never found to be limiting photosynthesis under 

ambient conditions for plants. This, along with previous results showing adaptability of TPU at 

low temperature, suggests that TPU capacity is regulated to be just above the photosynthetic 

rate achievable under the prevailing conditions. A set of experiments were performed to study 

the adaptability of TPU capacity when plants are acclimated to elevated CO2 concentrations. 

Plants held at 1500 ppm CO2 were initially TPU limited. After 30 hours they no longer exhibited 

TPU limitation, but they did not elevate their TPU capacity. Instead, the maximum rates of 

carboxylation and electron transport declined. A time course of regulatory responses was 

established. A step increase of CO2 first caused PSI to be oxidized but after 40 s both PSI and 

PSII had excess electrons because of acceptor-side limitations. Electron flow to PSI slowed and 

the proton motive force increased. After 30 hours, non-photochemical quenching reduced 

electron flow sufficiently to balance the TPU limitation. Over several minutes rubisco 

deactivated contributing to regulation of metabolism to overcome the TPU limitation. 

Introduction 

Photosynthesis, as measured by gas exchange, is typically assessed by the three 

canonical biochemical limitations of photosynthesis: the rubisco limitation, where carbon 

dioxide uptake is modeled assuming ribulose 1,5-bisphosphate (RuBP)-saturated rubisco 

kinetics; the RuBP regeneration limitation, where carbon dioxide uptake is modeled assuming a 

fixed rate of RuBP use as allowed by the production of electron transport products, ATP and 

NADPH; and the triose phosphate utilization (TPU) limitation, where carbon dioxide uptake is 
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modeled as the rate of production of end products, freeing inorganic phosphate from organic 

phosphates (McClain & Sharkey, 2019). The TPU limitation is not always observed and whether 

it should be included in models of global photosynthesis has been debated (Lombardozzi et al., 

2018; McClain & Sharkey, 2019; Rogers et al., 2020). 

The TPU limitation is unique among the three biochemical limitations in that it is limited 

by processes downstream of the Calvin-Benson cycle. Rather than running carbon fixation and 

electron transport as efficiently as possible, regulatory mechanisms are engaged to slow down 

the rate of carbon assimilation (A) so as not to outpace the rate of end-product synthesis. 

Energy-dependent quenching (qE) is activated (Sharkey et al., 1988) by elevated ΔpH across the 

thylakoid membrane, one component of proton-motive force (PMF) (Kramer & Crofts, 1996). 

The elevated ΔpH results from kinetic and thermodynamic restrictions on the ATPase due to 

lowered levels of available inorganic phosphate (Sharkey & Vanderveer, 1989). In addition, 

rubisco activation state decreases (Sharkey et al., 1986a; Socias et al., 1993), which may 

alleviate pressure on phosphate pools by limiting the maximum rate that carbon can be added 

to the organic phosphate pool. Because TPU limitation restricts the rate of photosynthesis 

rather than the availability of light, there is a potential for photodamage unless regulatory 

mechanisms are engaged (Powles, 1984; Pammenter et al., 1993; Li et al., 2002). 

These regulatory mechanisms are the only aspects of TPU limitation typically observed 

in steady-state gas exchange. While TPU limitation results in and can be assessed through gas 

exchange as O2- and CO2-insensitive photosynthesis (Sharkey, 1985a) or reverse sensitivity to 

O2 (Viil et al., 1977) or CO2 (Jolliffe & Tregunna, 1973), it is easier to assess by the decline in 

electron transport rate associated with qE when CO2 is increased or O2 is decreased. The 
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appearance of transient effects on photosynthesis associated with TPU limitation (Ogawa, 

1982; Walker et al., 1983) lead us to believe that, in the steady state, the rate of photosynthesis 

is not set by TPU, but instead, the rate is set by regulatory mechanisms that match the rates of 

carbon input to and carbon output from the organic phosphate pool. 

TPU capacity does not require many resources. The nitrogen required for rubisco and 

photosynthetic electron transport far exceed those required for TPU and subsequent end 

product synthesis (Evans & Clarke, 2019). When TPU occurs, rubisco is deactivated and qE is 

increased reducing the efficiency of nitrogen use in both carbon metabolism and electron 

transport. Entering TPU limitation forces deactivation of systems which use much more 

nitrogen, an ideal plant would never experience TPU limitation under physiological conditions. 

However, TPU limitation is commonly seen when the photosynthetic rate is only a few percent 

higher than what the plant experiences in ambient conditions (Yang et al., 2016). There are a 

few possible reasons why excess TPU capacity would be detrimental. A precise balance of 

phosphate flux could control stromal inorganic phosphate concentration, affecting the 

partitioning of carbon into starch (Preiss, 1982; Escobar-Gutiérrez & Gaudillère, 1997). If TPU 

capacity were in excess, it could also limit the ability to build up a PMF across the thylakoid 

membrane because there would be plentiful phosphate available to the ATPase, preventing any 

kinetic or thermodynamic restriction to proton flow. The elevated ΔpH and consequent low 

luminal pH can activate energy-dependent quenching mechanisms that dissipate light energy to 

safeguard the photosystems.  

If TPU capacity is inexpensive in terms of nitrogen cost, but is typically just above 

ambient photosynthetic rates, we would expect that TPU capacity is plastic. It has been found 
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that TPU capacity is flexible, and in many cases changes in response to environmental 

conditions. Plants grown at low temperature can develop additional sucrose synthesis enzymes 

(Cornic & Louason, 1980; Guy et al., 1992; Holaday et al., 1992) which alleviates cold-induced 

TPU limitation (Sage & Sharkey, 1987). Plants with reduced access to CO2 have reduced TPU 

capacity to match their lowered photosynthetic rate (von Caemmerer & Farquhar, 1984; 

Sharkey & Vassey, 1989). It has therefore been shown that TPU capacity can both increase and 

decrease in response to environmental conditions. This is reflected in environmental surveys, 

and plants have rarely been found to be TPU limited under ambient conditions in the field (Sage 

& Sharkey, 1987; Ellsworth et al., 2015). For this reason, TPU limitation is often not included in 

global models of photosynthesis (Lombardozzi et al., 2018; Rogers et al., 2020). 

Ideally, if a plant is TPU limited, it will increase its TPU capacity to maximize the overall 

rate of photosynthesis, but it is also possible that rubisco capacity and electron transport 

capacity will be decreased to match TPU capacity. In practice the TPU behavior is induced by 

reducing the temperature, lowering the oxygen partial pressure, or increasing the partial 

pressure of CO2. Because low temperature has been shown to cause adaptation of TPU 

capacity, we used high CO2 to induce TPU limitation to make a comparison of the adaptation. 

We tested the acclimation of plants to TPU limitation by exposure to elevated CO 2 to determine 

whether plants eventually stop being TPU limited, and if they achieve this by increasing their 

TPU capacity. In addition, we established a timeline of the regulatory features surrounding TPU 

limitation, from how the plant handles the initial influx of energy until the plant engages slower 

regulatory features, such as rubisco deactivation and energy-dependent quenching. 
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Methods 

Growth of plant materials 

Nicotiana benthamiana was found to exhibit very reproducible TPU behavior and so was 

the species used here. Seeds were germinated in 2 l pots of potting media consisting of 70% 

peat moss, 21% perlite, and 9% vermiculite (Suremix; Michigan Grower Products Inc., 

Galesburg, MI, USA) in a greenhouse from June-August. This greenhouse is located at 42°43′N, 

84°28′W, East Lansing, Michigan, USA. Typical daylight PAR levels inside the greenhouse were 

between 300-700 µmol m-2 s-1, and the temperature was controlled to 27°C during the day and 

allowed to fall to as low as 18°C at night, though nighttime temperatures typically did not reach 

this low. Plants were watered with half-strength Hoagland’s solution (Hoagland & Arnon, 1938) 

as needed as juveniles and then daily as adults. Plants were used for experiments from 6-7 

weeks of age. 

Combined gas exchange, fluorescence, and electrochromic shift measurements 

A LI-COR 6800-12A clear-top chamber (LI-COR Inc., Lincoln, NE, USA) was modified to 

incorporate an optical bench for making measurements. The bottom plate of the clear top 

chamber was removed and replaced with a 3D-printed backplate with an infrared and an 

optical detector. These detectors were connected to an Idea Spec (Hall et al., 2013). A front 

plate was also 3D printed to secure a scattering optic to the top of the 6800-12A. Behind the 

scattering optic was an array of LEDs containing eight actinic blue and red LEDs, capable of 

producing up to 2,500 µmol m-2 s-1 constantly or a saturating flash up to 15,000 µmol m-2 s-1, at 

an approximately 90% red/10% blue ratio. Measuring LEDs for electrochromic shift (ECS) were 

520 nm, with 505 nm and 535 nm as correction wavelengths for zeaxanthin and qE effects on 
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the 520 nm signal. Measuring lights for PSI measurements were at 820 nm with 910 nm as a 

correction wavelength. Measurements of chlorophyll fluorescence used the 520 nm LEDs as an 

excitation light. Measurements of PSI were performed according to Kanazawa et al. (2017) and 

measurements of ECS were performed according to Takizawa et al. (2007). These modifications 

to the chamber allowed high precision optical measurements simultaneous with high precision 

gas exchange measurements, especially A and intercellular CO2 partial pressure (Ci) allowing 

construction of A/Ci curves. 

Protocol for repeated A/Ci measurements 

Repeated A/Ci responses were determined on the same leaves to test the acclimation of 

the major A/Ci curve parameters to TPU-limiting conditions. Plants were exposed to the high 

CO2 partial pressure to induce TPU. The A/Ci measurements were performed by a visual basic 

script controlling a set of flow controllers attached to the inlet of a LI-COR 6800. Oxygen was 

held constant at 210 kPa (21%), CO2 was varied to achieve ranges of CO2 mole fractions from 50 

to 1500 ppm, and humidified nitrogen made up the balance. (It is generally preferred to express 

gas levels as partial pressure but since we mixed gases by volume we use mole fractions 

generally mol mol-1, ppm.) Plants were acclimated to ambient CO2 (about 400 ppm) for an 

hour after dawn before the first curve. During the first 15 min of this acclimation period, light 

levels were gradually raised until 1000 µmol m-2 s-1. After that point, A/Ci curves were measured 

every 2.5 h until an hour before dusk, and the plants were given 8 h of darkness, then an hour 

of acclimation to the light the next day before resuming curves every 2.5 h. From the end of the 

first curve until the end of the experiment, plants were subjected to an experimental level of 
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CO2, either 150 ppm (low), 400 ppm (ambient), or 1500 ppm CO2 (elevated). Curves were 

analyzed according to Gregory et al. (2021). 

High density optical measurements 

To create the timeline of optical measurements after the imposition of TPU limitation, 

plants were first acclimated at 400 ppm CO2 and 1000 µmol m-2 s-1 light in the chamber of the 

modified 6800-12A clear-top chamber. A list of times from 10-200 s was randomized by script, 

and for each time interval a second script was run. This script controlled a flow controller to 

rapidly switch the plant from 400 ppm CO2 to 1500 ppm CO2. A measurement of electrochromic 

shift was made by dark interval relaxation kinetics (DIRK) (Takizawa et al., 2007) after the 

chosen time period. Ten s later, a measurement of PSI oxidation state decay and reoxidation by 

saturation flash was made. Leaves were then incubated at 400 ppm CO2 for 10 min. The process 

was then repeated, but instead of a DIRK to measure ECS, a saturation flash was g iven to assess 

PSII characteristics, including the quantum efficiency of photosystem II (φII) (Baker, 2008) and 

oxidation status of the quinone Qa, measured as qL (Kramer et al., 2004). Leaves were again 

incubated at 400 ppm CO2 for 10 min. This process was repeated for every time interval in the 

list. This protocol was used so that the disruptive saturating flash did not affect subsequent 

measurements in the time course. 

Rubisco activation state assay 

N. benthamiana leaves were incubated at 400 ppm CO2 until they reached steady state 

photosynthesis, then the CO2 was switched to 1500 ppm for a specified time. The plants were 

then sampled by freeze-clamp (Schrader et al., 2004). Rubisco activation state was assayed 

according to Li et al. (2019). 
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Results 

Intermittent A/Ci curves show adaptation of photosynthetic processes over time  

Plants were exposed to each CO2 condition for 30 h, and A/Ci responses were 

determined before the start and then every 2.5 h after imposing the CO2 treatment to assess 

any changes in photosynthetic parameters (Figure 2.1). After a 16-h day, plants were given an 

8-h night and then an hour to acclimate to the light before resuming photosynthetic 

experiments. For all three conditions, Vcmax and J, as determined by the fitting routine of 

Gregory et al. (2021), declined over the first day. The decline in Vcmax and J was comparable for 

the low CO2 and ambient CO2 conditions, and the difference between the two treatments was 

not significant at P≤0.05 by two-sided t-test at any time in the first day except for in Vcmax at 

12.5 hours. There was a significant difference (P≤0.05 by two-sided t-test) between the decline 

in Vcmax and Jmax in elevated CO2 condition compared to either of the other treatments at every 

sampled treatment time during the first day, excluding the 0-time point before treatment 

began. Vcmax for the elevated CO2 plants declined by 25% before the first treated A/Ci and did 

not recover even overnight. J for the elevated CO2 condition did not fully recover overnight, 

indicative of persistent photoinhibition. TPU capacity decreased relative to the pre-treatment 

A/Ci at all timepoints during treatment in the first day for elevated CO2 treated plants, P<0.05 

by one-sided t test. 
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Figure 2.1 Plants were exposed to high (1500 ppm) ambient (400 ppm) or low (150 
ppm) CO2 for 30 h, including an 8-h dark period during the typical night hours, with 
A/Ci curves performed every 2.5 h. The A/Ci curves were fit according to Gregory et al., 
(2021) and the three primary fit parameters, Vcmax, J, and TPU are plotted relative to 
an A/Ci curve run before treatment began (0 time point). Five separate plants were 
used for each treatment, and the error bars represent mean and standard error. 
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After acclimation to elevated CO2, plants no longer appear to be TPU-limited  

After the 30-h acclimation period, plants no longer showed the responses to elevated 

CO2 that indicate TPU limitation. The reduced or inverse response of A to CO2 was gone (Fig 

2.2). The expected CO2-dependent decline of φII was absent after acclimation. Elevated 

nonphotochemical quenching (NPQt) at high CO2, one of the effects that causes the decline in 

φII, was gone after acclimation. TPU limitation is expected to decrease proton conductivity 

across the thylakoid membrane (gH+), causing an increase in PMF (measured as total 

electrochromic shift, ECSt). These effects were still evident after adaptation, but adapted plants 

showed a reduced response of ECSt to increasing CO2 relative to the pre-adaptation plants (Fig 

2d,e). The increase in ECSt is lower at all [CO2] greater than 400ppm for adapted plants. Based 

on the absence or decline of these physiological effects, we argue that the plants no longer 

experienced TPU limitation after acclimation, though not as a result of increased TPU capacity.   
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Figure 2.2 CO2 assimilation and optical measurements from an A/Ci curve before and after a 30 

h 1500 ppm CO2 treatment. After 30 h in elevated CO2, parameters show acclimation to TPU-
limiting conditions, including reduced response of assimilation (a), φII (b), NPQt (c), and ECSt (d) 

to increasing CO2. The clouds are LOESS fitting (LOcal Estimation of Scatterplot Smoothing) 
95% CI n=5. 
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Lowered rubisco activation state was a persistent effect in adaptation to TPU stress  

Rubisco activation state was measured over the course of adaptation to elevated CO2. 

Rubisco activation state declined over a few min (Figure 2.3c) and remained low over the 

course of adaptation (Figure 2.3a). The prominent decline in Vcmax is also an indicator of 

reduced rubisco activation state (Figure 2.1). In addition, the total activatable rubisco activity 

decreased over the course of adaptation to elevated CO2 (Figure 2.3b). The decline in rubisco 

activation state caused by 2.5 h elevated CO2 is recoverable within 10 min (Fig 3d). 

Detailed kinetics of photosynthetic processes in response to CO2 pulses 

 A step change in CO2 to levels that cause TPU limitation induced kinetics in the electron 

transport chain (Figure 2.4). There were several kinetic stages. At first, the elevated CO 2 

allowed a faster use of electrons, and PSI became oxidized (Figure 2.4b). The plant had not yet 

entered TPU limitation, as indicated by the high proton conductivity of the ATP synthase (gH+) 

(Figure 2.4e). The second phase (Figure 2.4, blue), beginning 40 s after the step change in CO2 

flow and persisting until 80 s after the beginning of CO2 flow, was characterized by the 

reduction of Qa (Figure 2.4c) [qL is a fluorescence-based measure that increases with increased 

oxidation of Qa (Kramer et al., 2004)]. The reduction of Qa caused an increase in φNPQ (Figure 

2.4g) and a decrease in φII (Figure 2.4f) even though NPQ (Figure 2.4i) [measured using the 

NPQt parameter (Tietz et al., 2017)] did not respond within this timeframe.  
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Figure 2.3 TPU limitation causes reduced rubisco activation state percentage that persists 
for an extended period. Rubisco activation state (a) and total activity (b) are measured at 
0, 2.5, 12, and 24 h to show changes in activity over the course of a day’s acclimation. 
Slope of the decline in total rubisco activity is significant at P<0.05. Rubisco activation 

state decreases to its minimum within 10 minutes (c), and activation state is not 
significantly different after 10 m and 2.5 h (d, 0 time). After 2.5 h at elevated CO 2, 
activation state recovers completely after 5 m (d), with activation state 5 m into recovery 
not significantly different from the 0 m unadapted activation state (c, 0 time) by two-sided 
t test. 
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The reduction of Qa was correlated with the reduction of PSI. The kinetic constant for 

reduction of PSI by cytochrome b6f (ket, Figure 2.4d), decreased, so we conclude that the 

reduction of PSI was not due to excess electrons being transported downstream. Therefore, the 

reduction of PSI must be due to an acceptor-side limitation of PSI, indicating a lack of 

availability of NADP+. In the same stage, a decline in gH+ can be seen, decreasing by over 50%  

(Figure 2.4e). The low gH+ that was observed has been shown to be associated with TPU 

limitation (Kiirats et al., 2009; Yang et al., 2016). The third kinetic stage (Figure 2.4, green) 

began 80 s after the beginning of the CO2 step change and exhibited slower regulatory 

mechanisms. Proton-motive force (Figure 2.4h) increased up to this point, and continued to 

increase during this phase, which caused an increase in energy-dependent NPQt (Figure 2.4i), 

and a decrease in ket (Figure 2.4d). These mechanisms prevent electrons from reaching PSI, 

alleviating the over-reduction of PSI. After the PMF increased sufficiently, photosynthesis 

entered a new steady-state (Figure 2.4, red). 

The interpretation of PSI acceptor-side limitations is supported by the observed 

response of PSI oxidation state to flashes of saturating light (Figure 2.5). Leaves were given a 

brief dark interval to allow reduction of PSI and then PSI was oxidized by a saturating flash. 

When tested in the middle of TPU-induced transients (Figure 2.5a), PSI did not remain oxidized 

by the saturating flash, and instead began re-reducing due to inability to pass electrons to 

NADP+. Tests made some time after the onset of TPU-limiting conditions showed less re-

reduction (Figure 2.5b), and with more time, re-reduction was much less prominent (Figure 

2.5c).  
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Figure 2.4 Plants are given a step change in [CO2] from 400 to 1500 ppm, which induces 
oscillations in electron transport. Plants are held at 1500 ppm CO2 for a randomized length of 
time (x-axis) then measurements of their PSI and PSII activity are taken, along with 
electrochromic shift. The data is divided into four putative kinetic periods. In the first phase 
(grey region), photosynthesis is unlimited by TPU and PSI becomes more oxidized  (b). The 
second phase (blue) is the onset of TPU limitation and notably affects proton flow across the 
thylakoid membrane (gH+, e), PSI oxidation state (b) and Qa oxidation state (measured as qL, c). 
Reduction of Qa causes energy diversion from photochemistry (φII, f) to nonphotochemical 
quenching (φNPQ, g). The third phase (green) begins when proton-motive force (measured as 
ECSt, h) increases along with energy dependent quenching (NPQt, i) and photoprotection at 
cytochrome b6f complex (d). Finally, electron transport enters a new steady-state (red). Dots 

represent mean value and error bars are standard error, n=5. 
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Figure 2.5 Three example traces of PSI measurements from oscillations in PSI reduction 
induced by step change in CO2 from 400 to 1500 ppm, which demonstrate varying levels of 
re-reduction during saturating flashes. Plants at steady state are subjected to a 0.5 s dark 
period, causing reduction of PSI (ΔA820 decreases). Then, a saturating flash is applied to 
oxidize PSI (ΔA820 increases), before returning to steady state. Typically, a saturating flash 
should fully oxidize PSI, but kinetics in electron transport can change this. (a) Extreme re-
reduction of PSI can be seen during a saturation flash when PSI is most reduced, 40 s after 
beginning an elevated CO2 pulse. (b) Less re-reduction of PSI during a saturation flash is 
seen when PSI is less reduced, 60 s after a CO2 step change. (c) 100 s after the CO2 step 
change, PSI re-reduction is much reduced. 
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Transient response to TPU limitation is lost after acclimation 

Five plants were tested for transient responses to TPU-limiting conditions before and 

after a 24-h acclimation to elevated CO2 (Figure 2.6). A list of time points from 10-200 seconds 

was randomized by R script; for each plant the randomization was different. For each time-

point, plants were given 10 min at ambient CO2 (400 ppm) before pulsing with high CO2 (1500 

ppm) at the end of which chlorophyll fluorescence parameters were measured. Non-adapted 

plants exhibited a transient reduction of Qa to a minimum of 21% following the introduction of 

TPU-limiting conditions, resulting in partitioning of energy into NPQ rather than 

photochemistry. After adaptation, plants did not exhibit reduction of Qa significantly below the 

steady-state value in the elevated CO2 environment. 

  



47 

 

Figure 2.6 Oscillations are not seen following a step change in CO2 in plants that have 
acclimated to elevated CO2 for 30 h. The hallmark reduction of Qa, measured here as qL, is 

not seen, and so more energy is not diverted into non-photochemical quenching (φNPQ). 
Dots and bars represent mean ± standard error, n=5 
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Discussion 

Fast onset kinetics in responses to TPU limitation are directed by electron build-up on Qa 

When plants were subjected to TPU-limiting conditions, the most immediate effects 

were transient changes in the redox states of electron transport components. It is known that 

while TPU-limited, increasing CO2 levels cause a reduction in φII because, while A cannot 

increase, the rate of photorespiration will go down (Stitt, 1986; Sharkey et al., 1988; Stitt & 

Grosse, 1988). This, combined with the common observations of elevated PMF and non-

photochemical quenching during TPU limitation, indicates the importance of qE in dissipating 

absorbed light energy when electron transport capacity exceeds TPU capacity. However, qE 

does not activate instantaneously, with the xanthophyll cycle and PSBS recruitment to the 

reaction center operating on the minutes timescale (Li et al., 2002). Therefore, we could 

reasonably predict excess accumulation of electrons on electron transport intermediates and 

PSI electron acceptors. Reduction of Qa decreases the quantum efficiency of photochemistry 

because PSII cannot accept any more energy. The energy that would be going towards 

photochemistry is instead shunted to nonphotochemical quenching, resulting in an increased 

yield of nonphotochemical quenching. This means that φNPQ increases even though NPQt 

changes on a slower timescale. Immediately after entering TPU limitation, electrons build up on 

the electron transport chain due to decreased electron sink strength, and the bulk of the excess 

energy is most immediately handled by controls within the electron transport chain.  

Though the reduction of Qa reduces the yield of photochemistry, the reduction of PSI 

following the imposition of TPU limitation is more concerning. Acceptor-side limitation of PSI is 

highly stressful due to the accumulation of ROS (Li et al., 2009) and the inability of PSI to repair 
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itself (Sonoike, 1996, 2011). Electron transfer to PSI from the cytochrome b6f complex is slowed 

by elevated PMF due to the requirement to oxidize plastoquinol (Kramer & Crofts, 1993, 1996). 

We found, however, that PMF does not build up fast enough to adjust to the limiting demand 

from the Calvin-Benson cycle and regulate electron flow to PSI, and electrons do indeed 

accumulate on PSI. This is not due to an accelerated rate of PSI reduction through the 

cytochrome b6f complex (ket, Figure 2.4), so it must instead be due to an acceptor side 

limitation of PSI because of a lack of NADP+. Increasing [CO2] under TPU limitation reduces the 

rate of photorespiration, and if A cannot increase due to TPU limitation the overall rate of 

consumption of both ATP and NADPH decreases. The NADPH pool turnover (half-time 0.01 s-1) 

is faster than that of ATP (half-time 0.28 s-1, Arrivault et al., 2009), so the reduced consumption 

of electron transport products will affect NADP+ availability first. Restriction of NADPH 

oxidation has been suggested previously as the cause of oscillations in TPU limitation (Furbank 

et al., 1987). The restriction of NADP+ flux can be seen in the re-reduction of PSI during a 

saturation flash at the point of greatest PSI reduction (Figure 2.5). During this saturation flash, 

light is in excess of what is required to oxidize PSI, and the only limitation would be the electron 

carriers removing the electrons from PSI. 

The accumulation of electrons on electron carriers of the electron transport chain is 

resolved by slower regulation. PMF increases, causing a decrease in ket and an increase in NPQt. 

As these slower control mechanisms take hold, the transients in the other parameters slow and 

then stop. This is one example of damped oscillations, commonly found associated with TPU 

limitation (Ogawa, 1982; Sivak & Walker, 1986, 1987). The oscillations are caused by 

perturbations in the electron requirements of the Calvin-Benson cycle forcing Qa
- based control 
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of electron transport; they are damped by the onset of PMF-based controls of electron 

transport. Some, but not all measurements of oscillations are consistent with the period and 

convergence rates in our measurements of oscillations. We therefore propose that electron 

carrier reduction as described here is responsible for some, but not all, observations of 

oscillations in TPU limitation. 

Slow-onset regulatory processes control TPU limitation after a period of acclimation 

On the minutes timescale, TPU-limited photosynthesis is regulated by rubisco 

deactivation, photosynthetic control at the cytochrome b6f complex, and qE. Rubisco 

deactivation begins within minutes and persists for at least a day (Figure 2.3). It is known that 

photosynthetic control and qE, are induced by acidification of the thylakoid lumen. the 

mechanism of rubisco deactivation less clear. Study has been made on the deactivation of 

rubisco under elevated temperature (Salvucci & Crafts-Brandner, 2004) but no clear 

mechanistic understanding of deactivation under elevated CO2 has been elucidated. Under 

TPU-limiting conditions, ATP synthase is constricted (Kanazawa & Kramer, 2002; Takizawa et al., 

2008; Kiirats et al., 2009) probably due to low phosphate concentration, which leads to a lower 

ATP/ADP ratio (Sharkey et al., 1986c; Stitt, 1986; Furbank et al., 1987) and therefore reduced 

rubisco activase activity. We measured a reduction in total rubisco activity after activation with 

6-phosphogluconate (Figure 2.3b), which could be caused by tight binding inhibitors (Keys et al., 

1995; Paul et al., 1996; Parry et al., 1997). This can contribute to reduced rubisco activity. 

Reversible deactivation of rubisco is the primary contributor to the reduction in Vcmax measured 

over the course of acclimation (Figure 2.1). 
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Over time, photoinhibition becomes responsible for dissipating more excess energy, 

supplanting qE. Measured J at 1000 µmol m-2 s-1 began decreasing quickly and did not recover 

fully overnight (Figure 2.1). In addition, after acclimation, total NPQt was higher at all levels of 

CO2, and NPQt did not increase at elevated CO2. PMF (ECSt) is overall lower and has a reduced 

response to increasing CO2. This indicates that qE is becoming less important in energy flux 

compared to qi, especially in response to TPU limitation. The NPQ must come from other 

sources, such as quenching from photoinhibition or state transitions. State transitions are 

somewhat limited in higher plants, with only 15-20% of the light harvesting complex capable of 

relocation (Rochaix, 2011), so photoinhibition is the most likely cause. The energy dissipation 

due to photoinhibition is enough to protect the photosystems, which makes qE unnecessary.  

Acclimation to TPU limitation requires balancing of both carbon and energy flux. At the 

end of acclimation, we found that energy flux is balanced by photoinhibition, and that carbon 

flux is balanced by rubisco deactivation. These two systems work synergistically. Rubisco 

deactivation reduces the potential demand for ATP and NADPH when CO2 fixation could exceed 

the potential for end-product production. Control of electron transport by photoinhibition 

decreases the potential to overload the electron transport chain from the beginning. In this 

way, even though photoinhibition is rightly considered a negative effect on the plant, it is 

effective in protecting PSI; PSII is damaged, but there are effective repair mechanisms for PSII 

(Ohad et al., 1984; Vass et al., 1992; Sonoike, 1996). These two effects combine to reduce 

pressure on inorganic phosphate pools by reducing the potential use of phosphate from both 

sides. 
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After a long enough period of adaptation, plants no longer appear to be TPU-limited 

TPU limitation is characterized by the responses of photosynthesis to increasing CO2 

(McClain & Sharkey, 2019). Once the plant becomes TPU-limited, elevating CO2 results in 

elevated PMF and NPQ, while reducing φII and gH+ through the thylakoid membrane. In 

addition, the shape of the A/Ci curve is distinct: with increasing CO2, A remains constant or 

marginally decreases due to reduced export of photorespiratory intermediates (Busch et al., 

2018). After 30 h of acclimation to elevated CO2, evidence of TPU is gone (Figure 2.2). NPQ is 

overall higher but doesn’t show the characteristic response to increasing CO2 typical of TPU 

limitation. φII is lower at some CO2 levels and not significantly different at others, but the 

characteristic shape of the curve is lost after acclimation. Because TPU limitation is 

characterized by these responses, we argue that the plants do not become TPU limited by 

elevated CO2 after acclimation. TPU limitation happens in three phases: first, an acute 

condition, where phosphate incorporation and release are most imbalanced, resulting in 

dynamic fluctuations in electron carrier redox state and ATP availability. Second, a position of 

regulatory control, where rubisco deactivation and energy-dependent quenching dominate the 

observable phenomena associated with TPU limitation. Third, the plant will adapt to the 

conditions it is embroiled in, and the middle timescale regulation is phased out by greater 

adaptive responses that prevent TPU limitation from occurring. 

It is generally thought that extended periods of time in high light and low CO2 will cause 

damage to the photosynthetic apparatus, but data reported here show that extended periods 

of high CO2 are deleterious while low CO2 are not as bad. This is interpreted as TPU being a 
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stressful condition that causes regulatory responses that result in a loss of TPU behavior. The 

acclimation shown here prevents plants from experiencing TPU stress.   

Debate has recently surfaced about the relevancy of TPU limitation to global models 

(Lombardozzi et al., 2018; Rogers et al., 2020). TPU limitation is rarely diagnosed as the limiting 

factor of steady-state photosynthesis in the wild (Sage & Sharkey, 1987). We believe that this is 

due to the relatively fast adaptation to TPU limiting conditions. Within a day of acclimation to 

very high CO2, TPU limitation would not be diagnosable from gas exchange or fluorescence 

analysis. TPU limitation would only happen transiently. For this reason, we agree that TPU 

limitation as an explicit parameter of photosynthesis need not factor into global models of 

photosynthesis. However, it is important as a component of the regulatory network of 

photosynthesis.  

It is currently unclear as to why TPU capacity did not increase in response to elevated 

CO2 (Figure 2.1). If maximizing photosynthesis were the only concern, the plant would produce 

extra enzymes for processing end products to relieve TPU limitation instead of reducing other 

photosynthetic capacities. Some experiments have been done previously connecting TPU 

capacity with low temperature, another primary cause of TPU limitation (Sharkey & Bernacchi, 

2012) due mostly to the high temperature sensitivity of sucrose-phosphate synthase (Stitt & 

Grosse, 1988). Plants grown in low temperature produced significantly more sucrose synthesis 

enzymes (Guy et al., 1992; Holaday et al., 1992; Hurry et al., 2000). We know therefore that 

plants which have been TPU limited can produce more end-product-synthesis enzymes, so it 

seems like an obvious inefficiency for plants to lose photosynthetic capabilities. This 

conundrum may reflect the interaction between plant growth and photosynthesis. Some 
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analyses indicated that photosynthetic rate is not the best predictor of plant growth (Körner, 

2015). Factors controlling growth rate and photosynthetic rate may not always work in concert. 

Growth is more temperature sensitive than is photosynthesis and so it may be that at low 

temperature growth limits photosynthesis while at high temperature photosynthesis limits 

growth. In this case, while the plant may look like it is performing inefficiently, it may simply be 

growing as fast as possible, and any additional photosynthesis would not be useful. Thus far it 

has been difficult to establish explicit causality connecting sink regulation to TPU limi tation 

(Paul & Foyer, 2001) but efforts have been reported (Fabre et al., 2019; Dingkuhn et al., 2020). 

Recent work on SnRK1, the Target of Rapamycin complex, and interactions with trehalose 6-

phosphate signaling may eventually help explain the interaction between plant growth and 

photosynthetic rate (Sulpice et al., 2009; Smeekens et al., 2010; Lastdrager et al., 2014; Shi et 

al., 2018; Brunkard, 2020; Peixoto et al., 2021). 

Conclusions 

Photosynthesis is highly adaptive to the environment, and in TPU-limiting conditions 

experiences a series of regulatory steps to alleviate the stress along the electron transport 

chain. These steps can be organized into a timeline. At first, electrons build up along the 

electron transport chain, and reduction of Qa causes extra energy to be funneled into 

nonphotochemical quenching. This causes transients in photosynthesis, which are damped 

after a few minutes by accumulation of PMF, causing elevated energy-dependent quenching 

and photoprotection at the cytochrome b6f complex, accompanied by reduction in rubisco 

activation state. Over a longer period of time, energy-dependent quenching decreases and is 

supplanted by photoinhibition. The accumulation of these regulatory mechanisms causes the 
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plant to no longer be TPU limited. Counterintuitively, the plant did not increase its TPU 

capacity, but instead limited the photosynthetic rate by rubisco deactivation and electron 

transport regulation. 

The disappearance of TPU limitation over 30 h of adaptation justifies the removal of TPU 

limitation from global models. Plants that are TPU-limited will eventually not be TPU limited, 

through a combination of regulatory means. However, TPU limitation is still an important part 

of photosynthetic regulation and cannot be disregarded in experimental design or data analysis. 

The occurrence of TPU limitation in the field is probably very low due to the swift adaptation 

demonstrated here, but in artificial experiments is easy to provoke. In FACE experiments (Allen 

et al., 2020), or experiments that involve low temperature many of the effects studied may be 

caused by TPU limitation or the acclimation to TPU limitation. In other cases, sugar signaling 

may match photosynthesis to growth without explicit TPU limitations. 
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CHAPTER III 

Short-term kinetics associated with triose phosphate utilization stress during photosynthesis 

addressed with dynamic assimilation measurements 
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Abstract 

Oscillations in CO2 assimilation rate and associated fluorescence parameters have been 

observed alongside the triose phosphate utilization (TPU) limitation of photosynthesis for 

nearly 50 years. However, the mechanics of these oscillations are poorly understood. Here we 

utilize the recently developed Dynamic Assimilation Techniques (DAT) for measuring the rate of 

CO2 assimilation to increase our understanding of what physiological condition is required to 

cause oscillations. We found that TPU limiting conditions alone were insufficient, and that 

plants must enter TPU limitation quickly to cause oscillations. We found that ramps of CO 2 

caused oscillations proportional in strength to the speed of the ramp, and that ramps induce 

oscillations with worse outcomes than oscillations induced by spikes of CO2. Just as oscillations 

begin, an initial overshoot is caused due to a temporary excess of available phosphate. During 

the overshoot, the plant out-performs steady state TPU and ribulose 1,5-bisphosphate 

regeneration limitations of photosynthesis but cannot exceed the rubisco limitation. We 

performed additional optical measurements which support the role of PSI reduction and 

oscillations in availability of NADP+ and ATP in supporting oscillations. 

Introduction 

The triose phosphate utilization (TPU) limit on photosynthetic rate can appear when 

plants are capable of producing phosphorylated Calvin-Benson cycle intermediates faster than 

these intermediates can be dephosphorylated and converted into end-products (Sharkey, 

1985a). When TPU-limited, inorganic phosphate is not released from the organic phosphate 

pool fast enough to sustain maximum throughput of both the ATP synthase and the Calvin-

Benson cycle, so photosynthesis must be downregulated to balance the two. This regulation 
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imposes a cap on the rate of CO2 fixation at the rate of end-product synthesis. Plants are not 

typically TPU limited under ambient conditions (Sage & Sharkey, 1987; Ellsworth et al., 2015), 

and TPU limitation is easiest seen by elevating the rate of photosynthesis through increased 

light level and CO2 partial pressure or decreased O2 partial pressure (Sharkey et al., 1986c) such 

that the photosynthetic rate is increased by 10 or 20% relative to ambient conditions (Yang et 

al., 2016). It is more likely to be observed when photosynthesis is measured at a lower 

temperature than growth conditions (Stitt, 1986; Sage & Sharkey, 1987; Labate & Leegood, 

1988), due to the high temperature sensitivity of end product synthesis (Stitt & Grosse, 1988; 

Leegood & Edwards, 1996), which exceeds the temperature sensitivity of the other biochemical 

processes in photosynthesis (Cen & Sage, 2005; Sage & Kubien, 2007). The occurrence of TPU 

limitation depends greatly on the species and the acclimation of the plant. For example, plants 

grown at low temperature are often resistant to TPU limitation because they develop additional 

sucrose-phosphate synthase (Cornic & Louason, 1980; Guy et al., 1992; Holaday et al., 1992). 

Expressing Zea mays sucrose-phosphate synthase in tomato significantly reduced the 

temperature at which TPU was evident (Laporte et al., 2001). 

TPU limitation is associated with a variety of regulatory processes. TPU-limited plants 

exhibit reduced rubisco activation state in as little as one min after imposing TPU conditions 

(Sharkey et al., 1986a). Rubisco deactivation can restore the balance between the capacities to 

fix carbon and convert the fixed carbon to end-products. TPU-limited plants also develop an 

elevated transthylakoid proton-motive force (PMF) and an associated increase in energy-

dependent quenching (Takizawa et al., 2008; Kiirats et al., 2009). This increase is probably 

associated with declining phosphate concentration in the stroma (Sharkey & Vanderveer, 1989) 



59 

driving up the ∆𝐺𝐴𝑇𝑃  of the stromal ATPase reaction. One consequence of this regulatory 

arrangement is the reduction of φPSII as [CO2] increases (Sharkey et al., 1988; Stitt & Grosse, 

1988). The requirement for electron transport is set by the rate of photosynthesis and 

photorespiration. Increasing [CO2] reduces the rate of photorespiration. The decline in φPSII will 

then balance the rate of electron transport with the reduced requirements for electrons 

because of the reduced rate of photorespiration. 

In TPU-limited photosynthesis, photosynthetic rate is defined by regulatory features. To 

detect TPU limitation in gas exchange data, it is easiest to determine the presence of regulatory 

mechanisms, such as the increase in non-photochemical quenching or the decline in φPSII upon 

increasing CO2 (McClain & Sharkey, 2019), or the CO2- or O2-insensitivity of the CO2 assimilation 

rate (A), which demonstrates that A is not defined by rubisco properties and which is 

characteristic of TPU limitation (Sharkey, 1985b). These regulatory mechanisms can have 

different time constants. For example, Sharkey et al. (1986) observed depletions of ATP and 

RuBP and reductions in ATP/ADP ratio and rubisco activation state 1 min after imposing TPU. 

However, after 18 min, RuBP was higher than before imposing TPU conditions and the ATP/ADP 

ratio, and rubisco activation recovered partially. Thus, as different regulatory mechanisms are 

induced upon imposition of TPU limitation, there can be transients in the specific process 

setting the rate of photosynthesis, for example the availability of RuBP at one time versus the 

activation of rubisco at another time. 

One consequence of these transients is oscillations in A, which have been frequently 

observed under TPU limitation (Ogawa, 1982; Walker et al., 1983; Sivak & Walker, 1986, 1987). 

Oscillations are commonly seen when the environmental conditions are rapidly changed to 
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elevate the photosynthetic rate, such as a step change in CO2 partial pressure or light 

availability or a reduction in O2 partial pressure (Harris et al., 1983) to increase carbon fixation 

by reducing photorespiration. Oscillations are visible in both carbon assimilation and 

fluorescence parameters, demonstrating parallel changes in the Calvin-Benson cycle and 

electron transport (Walker et al., 1983; Peterson et al., 1988; Stitt & Grosse, 1988). There have 

been a few models proposed to explain oscillations in photosynthetic rate. In general , biological 

oscillatory models, oscillations are typically caused by a delay in a feedback component of a 

multiple component system, leading to overshooting of steady-state before inhibition can be 

achieved. One theory is that there is a delay in activation of sucrose synthesis after a 

photosynthetic increase (Laisk & Walker, 1986). Another theory is that the delay originates 

from fructose-2,6-bisphosphate inhibiting fructose-1,6-bisphosphatase (Stitt et al., 1984; Laisk 

& Eichelmann, 1989; Laisk et al., 1989).  

The use of ramps of CO2 to induce oscillations should allow us to study the 

phenomenology of oscillations with high-speed measurements of A and Ci (Stinziano et al., 

2017). However, the 100 ppm/min limit on ramp speed with the Rapid A/Ci Response (RACiR, 

Stinziano et al., 2019) technique combined with inaccurate Ci measurements, especially at the 

beginning and end of curves, limited this approach. Dynamic assimilation techniques (DAT, 

Saathoff & Welles, 2021) represent a natural evolution of RACiR that features a greater range of 

ramp rates and better accuracy, especially at the start and end of the ramp. Dynamic 

calculations of assimilation, which include an accumulation term to account for changes in the 

concentration of CO2 entering the chamber that is disregarded in steady-state equations, also 

make measurements of assimilation possible following sharp changes in [CO2]. With DAT, we 
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can now use advanced ramps and spikes in [CO2] to clarify the mechanism by which TPU 

limitation causes oscillations, and how exactly the assimilation rate can surpass the steady-state 

limit. 

Materials and methods 

Plant materials and growth 

Nicotiana benthamiana seeds were germinated in 2 l pots of potting media consisting of 

70% peat moss, 21% perlite, and 9% vermiculite (Suremix; Michigan Grower Products Inc., 

Galesburg, MI, USA) in a greenhouse from June-August. This greenhouse was located at 

42°43′N, 84°28′W, East Lansing, Michigan. Typical daylight light levels were between 300-700 

µmol m-2 s-1, and the daytime temperature was controlled to 27°C during the day. Plants were 

watered with half-strength Hoagland’s solution (Hoagland & Arnon, 1938) as needed as 

seedlings and then daily as adults. Plants were used for experiments from 6-7 weeks of age, and 

the uppermost fully expanded leaves were used for gas exchange. 

Dynamic Assimilation Techniques 

Dynamic measurements of gas exchange were made in a LI-COR 6800 with a LI-COR 

6800 12A 3 cm x 3 cm clear top chamber (LI-COR Biosciences Inc., Lincoln, NE, USA). Plants 

were acclimated at experimental conditions until steady state with 1000 µmol m -2 s-1 

photosynthetically active radiation and an air flow rate of 800 µmol s-1. Dynamic calibrations 

and range match were performed as recommended in the LI-COR 6800 version 2.0 manual 

(https://licor.app.boxenterprise.net/s/kt6wwzmnvnlu4vc004pzp9u7cv9bvzj8 pp. 9-66 – 9-109). 

For experiments presented here, CO2 was ramped at rates of 100 to 500 ppm/min (approx. 10-

50 Pa CO2/min. Typical atmospheric pressure was 98 kPa). 

https://licor.app.boxenterprise.net/s/kt6wwzmnvnlu4vc004pzp9u7cv9bvzj8
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Combined optical measurements with gas exchange 

A LI-COR 6800 12A 3 cm x 3 cm clear top chamber (LI-COR Biosciences Inc., Lincoln, NE, 

USA) was connected to a scattering optic with an array of LEDs behind it (Hall et al., 2013; Lantz 

et al., 2019), while the backplate was replaced with a 3D-printed plate containing an optical and 

an infrared detector, described in chapter 2. The LED array contained actinic red and blue lights 

producing up to 2500 µmol m-2 s-1
 with a ratio of 90% red (630 nm) and 10% blue (480 nm) light 

at 1000 µmol m-2 s-1. The saturation flash provided approx 15,000 µmol m-2 s-1. Electrochromic 

shift measurements were made with a 520 nm LED, with 505 nm used to correct for changes in 

zeaxanthin. Activity of PSII was assessed by chlorophyll fluorescence using 520 nm as the 

excitation light. Measurements of PSI absorbance were made at 820 nm. While the absorbance 

at 820 nm may include other signals, such as reduced pheophytin or ferredoxin, these species 

are in low proportion and change more slowly than P700+ and should not significantly affect the 

kinetics (Christof & Ulrich, 1994). Measurements of PSI were taken according to Kanazawa et al. 

(2017) and measurements of ECS were taken according to Takizawa et al. (2007). 

To take optical measurements along with the dynamic ramp of CO2, plants were first 

acclimated at 400 ppm CO2 and 1000 µmol m-2 s-1 light until steady state was achieved. CO2 was 

then abruptly lowered to 50 ppm CO2 at the reference IRGA, and the plant acclimated at this 

CO2 level for 60 s. Afterwards, CO2 was ramped at a rate of 400 ppm/min (approx. 40 Pa/min) 

(or other rates as indicated) until 1500 ppm CO2 in the reference IRGA was recorded. (Because 

CO2 assimilation is a function of partial pressure, assimilation rates are reported as a function of 

partial pressure. However, the LI-COR 6800 mixes gases in terms of mole fraction, so in 

explaining experimental design CO2 levels are given in ppm). Typical atmospheric pressure at 
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the site of experimentation was 98 kPa and was measured at the time of experimentation for 

exact calculations. A list of times from 20 to 140 s in 10 s intervals was randomized, and 

individual ramps were performed sequentially for each interval, allowing assimilation to return 

to steady state at ambient CO2 before beginning the next ramp. At the chosen time, PSI and PSII 

activity, as well as the dark interval relaxation kinetics (DIRK) of the electrochromic shift (ECS), 

were measured.  

Results 

Oscillations are intensified when induced through ramps rather than CO2 spikes 

The photosynthetic rate oscillated when the CO2 partial pressure was increased 

sufficiently to cause TPU limitation. When CO2 was ramped at rates of 100 to 500 ppm min-1, 

oscillations were more pronounced than when CO2 was increased abruptly (Figure 3.1). The 

higher amplitude/lower damping oscillations caused by a ramp up of CO2 resulted in a lower 

integral of A compared to an abrupt increase (Table 3.1). Oscillations induced by ramping CO2 

resulted in on average a 20% loss of total assimilation compared to the steady-state over the 

course of the ramp, significantly less at p=0.95. Oscillations induced by a spike of elevated CO 2 

performed comparably to the steady state assimilation value at the same CO2 level, no 

significant difference at p=0.95. We fitted a line through the middle of the oscillations. This 

midline trended down when oscillations were induced by a ramp of CO2 but trended up when 

CO2 was changed abruptly. 

Type 
 Mean difference 

(%) 
Difference s.d. 95% CI 

Ramp  -20.0 2.6 -25.1 to -15.0 
Spike  -2.2 3.9 -9.9 to 5.5 

Table 3.1 A comparison of the total integrated assimilation during oscillations relative to 
the steady-state assimilation.  
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Figure 3.1 Oscillations induced by elevated CO2 compared to the steady state. Top: Full 
ramp of CO2 from 50 ppm to 1500 ppm at a rate of 400 ppm/min compared to a steady-

state A/Ci curve. Bottom: Oscillations induced by step-change of CO2 from 50 ppm to 1400 
ppm compared to steady-state assimilation rate at 1400 ppm CO2. For both, a linear model 
is fit to the oscillating data to show the midline of oscillations. 

 



65 

Oscillations are induced specifically by entering TPU limitation 

Oscillations were observed only when plants entered TPU limitation (Figure 3.2). Plants 

were acclimated at 400 ppm CO2 and either 25°C (Figure 3.2 top and middle) or to prevent the 

occurrence of TPU limitation, 35°C (Figure 3.2, bottom). Plants were then prepared to ramp 

through a range of CO2 values, starting at either 50 ppm (low to high, Figure 3.2 middle and 

bottom) or 1500 ppm (high to low, Figure 3.2, top). Once the assimilation rates were steady the 

CO2 was ramped through a range of CO2 values, either from 50 to 1500 ppm (Figure 3.2 middle 

and bottom) or from 1500 to 50 ppm (Figure 3.2, top) at a rate of 400 ppm min-1. When 

measured at growth temperature and a ramp from low to high CO2, oscillations were observed 

beginning at a Ci of approx. 30 Pa. When ramped high to low, the plant did not exhibit 

oscillations at all. When ramped at a higher temperature to prevent TPU limitation, the plant 

did not exhibit oscillations. Therefore, the oscillations are caused specifically by entering TPU 

limitation, rather than any of the individual environmental conditions the plant experiences. 

Leaving TPU conditions does not result in oscillations. 

Oscillations are intensified when the ramp rate is increased 

Plants were acclimated at ambient conditions, then after a 1-min delay at 50 ppm CO2, 

were ramped at a variable rate to 1500 ppm CO2 (Figure 3.3). Sustained oscillations are not 

observed at a ramp rate of only 100 ppm CO2/min but an initial overshoot was seen. The height 

of the peak of the first oscillation increased with ramp rate. The initial peak value of A was 

greater than the steady state rate except at 100 ppm/min. The initial peak value increased with 

ramp speed, however, there was a corresponding increase in the depth of the following trough 

in assimilation.  
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In Figure 3.3 the assimilation rates are plotted versus Ci but there is also a time element 

given the variation in the rate of CO2 ramp. Figure 3.4 shows the same assimilation rates as in 

Figure 3.3 but as a function of time (we put time on a log scale for convenience). Figure 3.4 

shows that the peak assimilation rate decreases with time to reach said peak. 
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Figure 3.2 Assimilation measured using dynamic assimilation technique ramps of CO2 in 
three styles. Top: Reference CO2 is ramped from 1500 ppm to 50 ppm at 25°C. Middle: 
Reference CO2 is ramped from 50 ppm to 1500 ppm at 25°C. Bottom: Reference CO2 is 
ramped from 50 ppm to 1500 ppm at 35°C. For all curves, CO2 is ramped at a rate of 400 

ppm/min. Assimilation and Ci are logged every 5 seconds. Different symbols indicate 
replicate leaves. 



68 

 

  

Figure 3.4 Overshooting and resulting oscillations shown in Figure 3.3 compared by time, 
rather than Ci. The peak of the oscillations increases with reduced time to reach the peak, 
caused by increased ramp rate. 

Figure 3.3 An example set of DAT ramps at various ramp rates, compared against the steady-
state A/Ci curve. Reference CO2 is ramped from 50 to 1500 ppm at rates of 100 to 500 ppm/min 
at 25°C. For the steady-state A/Ci, 18 points were collected over a range of reference CO2 values 
from 50 to 1500 ppm over a period of 2.9 – 14.5 min. The amplitude of the oscillations 
increases in proportion to the ramp rate. 
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Oscillations are intensified when TPU is enhanced through low temperature 

Plants were acclimated until steady state at 20°C at 400 ppm CO2, then held at 50 ppm 

CO2 for one min before ramping from 50 to 1500 ppm CO2 at a variable rate (Figure 3.5). The 

peak amplitudes compared to the steady state were higher relative to those found at room 

temperature. Additionally, the ramp rate required to achieve overshooting was lower, 200 ppm 

min-1 rather than 400. These two components combine to increase the oscillation amplitude 

through the connecting factor of TPU capacity, even though they affect TPU limitation in 

different ways.  

Figure 3.5 A set of DAT ramps at reduced temperature. Reference CO2 is ramped from 50 to 
1500 ppm at rates of 100 to 500 ppm/min, compared to an 18-point steady-state A/Ci, all at 
20°C. The amplitude of the induced oscillations increases with ramp rate, and is also greater 
than the amplitude of oscillations at 25°C. 
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Overshooting dynamically exceeds both TPU and the electron transport limitation of 

photosynthesis 

The oscillations caused by the CO2 ramp were plotted with limitations calculated from 

curve fitting (Gregory et al., 2021) for data measured at discreet CO2 concentrations. Peak 

dynamic A often exceeded the steady-state TPU limitation during a ramp of CO2 (Figure 3.6). At 

higher ramp rates, peak dynamic A also exceeded the RuBP regeneration limitation of 

Figure 3.6 Comparison of oscillations versus fitting parameters from the steady-state A/Ci. 
Oscillations are induced by ramping from 50 ppm to 1500 ppm at rates varying from 200 
ppm/min to 500 ppm/min. Oscillations can easily surpass TPU limitation, and at higher ramp 
rates can surpass the RuBP regeneration limitation but cannot surpass the rubisco limitation. At 
the highest ramp rates, the entire overshoot closely matches the rubisco limitation. 
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photosynthesis. However, at no point did the overshoots exceed the rubisco limitation of 

photosynthesis. 

 PSI reduction was involved in oscillations during CO2 ramps 

Plants were ramped from 50 to 1500 ppm CO2 in a special chamber adapted to house an 

LED array for measuring electrochromic shift and PSI oxidation in combination with PSII 

fluorescence (Figure 3.7) based on components of the IdeaspeQ (Hall et al., 2013). Assimilation 

and II were correlated, as previously seen. However, PSI oxidation remained constant 

throughout the ramp until the first trough, at which point PSI became very reduced. This 

suggests that the availability of NADP+ to accept electrons from PSI became limited. 

Discussion 

Historically, most of the photosynthetic oscillations research has been performed using 

sudden shifts in environmental conditions to induce oscillations. The use of ramps of varying 

speeds helps describe the phenomenology of oscillations to a greater degree, with some 

implications on the mechanisms of oscillations. The amplitude of oscillations resulting from 

ramps are greater and the oscillations damp more slowly than oscillations resulting from spikes 

(Table 3.2). Oscillations produced by spikes tend towards the steady state assimilation value. 

Oscillations produced by ramps, however, tend towards a different midline that diverges from 

the steady-state assimilation rate. We propose that this is due to the continuous change of the 

requirements for photosynthetic regulation, which is the damping force of these oscillations. 

The amplitude of the oscillations is also affected by the rate of the ramp. If the ramp is too 
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slow, overshooting can still occur but not oscillations. In this situation, a simple damped 

harmonic oscillator model cannot describe the behavior, as overshooting is not seen in an 

overdamped or critically damped model, and an underdamped model cannot account for the 

extended trough following. 

Figure 3.7 Combination of optical measurements with DAT. Oscillations are induced by 
ramping from 50 ppm to 1500 ppm at 400 ppm/min. φII and PSI oxidation state are 
calculated from saturation flashes. PMF, gH+, and ΔA820t are calculated from dark 
interval kinetics. gH+, φII and PSI oxidation state correspond with assimilation, but PMF 
responds in the reverse. 
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The use of ramps also allows us to compare the oscillations to the photosynthetic 

limitations fit from steady-state behavior. The peak exceeds the RuBP regeneration limitation 

and the TPU limitation, both of which are functions of metabolite pools. For short periods of 

time metabolites such as RuBP can be used faster than they are produced, depleting the pool 

and adding instability to the system. However, the rubisco limitation is not a function of 

metabolite pools, it is believed to represent the kinetics of RuBP-saturated rubisco and be 

unaffected by changes in RuBP pool size (Farquhar, 1979; Sharkey, 2022). It is therefore 

unsurprising that oscillations did not exceed the rubisco-limited portion of the curve. Similar 

transient peaks in A above the steady-state rate of RuBP regeneration were induced by short 

periods of CO2-free air (Ruuska et al., 1998). Short dark periods can also allow photosynthesis in 

subsequent light periods to exceed its steady state rate for short periods (Stitt 1986). On this 

basis, we propose that the overshooting achieved during oscillations results from the transient 

reduction in pools of metabolites which would otherwise be consumed at a steady-rate, 

allowing photosynthesis to temporarily exceed the steady state rate. In this model, the depth of 

the trough would be related to the quantity of newly-produced metabolites from the peak that 

Replicate Ramp Damping Ratio Spike Damping Ratio 

1 0.0683 0.1058 

2 0.1418 0.2054 

3 0.0793 0.1233 

4 0.1274 0.1709 

Table 3.2 A comparison of the harmonic oscillator damping constants from a set of four 

plants, with each being tested in both oscillations induced by CO2 ramp and a spike in CO2. 
The damping constants were estimated by logarithmic descent of peak height. The mean 

difference is not 0 at p=0.95 using a two-sided paired t-test (95% CI 0.0291 – 0.065). 
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must be accumulated to restore metabolic balance. Because oscillations are induced by 

following a period of no TPU limitation with induction of TPU limitation, it is possible that the 

plant has plentiful inorganic phosphate free during the start of the ramp, and then the excess is 

used to transiently surpass the TPU limitation of photosynthesis. Similarly, the plant should be 

able to dynamically exceed the RuBP regeneration limited portion of the curve if RuBP is initially 

in excess. The height of the peak would then be related to the size of the available metabolite 

pool.  

Entering TPU limitation causes a change in the rate of triose phosphate production, 

while consumption is unchanged. This mismatch results in oscillations. Many metabolite pools 

both inside and outside of the chloroplast need to adjust upon entering TPU and these can 

provide capacitance and delays. One such metabolite is phosphate, which must be at a lowered 

concentration to maximize sucrose (Huber & Huber, 1996) and starch synthesis (Preiss, 1982), 

but must remain at a sufficient concentration to drive ATP synthesis. The transition from 

rubisco-limited to RuBP regeneration-limited conditions and vice versa involves much simpler 

adjustments in metabolism and so rarely produce oscillations. Elevated CO2 alone is insufficient 

to induce oscillations. Increasing the temperature such that TPU limitation cannot be seen 

prevents oscillations. When ramped from high CO2 to low CO2 at ambient temperature, 

oscillations were not observed.  

The amplitude of the oscillations is affected by several factors. The plants will not begin 

oscillating unless they enter TPU limitation suddenly. Ramps that are too slow allow time for 

complex adjustments in metabolism and so do not induce oscillations, and the amplitude of the 

oscillations varies with the speed at which the plants are induced into TPU limitation. This is 
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emphasized in Figure 3.4, where the size of the overshoot varies with the length of time 

required to reach the beginning of oscillations. Plants ramped through an A/Ci curve at low 

temperature are particularly susceptible and will oscillate with greater amplitude. The greatest 

amplitude is seen in the initial overshoot, and if the initial peak does not overshoot, there are 

no oscillations seen (for instance, the 100 ppm min-1 and 200 ppm min-1 ramps in (Figure 1). The 

overshoot amplitude is related to ramp speed by metabolite pools. When the ramp speed is 

fast, the rate of photosynthesis has been lower leading up to the beginning of oscillations, 

which would mean that the sum of metabolites consumed during the ramp is lower, while the 

potential to produce said metabolites should be approximately the same. When the plant 

reaches a Ci that would typically cause RuBP regeneration or TPU limitation, greater pool sizes 

would produce a higher peak. 

If TPU limitation in the steady state is best described as a collection of regulatory 

components, these oscillations are the result of the time delay to activate those regulatory 

components. The strength of the perturbation is important to the phenomenology because it 

puts strain on photosynthetic regulation. The plant cannot handle photosynthetic rates 

exceeding the steady state TPU limitation for any extended period, and despite overshooting, 

the plant performs worse. Oscillations are damped over a period of a few minutes, enough time 

to activate PMF-dependent control through energy-dependent quenching and photosynthetic 

control at cytochrome b6f (Kramer & Crofts, 1993, 1996), as well as rubisco deactivation which 

can begin in the first minutes of elevated CO2 (Sage et al., 1988) or just one min of exposure to 

low O2 to induce TPU (Sharkey et al., 1986c). The oscillations are triggered when photosynthetic 

regulation is too slow to keep up with the changes in A, and then damped when given enough 
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time to activate regulatory controls on a timescale of minutes. This observation is supported by 

the reduced damping rate in oscillations induced via ramp. The constantly changing setpoint for 

regulation causes the plant to perform worse and recover more slowly.  

The reduction of photosystem I during oscillatory troughs suggests a critical role of 

electron carriers in oscillations. Reduction of PSI without a corresponding increase in electron 

flow from the cytochrome b6f complex means that NADP+ must be limiting. This situation could 

occur if there is insufficient ATP production to process PGA into downstream products, limiting 

the flux through the reduction step. This data supports the conclusions of Laisk et al. (1991), 

who also found reduction of P700 during oscillations and calculated that NADPH/NADP+ ratios 

were antiparallel with oscillations in both photosynthesis and in ATP/ADP ratios. This data also 

provides a compelling rationale for the regulatory components surrounding TPU limitation. If 

PSI becomes reduced, it becomes a redox threat to the plant (Li et al., 2009; Suorsa et al., 

2012), which may be a natural consequence of exceeding the steady-state TPU limitation. 

The occurrence of oscillations suggests the existence of an “acute” TPU crisis that is 

rarely seen in the steady-state. Plants exceed the steady-state rate of photosynthesis 

temporarily, but they don’t end up assimilating more carbon than they would have been able 

to, suggesting that the overall rate of photosynthate utilization does not change over the 

course of the transients. The troughs, then, are caused by a lack of ATP, caused by a 

combination of lacking inorganic phosphate and reduction of electron transport rate due to 

reduction of PSI electron acceptors. This conclusion is supported by the decline in ATPase 

conductivity to protons and the reduction of PSI. This acute restriction shows the 

photosynthetic rate as limited by a rapidly changing TPU limitation in response to phosphate 
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levels, as opposed to the steady-state, which shows only the steady-state rate determined by 

the regulatory features that limit photosynthesis in response to TPU limitation.  

Our understanding of the oscillations is that they are caused by the phosphate pool 

interrupting ATPase throughput, and the delay period is the rate of processing the pools of 

Calvin-Benson cycle intermediates plus photosynthesis-related sugar phosphates in the cytosol. 

To recycle phosphate, carbon must leave the Calvin-Benson cycle and become 

dephosphorylated, which overwhelmingly proceeds from triose phosphates (exported for 

sucrose synthesis) and fructose 6-phosphate (converted to glucose 6-phosphate to supply 

starch synthesis). For both starch and sucrose synthesis there are pools of organic carbon 

(especially glucose 6-phosphate) that are disconnected from Calvin-Benson cycle intermediates 

but whose metabolism is essential for freeing phosphate. This, combined with the reduction of 

electron carriers that will prevent additional production of ATP, causes the delay seen in the 

troughs of the oscillations. 

The presence of an acute TPU crisis explains some non-obvious facets of steady-state 

TPU limitation. Triose phosphates do not necessarily build up in steady-state TPU limitation, a 

counterintuitive fact considering it is the first output of a cycle that, according to the model, is 

going too fast. Instead, it is common that RuBP builds up, which is unexpected as TPU limitation 

implicitly limits the ATPase and RuBP requires ATP to be regenerated. The lack of ATP causes 

PGA to increase by as much as 77% and RuBP pools shrink immediately after the imposition of 

TPU but RuBP recovers as rubisco is deactivated (Sharkey et al., 1986c) and presumably other 

regulatory mechanisms are engaged. It will take additional studies of the effect of transients in 

metabolite pools to examine these regulatory mechanisms.   
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Conclusions 

TPU limitation shows flexibility during dynamic assimilation measurements, for precisely 

the same reason it is insensitive to O2 and CO2 changes: it is separated from rubisco by layers of 

metabolites. In the steady-state, inorganic phosphate pools are quite low (Sharkey & 

Vanderveer, 1989), but regulatory features balance the flux of inorganic phosphate into and out 

of the organic phosphate pool. Changing these fluxes dynamically imbalances photosynthesis 

and causes alternatively better and worse photosynthetic rate, and slower regulatory control is 

required to stabilize the photosynthetic rate again. This situation is a more intuitive 

understanding of TPU limitation – rather than being determined by a series of regulatory steps, 

the photosynthetic rate is determined by a crisis in metabolic pools.  

At this point it may be useful to divide the phenomenon of TPU limitation into two 

separate categories. In the steady state, TPU-limited photosynthesis is described primarily by 

regulatory features such as rubisco deactivation and energy-dependent quenching. In the 

acute, however, the photosynthetic rate temporarily defies some assumptions of the three-

limitation model of steady-state photosynthesis. Dynamic TPU limitation must be controlled by 

pool sizes, and it is reflected in electron transport dynamics. 
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CHAPTER IV 

Conclusions on regulation of and adaptation to TPU limitation 
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Triose phosphate use (TPU) limitation is considered one of the three classical limits to 

the rate of photosynthesis in C3 plants. It is a paradigm of photosynthesis where carbon 

assimilation is limited by the rate of dephosphorylation of organic phosphates for end products 

such as sucrose or starch. When photosynthesis is limited by TPU, plants engage regulatory 

mechanisms that reduce the amount of CO2 being fixed by the plant, including reduction of 

rubisco activation state and reduced electron transport rate as a result of increased 

nonphotochemical quenching. These effects balance the flux of phosphate into and out of the 

phosphate pool. A number of questions surrounding TPU limitation have evolved over the 

roughly 40 years of study of TPU limitation. Why is it that TPU limitation is so easy to trigger in 

laboratory conditions, but very rare to find in ambient conditions in the field? Why is it that 

triose phosphates do not accumulate under TPU limitation? And why is it that TPU limitation 

exists in the first place, given the relatively low nitrogen investment it would take to prevent its 

occurrence at all? The research presented in this dissertation advances the field by analyzing 

TPU limitation not just as an outcome of elevated photosynthetic rate, but fundamentally as a 

stressor which provokes acclimation. The regulatory features associated with TPU limitation 

were analyzed as a time-course that protects the plant from immediate redox danger and 

eventually results in the abolition of TPU limitation in the steady-state. High-speed 

measurements of assimilation and electron transport not only contribute to the time-course of 

acclimation but help to divide TPU limitation into two related phenomena: first, a crisis in 

metabolism that includes serious perturbation in photosynthesis that lasts for up to a few 
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minutes; then, the slower response in which the crisis in metabolism has been resolved and the 

maximum photosynthetic rate has been limited by regulatory features. 

Regulatory features associated with TPU limitation eventually cause plants to stop being TPU 

limited 

The steady-state assimilation rate under a TPU limitation is determined by regulatory 

features which balance phosphate flux. TPU limited plants experience reduced rubisco 

activation state (Socias et al., 1993; Viil et al., 2004) (Figure 2.3). TPU-limited plants develop 

elevated transthylakoid proton-motive force (PMF) leading to increased nonphotochemical 

quenching and greater photosynthetic control at cytochrome b6f (Kramer & Crofts, 1993; 

Takizawa et al., 2008). In the steady state, these regulations reduce the maximum rate of 

photosynthesis in balance with TPU capacity (Sharkey, 1985b). These features are important in 

diagnosing TPU limitation, and the characteristic decline in PSII efficiency with increasing CO 2 

(Stitt, 1986; Sharkey et al., 1988) is one of the most reliable indicators of TPU limitation 

(McClain & Sharkey, 2019).  

We found that over a 30 h period of adaptation to TPU limitation caused by elevated 

CO2, rubisco activation state remained low (Figure 2.3), and NPQ increased across the whole 

A/Ci curve (Figure 2.2). Furthermore, at the end of the 30 h period, the plant no longer 

exhibited symptoms of TPU limitation (Figure 2.2). It lacked the characteristic decline of φII and 

the matching increase in NPQ in response to increasing CO2, and the photosynthetic rate did 

not remain flat against increasing CO2. The overall increased NPQ and flat response of NPQ to 

CO2 tells us that elevated photoinhibition (qi) was responsible for the elevated NPQ rather than 

energy dependent quenching (qe). These slow control mechanisms increased in their 
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importance over time and resulted in the total acclimation of the leaf to TPU limitation after 

just over a day. Notably, this acclimation was achieved by reducing the capacity for 

photosynthesis through rubisco and electron transport controls. The nitrogen cost of increasing 

TPU capacity would be very low, while rubisco and electron transport enzymes contain 47% of 

the average leaf’s nitrogen content (Evans & Clarke, 2019). This method of acclimation in 

elevated CO2 therefore reduces the nitrogen efficiency of the leaf.  

There is a lifetime for TPU limitation 

Acclimation has now been observed in plants subjected to both low temperatures and 

elevated CO2. Plants held at low temperatures are frequently subjected to TPU limitation due to 

the temperature sensitivity of sucrose-phosphate synthase (Sharkey & Bernacchi, 2012; Yang et 

al., 2016). Plants subjected to TPU limitation by low temperature are known to increase their 

TPU capacity by expressing greater quantities of sucrose synthesis enzymes in as little as 5 h 

(Guy et al., 1992; Holaday et al., 1992; Strand et al., 1999) so that they are no longer TPU 

limited. Even though the source of the acclimation is different for the low temperature case 

than for the elevated CO2 case, it does imply that acclimation to TPU limitation will occur 

regardless. The route through which acclimation is achieved under low temperature increases 

the total amount of photosynthate that can be fixed, unlike in the elevated CO2 case. Possibly it 

is that under low temperature the plant is growing slowly due to lack of photosynthate, but 

under elevated CO2 the plant is already growing as fast as it can and will not be able to grow 

faster with greater photosynthesis, causing this divergence in acclimation. This connection is a 

source of continued interest (Paul & Pellny, 2003; Fabre et al., 2019; Dingkuhn et al., 2020) but 
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it is very hard to draw any direct connection between sink strength and leaf-level 

photosynthesis. 

The acclimation to TPU limitation justifies the removal of TPU limitation from global models 

The qualitative understanding that TPU limitation symptoms are rare in the field under 

ambient conditions has been used recently as justification to remove the consideration of TPU 

from global models of photosynthesis (Lombardozzi et al., 2018; Rogers et al., 2020). Our new 

understanding of the acclimation of the leaf to TPU limiting conditions provides a concrete 

rationale for this removal. If a plant would be TPU limited under field conditions, it will 

eventually stop being TPU limited over a period of days to weeks. This conclusion has some 

evolutionary importance as well. The Nicotiana benthamiana used extensively in this 

dissertation becomes TPU-limited at saturating light (1000 µmol m-2 s-1) and slightly elevated 

CO2 levels (Ci ≈ 400). This level of CO2 has occurred in the past and seems likely to be achieved 

in the future (Rae et al., 2021). The ability to cope with changing CO2 across geologic timescales 

is an important aspect of TPU acclimation. 

TPU limitation causes dangerous accumulation of electrons in the very short term 

A step change in CO2 concentration induces TPU limitation, and sharply entering TPU 

limitation causes transient effects on photosynthesis (Figure 2.4). Initially, the plant gains 

additional electron acceptors and PSI becomes oxidized. However, after 40 s, the plant enters 

TPU limitation, as evidenced by the decreased proton conductivity across the thylakoid (gH+), 

and PSI becomes reduced rather than oxidized. This reduction is the result of an acceptor-side 

limitation and causes backup of electrons all the way to PSII electron acceptors (oxidation state 

of Qa measured as qL). Reduction of Qa causes excess energy to be diverted to NPQ and is the 
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first response to TPU limitation that safely dissipates excess light energy. It is important to 

handle this excess light energy because the reduction of PSI quickly becomes a redox threat to 

the plant (Li et al., 2009). Over the next 80 seconds, slower control mechanisms, such as rubisco 

deactivation and NPQ (measured as NPQt) begin, diverting energy and allowing Qa to become 

more oxidized again. 

These short-term effects on electron transport are mirrored by transients in assimilation 

rate. Entering TPU limitation suddenly introduces oscillations in assimilation (Figure 3.1 – Figure 

3.4). These oscillations have long been associated with TPU limitation (Ogawa, 1982; Sivak & 

Walker, 1986, 1987), but the cause of the oscillations had never been conclusively established. 

Our measurements of PSI oxidation state during transients following imposition of TPU 

limitation suggest acceptor side limitation of PSI as a primary cause of oscillations (Figure 2.4; 

Figure 3.6). These measurements support the theory of Laisk et al. (1991), who calculated that 

TPU limitation caused antiparallel variation in the supply of ATP and NADPH. The mismatch of 

time constants for NADPH, ATP, and carbon metabolism lead to oscillations in the 

photosynthetic rate. 

The transient effects of TPU limitation support the division of TPU limitation into two 

phenomena 

TPU limitation, when suddenly introduced, causes effects that are either not present in, 

or are intensified when compared to, the steady state. Though assimilation can achieve 

transient overshoots due to available phosphate pools, it soon experiences a reduction in rate 

during which it performs much worse, while the extra carbon is cycled around and exported 

(Figure 3.3). TPU limitation includes reduction in available phosphate (Sharkey & Vanderveer, 
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1989) and reduced gH+, but when TPU limitation is introduced, chloroplasts transiently 

experience even lower gH+ (Figure 2.4). During this time, the orthophosphate availability must 

be even lower than what is typical of steady-state TPU limitation. 

The existence of transients in TPU limitation is due to the relatively slow response of 

regulatory factors that would control photosynthesis and how they must react to the crisis in 

phosphate supply. This is supported by the worse overall assimilation achieved by plants when 

subjected to CO2 ramps compared to CO2 spikes (Figure 3.1), as ramps constantly change the 

“set point” of regulation. This increases the period during which the plant cannot reach the 

appropriate level of control. We therefore propose the existence of a critical “acute” TPU 

limitation, where phosphate availability is more strained, and instead of assimilation rate being 

determined by regulatory factors, it is determined directly by metabolite pools.  
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APPENDIX I 

 

Building a better equation for electron transport estimated from chlorophyll fluorescence: 
Accounting for non-photosynthetic light absorption 
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Chlorophyll fluorescence measurements of electron transport rate are an important 

companion of gas exchange analysis of photosynthesis. Detailed models allow prediction of gas 

exchange behavior based on fluorescence measurements, critical for converting low-

throughput photosynthetic measurements to greater scales (Damm et al., 2010). Recently, a 

problem with using fluorescence-estimated electron transport rates in red versus blue light was 

discussed (Evans et al., 2017). The explanation was that high absorptance of blue light leads to 

saturation of photosystems near the light-exposed surface, but the red measuring beam may 

sample deeper in the leaf (Vogelmann, 1993; Vogelmann & Han, 2000). In this case, 

fluorescence will report the quantum yield of photosystem II (φII) averaged from different 

photosystems than those important for the carbon-based quantum yield. The photosystems 

lower in the mesophyll will absorb less light, but will have a higher φII than tissues nearer the 

light-exposed surface (Lichtenberg et al., 2017), and so electron transport will be 

overestimated. The overestimation caused by this sampling error will be higher for wavelengths 

of light which are more strongly absorbed, so highest under blue actinic light and lowest under 

green actinic light (Evans, 2009). Based on this effect, some investigators are now choosing to 

use the minimum amount of blue needed to open stomata to minimize the overestimation of 

electron transport from blue light during gas exchange measurements. 

However, another effect that can cause overestimation of electron transport rates 

under blue actinic light is absorption of blue light by non-photosynthetic pigments. This effect is 

easily accounted for, reducing the justification for minimizing the use of blue light, allowing 

routine use of light quality that more closely resembles natural conditions. 

Linear electron flow estimated from chlorophyll fluorescence (JF) is calculated as 
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𝐽𝐹 = 𝛷𝐼𝐼     ∑ 𝛼(𝜆) ∙ 𝛽 ∙ 𝐼(𝜆)

700

𝜆=400

                         Eq.A1.1 

where α is the absorptance of the leaf, a function of wavelength; β is the proportion of total 

incoming radiation absorbed by PSII; and I is the photosynthetic photon flux density (PPFD), a 

function of wavelength. The absorptance of the leaf can be measured with an integrating 

sphere (Mõttus et al., 2017), though it is usually just estimated. The current default estimate 

for absorptances in LI-COR instruments is 0.87 for blue light and 0.84 for red light. β is possible 

to measure through a destructive process (Strand & Kramer, 2014), or estimated via a Laisk plot 

(Laisk & Loreto, 1996), but is typically assumed to be 0.5. β would be changeable over the 

course of an experiment due to state transitions (Ruban & Johnson, 2009), introducing some 

uncertainty in electron transport rate estimates. φII is measured from chlorophyll fluorescence 

analysis (Genty et al., 1989). There are some assumptions made when measuring φII, notably 

that φII is homogenous throughout the leaf and that 𝐹𝑀
` , the maximum fluorescence in the light, 

is being measured accurately, which is not always the case. A multiphase flash protocol can 

improve the measurement of 𝐹𝑀
`  (Loriaux et al., 2013; Avenson & Saathoff, 2018). Equation 

A1.1 can be put into words as: linear electron flow is the amount of light (I) absorbed by the 

leaf (α) that is partitioned to photosystem II (β) that leads to transport of an energetically 

excited electron to downstream quinol carriers (φII). When stated this way, it becomes clear 

that it is assumed every absorbed photon will lead to electron transport downstream. We 

specifically believe this assumption is incorrect.  

If there is absorption of light by non-photosynthetic pigments, equation 1 is no longer 

correct. There are a number of pigments that absorb blue light but that do not contribute to 
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photosynthetic electron flow, especially carotenoids. The role of carotenoids in leaves has been 

debated for decades. Some experiments on reaction centers in-vitro show energy transfer 

efficiency from carotenoids of up to 100% (Siefermann-Harms & Ninneann, 1982; Croce et al., 

2001), while other studies show reduced transfer efficiency of 90% (Connelly et al., 1997) or 

80% (Holt et al., 2003) or less (Emerson & Lewis, 1942). Laisk et al. (2014) estimated that 

approximately 30% of the light can be absorbed by carotenoids unable to transfer energy to the 

photosystems. Non-photosynthetic albino leaves can absorb more than 20% of blue light 

(Hogewoning et al., 2012). Together, these effects produce a disparity between blue photons 

absorbed and the blue photons that result in electron transport. In this instance, even if φII is 

being measured correctly, calculations of linear electron transport will be incorrect; the error 

will be wavelength dependent.  

The assumption of constant 𝛽 is an additional source of error in equation 1. The 

pigments associated with photosystems I and II are not identical, and each may absorb certain 

wavelengths preferentially (Evans & Anderson, 1987). In this case 𝛽 would be a function of 

wavelength, and the two photosystems would have different levels of excitation (Hogewoning 

et al., 2012) resulting in inefficient loss of exciton energy to quenching (Evans, 1987; 

Pfannschmidt, 2005). The wavelength sensitivity of β may lead to an underestimation of JF as 

discussed in Loreto et al. (2009); this must be considered even though this effect is in the 

opposite direction of the typical overestimation of JF in blue light. There may also be some mid-

experiment changes in α due to blue light-induced chloroplast movements (Wada et al., 2003). 

This effect can be estimated from leaf reflectance changes (Woolley, 1971), but probably 

cannot be estimated using an integrating sphere which uses pre-scattered light. 
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An action spectrum uses quantum yield calculations to measure the efficiency of 

transfer to, or use of absorbed light energy at reaction centers (McCree, 1970). For a correction 

involving only red and blue light it is possible to measure the quantum yield for the two colors 

and reduce the calculated electron transport yield for blue light according to the relative 

efficiency of blue light  

 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐵𝑙𝑢𝑒 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑄𝑢𝑎𝑛𝑡𝑢𝑚 𝑦𝑖𝑒𝑙𝑑 (𝑏𝑙𝑢𝑒 𝑙𝑖𝑔ℎ𝑡)

𝑄𝑢𝑎𝑛𝑡𝑢𝑚 𝑦𝑖𝑒𝑙𝑑 (𝑟𝑒𝑑 𝑙𝑖𝑔ℎ𝑡)
  Eq.A1. 2 

Equation A1.2 is generalizable to any color or wavelength. This term will include the wavelength 

sensitivity of 𝛽, but cannot measure 𝛽.  

It is possible to estimate the rate of electron transport from the rate of carbon 

assimilation (JC) (Harley et al., 1992) and calibrate JF (Yin et al., 2009). The calibration factor 

would include α, β, a correction for non-linear electron transport, and the action spectrum 

correction. This empirical approach can be useful for many purposes. However, the empirical 

approach makes significant assumptions about the destination of electrons, such as ignoring 

the use of reducing power in nitrate assimilation. We propose that JF should be corrected with 

independent measurements to the greatest possible extent before considering a clustered 

calibration, especially in cases where deviation between JF and JC is part of the signal (e.g., using 

fluorescence to estimate the rate of nitrogen reduction or day respiration). 

We tested the quantum yield-based correction of electron transport rate measurement 

using Nicotiana benthamiana grown under different conditions to cause a variation in leaf 

absorptivity. Some plants were grown for seven weeks under low intensity fluorescent lamps 

(approximately 130 μmol m-2 s-1) to increase the absorptance of the leaves while other plants 
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were grown in a greenhouse, resulting in relatively low absorptance leaves. Leaf absorptance 

was measured with a pair of integrating spheres spectroscopically. Absorptance of blue and red 

light was calculated as the average absorptance over the wavelengths at half peak intensity of 

the actinic lights. For this experiment the red light absorptance was measured over 622-637 nm 

and the blue light absorptance was measured over 471-494 nm. JC versus absorbed light was 

measured from 20 to 60 μmol m-2 s-1 PPFD (Figure A1.1a). Using low light levels increases the 

linearity of assimilation response to PPFD, and decreases mis-estimation of the CO2 

concentration at rubisco if mesophyll conductance is inaccurate. The relative efficiency for blue 

versus red light was calculated as the ratio of the slope extrapolated to 100% blue or 100% red 

(Figure A1.1b). Extrapolation is necessary due to occasional non-linearity at 100% red light. 

There is a difference (P<0.05) in the relative efficiency for blue light for the two treatments 

(Table A1.1). 

Treatment Blue Absorptance Red Absorptance Relative Blue Efficiency 

Low light 0.970 ± 0.003 0.917 ± 0.017  0.734 ± 0.006 

Greenhouse 0.944 ± 0.002 0.872 ± 0.010  0.693 ± 0.013 

Table A1.1 Variation in absorptances and relative quantum yield in Nicotiana benthamiana 

grown two different ways. Plants grown with reduced light (approximately 130 μmol m -2 s-1) 
have greater absorptance of both blue and red light, as well as greater relative blue efficiency 

(Eq. 2) when compared to greenhouse-grown plants. N=5 for greenhouse-grown plants and N=4 

for plants grown under reduced light. Values are mean ± SE. 

 Variation in both absorptance and efficiency for blue light will affect the actual electron 

transport rate. Therefore, for precise electron transport measurements, it is advisable to verify 

each parameter on a plant-by-plant basis.  

To test the effectiveness of relative efficiency for correcting overestimation of electron 

transport rate in blue light, light response curves up to 1000 μmol m -2s-1 were measured under 
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five ratios of red to blue light on a single plant. Electron transport rate was measured by 

fluorescence. The electron transport rate was corrected to measured absorptance values of 

0.873 for red and 0.951 for blue. The efficiency of blue light relative to red light was measured 

separately to be 0.69. The uncorrected data shows nonlinearity between JC and JF across 

different ratios of red and blue light (Figure A1.2a). To correct this data, the calculation for 

linear electron flow was modified by multiplying the calculated amount of absorbed blue light 

by 0.69, the difference in quantum yield that we found. The corrected dataset shows excellent 

linearity compared to the uncorrected dataset, although Jf overpredicts electron transport rates 

at high rates of photosynthesis (light intensity about 650 μmol m -2s-1 and above) (Figure A1.2b). 

This may be when sampling errors described by a multilayer model (Evans et al., 2017) begin to 

affect measurement accuracy. There may also be a change in the composition of 

nonphotosynthetic pigments at elevated light (for example, the xanthophyll cycle), which would 

lead to an intensity dependent change in 𝛾. Other issues that could be explored for the high 

light deviation include chloroplast movement and state transitions. 
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Figure A1.1 Measurement of quantum yield for blue and red light of a leaf of Nicotiana 
benthamiana. a: Light response curves from intensity = 20 to 60 μmol m-2 s-1 at five different 
color specifications from 10% red to 90% red (balance blue) have different quantum yields. 

Electron flux based on CO2 measurements (JC) calculated according to Harley et al. (1992) with 
plants held at 25°C under an atmosphere containing 2% oxygen (1.98 kPa) and 750 ppm CO2 (74 

Pa). Γ* was set to 0.36, calculated from Γ* measured in tobacco (Bernacchi et al., 2002). 
Respiration in the light was set to 1.1 µmol m-2 s-1 as extrapolated from the light response curve 
at low light. b: Quantum yield (slope from a) plotted against the proportion of red light reveals a 
linear relationship (R2 = 0.997) and can be extrapolated to 0% and 100% red light to determine 
relative blue efficiency. 
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Figure A1.2 Actual fluorescence-derived electron transport data from a light-response curve 
before (a) and after (b) correcting for the relative efficiency of blue light for a leaf of Nicotiana 

benthamiana. a: Data is corrected for absorptance of the leaf alone and is uncorrected for 
relative efficiency of blue versus red light. Electron flux estimated from fluorescence (JF) shows 

poor linearity with electron flux based on CO2 measurements (JC). b: Data from a is corrected 
per equation 3, with 𝛾 = 0.69 for blue light. After correction, JF shows considerably better 

linearity with JC. At the highest light levels (650 and 1000 μmol m-2 s-1) JF begins to deviate from 
linearity with JC. 
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The relative efficiency of provided light is very important to actual electron transport 

rates in planta, but rarely make it into standard calculations of electron transport. To include it, 

we recommend modifying Equation A1.1 to 

𝐿𝐸𝐹 = 𝛷𝐼𝐼  ∙  ∑ 𝛼(𝜆) ∙ 𝛽 ∙ 𝐼(𝜆) ∙ 𝛾(𝜆)

∞

𝜆=0

                       Eq.A1.3 

where γ is relative efficiency, a function of wavelength. Absorptance and quantum yield for 

extreme wavelengths will be small and we can expand the limits on the sum. The parameter γ 

was originally proposed by Loreto et al. (2009) as a qualitative correction between electron 

transport estimated from measurements of the rate of carbon assimilation versus electron 

transport measured by fluorescence under varying amounts of blue light. Relative efficiency, 

calculated from quantum yield, is a quantitative measurement that achieves the qualitative 

goal of increasing linearity between JC and JF. However, this formulation assumes that there are 

some wavelengths of light (red) that are used 100% for photosynthetic electron flow. This is 

likely incorrect, but we assume the error is minor relative to other uncertainties in this analysis. 

 The fluorescence sampling error may be an issue for correctly measuring leaf 

electron transport at saturating photon flux density. However, the nonphotosynthetic 

absorption of blue light is a bigger effect than the sampling error at the light levels measured 

and is easily corrected. We strongly recommend that that a third term be added to Equation 

A1.1 as recommended by Loreto et al. (2009). 

 The incorporation of absorption efficiency into the calculation improves the 

accuracy of measurements of LEF, especially at sub-saturating intensities and higher 

proportions of blue light. Blue actinic light is essential to maintain large stomatal aperture (Iino 
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et al., 1985), which is important for gas exchange measurements. While 10% blue light may be 

sufficient for the first opening of the day with unstressed plants, when new conditions are 

encountered it will be advantageous to have amounts of blue light similar to the natural 

condition in case there are variations in stomatal responses determined by blue light 

availability. Sunlight spectra were measured from 380 nm-780 nm with a LI-180 spectrometer. 

Our measurements of sunlight show 2.02 times as many red photons as blue, depending on 

how these colors are defined. Sunlight contains about 1.25 times as many photons in the 

wavelengths emitted by the LI6800-01 blue LEDs relative to the red LEDs (Table A1.2). 

Classification Wavelengths Percentage of Sunlight 

LI 6800 Blue 471-494 5.84 
LI 6800 Red 622-637 4.65 

Full Spectrum Blue 450-490 9.59 
Full Spectrum Red 635-700 19.3 

All Visible 400-700 76.6 
Table A1.2 Spectrum from 380 nm to 780 nm of sunlight taken under bright sun at noon at 
42°43'N 84°28'W (East Lansing, Michigan, USA). LI 6800 Red and LI 6800 Blue refer to the 
wavelengths at half of peak intensity for LI 6800-01 red and blue LEDs. 

 These would represent percentages of 33% or 56% blue, respectively. We recommend 

the routine use of 50% blue light to improve the similarity between natural sunlight and LED 

illumination in this case. The reduced value of 33% blue light will also probably produce 

reasonable results. The current practice of using just 10% blue light is not justified, especially 

when stomatal function is under study. Using more realistic values of red versus blue light for 

gas exchange improves the chance that the data obtained from artificially lit gas exchange 

chambers will accurately reflect physiological responses under natural conditions. We 

recommend a quantum yield-derived correction be applied to calculations of electron transport 

on a plant-by-plant basis. We also recommend that when only red or blue light is available, a 
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50/50 mix of photon fluxes should be used to increase the likelihood of physiologically relevant 

light responses, especially stomatal responses. 
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APPENDIX II 

 

The triose phosphate utilization limitation of photosynthetic rate: out of global models but 
important for leaf models 
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Foreword: Designing a tool for fitting A/Ci curves 

The programmatic fitting of Assimilation (A)/internal CO2 concentration (Ci) curves 

presents several unique challenges compared to other nonlinear fitting models. One of the 

biggest challenges is that A/Ci curve model is a step function – it comprises three individual 

models, each of which fits a contiguous section of the collected data points. The first is based 

on Michaelis-Menten kinetics and is fit around the parameter maximum velocity of 

carboxylation Vcmax; the second is based on the regeneration rate of RuBP and revolves around 

the electron transport rate J; and the third is the utilization rate of triose phosphates, TPU. The 

other biggest challenge is that collected data is in the form of A/Ci; however, the true 

concentration of CO2 at the site of carboxylation (Cc) is what governs assimilation. The 

measurement of Cc in intact leaves is not compatible with the collection methods used for 

these data sets, so conductivity to diffusion of CO2 from the internal airspace of the leaf to the 

site of carboxylation (mesophyll conductance, gm) is one of the fit parameters of the A/Ci curve. 

This means that one of the fitting variables affects the x-axis variable. While neither of these 

challenges are critically damaging to the fitting algorithm itself (here we used the Levenberg-

Marquardt least-squares algorithm) both are prohibitive to statistical analysis of the A/Ci curve 

fitting problem. 

In all nonlinear curve fitting algorithms, it is impossible to guarantee the selection of the 

global minimum sum-of-squares (SSR). Instead, algorithms will select the proximal critical point. 

This presents several problems with the step-function nature of the A/Ci model. The first is that, 

since data points are not continuous, if the initial step size of the fitting algorithm is not 

sufficiently large, it is possible that the algorithm won’t be able to adequately shift the break 
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point for the three steps to sample possible configurations of which points are fit by which 

curve (that is, there may be a local minima in which points are assessed according to the wrong 

curve which prevents discovery of a lower SSR). The second is that, in a data set in which no 

data points should be fit according to any one of the steps, the algorithm will always be able to 

improve the SSR by erroneously incorporating the missing curve. The algorithm would be able 

to target whichever point has the greatest individual residual and fit it perfectly – a clear 

example of over-fitting. 

Three efforts were made to ameliorate these issues. The first is the addition of a real-

time graphical interface provided via the Shiny, plotly, and ggplotly packages. The ability to 

assess immediately whether the curve qualitatively fits properly is one of the major advantages 

over other fitting packages such as plantecophys (Duursma, 2015). The user is also able to 

manually adjust the starting conditions of the fitting algorithm to help coerce the algorithm to 

find a more accurate fit. The plot also makes it obvious if any single point at the edge of the plot 

is being over-fit. As an additional effort to counter the overfitting issue, we added the ability to 

outright disable analysis of the most frequently over-fit limitation, the TPU limitation. TPU 

limitation only occurs when the plant is photosynthesizing quickly and is the most l ikely of the 

three limitations to be unseen in a typical A/Ci curve (Kumarathunge et al., 2019; Rogers et al., 

2021). TPU limitation can be modeled as simply as a straight line (Sharkey, 1985b) which makes 

overfitting very accessible for the algorithm. The last effort made to improve off-target fitting is 

a set of heuristics designed to provide the A/Ci fitting algorithm a favorable starting guess 

based on the fundamental biology. The initial guess for TPU is 3 times the highest measured 

assimilation rate, one for each carbon in a triose phosphate and the simplest model for TPU 
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limitation (Sharkey, 1985a). For J, it is 5 times the highest assimilation rate, which is 20% higher 

than the necessary 4 electrons per carbon to account for photooxidation. Vcmax tends to be just 

a bit lower than J, so it is set to 75% of J. Finally, RL is set to 10% of maximum assimilation, and 

gm is set to 3 – these are intermediate values which after some testing tended to lead to 

acceptable fits across a variety of samples. These initial guesses ensure that the starting 

condition of the nonlinear fit is both on the same scale as the collected data and approximately 

the same shape. These simple heuristics also help prevent researcher bias from entering the fit. 

Because there are often so many local minima possible in the seven-parameter fitting model 

(Busch & Sage, 2017) the selection of starting conditions will affect the results of the nonlinear 

fit. No matter what, the starting condition selection will cause some level of bias. A machine-

based heuristic at least guarantees consistent bias based on the general shape of the A/Ci 

curve, and helps researchers prevent their own bias from entering the data analysis. 

Discussion 

Xiao et al. Error! Bookmark not defined.(2021) present a method for estimating the 

variability of estimated parameters of the Farquhar, von Caemmerer, Berry (FvCB) model of 

photosynthesis (Farquhar et al., 1980). This model has been very effective at predicting 

photosynthetic responses to CO2, light, and temperature but estimating the parameters of the 

model can be difficult, with the fitted parameters having various degrees of uncertainty as 

demonstrated by Xiao et al. The original model assumed one of two conditions: (1) rubisco is 

saturated with ribulose 1,5-bisphosphate (RuBP) and so responds to CO2 with Michalis-Menten 

kinetics (rubisco-limited) or (2) rubisco uses RuBP as fast as it is made (RuBP regeneration-

limited). In condition (2), rubisco activity is determined by the rate of RuBP regeneration, 
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typically as a result of being light-limited. But even though photosynthetic CO2 assimilation (A) 

is light limited, it responds to increasing CO2 because of suppression of photorespiration. 

Carboxylation plus oxygenation stays constant under RuBP regeneration limited conditions so if 

oxygenation goes down as CO2 increases, carboxylation will go up. The model was expanded to 

include a third condition, where RuBP regeneration is limited by how fast phosphorylated 

intermediates, primarily triose phosphates, are converted to end products, thereby releasing 

phosphate (Sharkey, 1985b). This is usually called triose phosphate utilization (TPU) limitation. 

The FvCB model is most often parameterized by measuring CO2 assimilation as a 

function of CO2 inside the air spaces of the leaf (Ci), called an A/Ci curve. While rubisco-limited, 

assimilation shows a strong response to CO2 while RuBP-regeneration-limited points show less 

response but still increase with increasing CO2. TPU-limited points are characterized by no 

response to CO2 and sometimes an inhibition under increasing CO2 (Laporte et al., 2001). The 

condition is further diagnosed by a decline in photosynthetic electron transport caused by an 

increase in CO2 or decrease in O2 (measured by chlorophyll fluorescence analysis). The TPU 

limitation is rarely seen at physiological CO2 partial pressure and temperature but is very 

frequently seen when CO2 is marginally higher than what the plant experienced during growth, 

especially if the temperature during the measurement is lower than the growth temperature 

(Sage & Sharkey, 1987). Increasing the capacity for sucrose synthesis, reduces the temperature 

at which TPU is observed (Laporte et al., 2001). TPU limitations are also associated with 

oscillations in photosynthetic rate (Sharkey et al., 1986c), complicating measurements of TPU-

limited photosynthesis rates. 
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The parameters that can be estimated by the fitting models are the maximum rate of 

rubisco carboxylation (Vcmax) and the rate of electron transport (J) (since the analysis can be 

done at limiting light, this need not be Jmax). Also estimated are respiration in the light (RL) 

(previously called day respiration, Rd) and mesophyll conductance (gm). If TPU is considered, it 

too is estimated. We have used equations proposed by Busch et al. (2018) to include carbon 

flow out of photorespiration as glycine (G) or serine (S) which can affect estimates of TPU and 

J. 

Some groups have concluded that TPU limitations are likely to be small and thus 

constitute an unnecessary complication for modeling photosynthesis at global scales 

(Kumarathunge et al., 2019; Rogers et al., 2021). Moreover, there is evidence that when plants 

experience TPU for a sustained period, both rubisco capacity and electron transport capacity 

are reduced until TPU is no longer evident. Xiao et al. (2021) recently described Bayesian 

methods for estimating parameters of the FvCB model and the uncertainties in those estimates 

but without including TPU in their fitting. We have reanalyzed the data of Xiao et al. (2021) to 

test the effect of inclusion of TPU on estimates of other parameters. 

We began by re-analyzing the experimental data provided by Xiao et al. (2021). Four 

A/Ci curves measured with rice were provided. In three out of four cases, reverse sensitivity to 

CO2 of A was observed and in all four cases, photochemical yield of photosystem II (II) 

(measured by chlorophyll fluorescence analysis) declined at high CO2 (Figure A2.1). In repetition 

2, II increased at low CO2 as rubisco activity increased then abruptly began to decline with 

increasing CO2 indicating a transition to TPU limitation with no points showing clear RuBP 

regeneration limitation (constant II with changing CO2).  
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These behaviors indicate that TPU was occurring in all four repetitions. The authors 

specified in their methods section that they had to wait much longer for stability at the high 

CO2 concentrations and the data at high CO2 was noisy, also an indicator of TPU. Because TPU 

limitation is evident in the data, it must be included in the A/Ci fitting model. We tested the 

effect of adding TPU to the analysis. 

Figure A2.1 II values reported for the four replications of Xiao et al. (2021). 
Values were determined by chlorophyll fluorescence analysis. Curves 2 and 4 
show an abrupt reversal from rubisco-limited (II increasing with increasing 

CO2) to TPU-limited (II decreasing with increasing CO2) behavior with no 

definitive RuBP regeneration limitation (II independent of changes in CO2).   
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We converted the most recent version (2.9) of the fitting spreadsheet that has been 

provided by Plant Cell and Environment (Sharkey, 2016) to an R script with a user-friendly 

interface (Shiny app), see  https://github.com/poales/msuRACiFit.  

The script iteratively fits data sets to biochemical models using rubisco-limited, RuBP-

regeneration-limited, or TPU-limited assumptions, then calculates which process is likely to be 

Figure A2.2 Fits to rice data (replications 1-4 of Xiao et al. 2021) without TPU (A,C,E,G) 
or with TPU (B,D,F,H). Red is the fitted shape for rubisco-limited condition, blue is for 
the RuBP regeneration-limited condition and gold is for the TPU-limited condition. 

https://github.com/poales/msuRACiFit
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rate-limiting for each data point, thus eliminating the need to assign specific limiting process to 

each of the data points.  

We then fitted the data supplied by Xiao et al. (2021), first without TPU and then with 

TPU (Figure A2.2). For all four curves supplied, including TPU in the fitting improved the fit to 

the data at high CO2 and this was reflected in a reduction in the sum of the squared residuals 

(SSR), by 90% in three out of four repetitions (Table A2.1). The reduction in SSRs was much 

greater than could be accounted for by the increase in degrees of freedom introduced by fitting 

additional parameters (i.e., TPU). 

  Rep 1 Rep 2 Rep 3 Rep 4 

 Units woTPU wTPU woTPU wTPU woTPU wTPU woTPU wTPU 

Vcmax µmol m-2 s-1 183 194 203 232 167 174 179 197 

J µmol m-2 s-1 170 178 201 273 177 185 194 222 

TPU µmol m-2 s-1 - 10.9 - 12.3 - 12.1 - 12.4 

gm 
µmol m-2 s-1 

Pa-1 
11.4 12.4 6.2 9.5 5.9 7.3 5.5 6.0 

RL µmol m-2 s-1 1.91 1.82 0.72 4.60 0.60 3.55 0.41 1.24 

aG unitless 0.33 0.22 0.00 0.01 0.40 0.59 0.38 0.26 

aS unitless 0.00 0.00 0.00 0.36 0.00 0.00 0.00 0.00 

SSR (µmol m-2 s-1)2 73.3 53.3 174.4 16.9 19.0 1.2 73.8 7.0 

Table A2.1 Comparisons of parameter values and sum of squared residuals (SSR). Rice data Xiao 
et al. (2021) showing the differences that occur when the triose phosphate utilization (TPU) 

limitation is considered and when it is not (fittings of the data in Figure 1 A-H). J will always be 
underestimated when TPU limited points are treated as being J-limited. 

When data points are treated as J-limited but are actually limited by another process 

such as TPU, J is likely to be underestimated. The estimate of J was higher when TPU was 

included in the analysis (Table A2.1) but if none of the points are definitely J-limited (e.g., 

repetition 2) then the estimate of J is an estimate of the minimum J, not a true estimate of J. 
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Because J-limited measurements hold the most information concerning gm, gm can be difficult 

to measure when A/Ci curves are measured at saturating light. Using high but not saturating 

light can de-emphasize TPU limitation and increase the amount of J-limited data, which can 

improve estimates of gm (Sharkey, 2019) (see box 1 of that paper). We also note that the 

method of splitting the measurement of the A/Ci, going from ambient down, returning to 

ambient and going up sometimes introduces noise that is more apparent in the chlorophyll 

fluorescence data than A (see for example repetition 4, Figure A2.1 light green data, Figure A2.2 

panels G and H). This noise in the data comes at the part of the curve that provides most 

information about gm and so it is best to avoid the split method of measuring A/Ci curves. 

We conclude that 1. It is important to include TPU when fitting A/Ci curves when there is 

evidence that TPU is occurring; 2. Additional data may be needed depending on how the fittings 

are to be used, for example it may be necessary to measure curves at saturating and also sub 

saturating light to get robust measures of all parameters. Because there are many parameters 

being fitted, some of which are complimentary, there is a danger of over fitting. When possible, 

parameters should be determined by independent measures. For example, gm and RL can be 

estimated independently and then fixed during fitting.  

It must be accepted that some parameters can change within minutes and this biological 

source of variance should be considered. Very rapid, monotonic A/Ci curves are likely to be very 

helpful in assessing the physiology of photosynthesis just as a high-speed shutter on a camera 

helps bring things into focus, especially when the subject is dynamic. The latest technology 

released by LI-COR allows A/Ci curves to be measured in under five minutes 

(https://www.licor.com/env/support/LI-6800/videos/dynamic-assimilation-technique.html). 
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Reporting the parameters of the FvCB model can be helpful for global modeling, for 

detecting effects of the environment on photosynthesis, and changes in specific components of 

photosynthetic capacity. Because TPU is normally a temporary condition, it likely will not 

improve global models of photosynthesis (Kumarathunge et al., 2019; Rogers et al., 2021). 

However, for laboratory studies or studies of initial effects of environmental changes on 

photosynthetic capacity, TPU is an important parameter to include in fitting routines and 

significant uncertainties can arise when it is not included in analysis of A/Ci curves.  

For large datasets fitting batches of curves using programs like R can be very helpful. We 

supply a R package used in this work together with a Shiny app for ease of fitting. What is 

presented expands on part of an earlier R Package (Duursma, 2015). The Shiny app allows users 

to test specific hypotheses and can be a convenient way to explore how changing conditions 

such as temperature and light affect predicted rates of photosynthesis. Please 

see https://github.com/poales/msuRACiFit for how to access and use the R script and Shiny app 

used for this work.  

https://github.com/poales/msuRACiFit
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