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Abstract 16 

Plants assimilate carbon primarily via the Calvin-Benson cycle. Two companion papers reports 17 

evidence for anaplerotic carbon flux into this cycle. To estimate flux rates in Helianthus annuus 18 

leaves based on gas exchange measurements, we here expanded Farquhar-von Caemmerer-19 

Berry photosynthesis models by terms accounting for anaplerotic respiration and energy 20 

recycling. In line with reported isotope evidence (companion papers), we found relative 21 

increases in anaplerotic flux as intercellular CO2 concentrations, Ci, decrease below a change 22 

point. At Ci=136 and 202 ppm, we found absolute rates of 2.99 and 2.39 μmol Ru5P m-2 s-1 23 

corresponding to 58.3 and 28.2% of net CO2 assimilation, 13.1 and 10.7% of ribulose 1,5-24 

bisphosphate regeneration, and 22.2 and 15.8% of Rubisco carboxylation (futile carbon 25 

cycling), respectively. Anaplerotic respiration governs total day respiration with contributions 26 

of 81.3 and 77.6%, and anaplerotic relative to photorespiratory CO2 release amounts to 63.9 27 

and 67%, respectively. Furthermore, anaplerotic flux significantly increases absolute ATP 28 

demands and ATP-to-NADPH demand ratios of photosynthesis and may explain increasing 29 

sucrose-to-starch carbon partitioning ratios with decreasing Ci. We propose that anaplerotic flux 30 

can occur under both Rubisco and RuBP-limited growth conditions. Overall, our work 31 

introduces the anaplerotic pathway as central component in carbon and energy metabolism of 32 

C3 plants. 33 

 34 

Keywords: Calvin-Benson cycle; oxidative pentose phosphate pathway; glucose-6-phosphate 35 

shunt; Farquhar-von Caemmerer-Berry photosynthesis model; net CO2 assimilation; day 36 

respiration; ATP-to-NADPH ratio; sucrose-to-starch carbon partitioning 37 

 38 

This manuscript has two companion papers: 39 

(1) Wieloch T, Grabner M, Augusti A, Serk H, Ehlers I, Yu J, Schleucher J. 2021. 40 

Metabolism is the major driver of hydrogen isotope fractionation recorded in tree-ring glucose 41 

of Pinus nigra. bioRxiv. 42 

(2) Wieloch T, Augusti A, Schleucher J. 2021. Anaplerotic flux into the Calvin-Benson cycle. 43 

Isotope evidence for in vivo occurrence in Helianthus annuus. bioRxiv.  44 
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Introduction 45 

Anaplerotic carbon flux into the Calvin-Benson cycle (CBC) may occur via two metabolic 46 

routes (Fig. 1). The first was proposed by Eicks et al. (2002) reporting the discovery of the 47 

xylulose 5-phosphate/phosphate translocator in Arabidopsis thaliana. This transporter enables 48 

exchange of pentose phosphates, and inorganic phosphate across chloroplast envelops. 49 

Screening Arabidopsis genome databases, these authors found genes encoding for (i) the 50 

complete chloroplastic pentose phosphate pathway, (ii) the oxidative branch of the cytosolic 51 

pentose phosphate pathway, and (iii) cytosolic ribulose-5-phosphate epimerase and ribose-5-52 

phosphate isomerase. Genes encoding for cytosolic transketolase and transaldolase required to 53 

process pentose phosphates were missing. Because of the concomitant lack of fate for pentose 54 

phosphates in the cytosol, Eicks et al. (2002) proposed their translocation into chloroplasts and 55 

injection into the CBC. Recently, Sharkey et al. (2020) proposed that cytosolic carbon re-56 

entering chloroplasts by this route may explain the temporal lag in 13C labelling of CBC pools 57 

in plants fed 13CO2. The second route, proposed by Sharkey and Weise (2016), involves glucose 58 

6-phosphate (G6P) to ribulose 5-phosphate (Ru5P) conversion via the oxidative branch of the 59 

pentose phosphate pathway inside chloroplasts and injection of Ru5P into the CBC. Wieloch et 60 

al. (2018) and the companion papers report evidence supporting flux through this route. These 61 

authors explain increasing metabolic deuterium fractionation, εmet, at HC-1 of leaf starch in 62 

Helianthus annuus and Pinus nigra with relative increases in anaplerotic flux inside 63 

chloroplasts. Increases occur as intercellular CO2 concentrations, Ci, decrease below a change 64 

point (Fig. 2a, blue squares). 65 

 66 

For each molecule Ru5P synthesised by anaplerotic pathways, one molecule CO2 is liberated 67 

from metabolism while two molecules NADPH are recycled (Fig. 1). These effects can be 68 

expected to impact on overall photosynthesis, plant performance, growth, and biosphere-69 

atmosphere CO2 exchange. Hence, it is central to determine whether and when flux through 70 

anaplerotic pathways occurs at what rate. Since anaplerotic flux involves CO2 liberation, it can 71 

be expected to have effects on leaf gas exchange which may be traceable by modelling gas 72 

exchange data. To test this, (i) we expand Farquhar-von Caemmerer-Berry (FvCB) 73 

photosynthesis models by terms accounting for anaplerotic respiration and energy recycling, 74 

and (ii) estimate anaplerotic flux rates and associated effects on leaf carbon and energy 75 

metabolism. Gas exchange data reported here and εmet data in companion paper 2 were collected 76 

during the same experiment from the same Helianthus annuus plants. 77 
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 78 

Figure 1 Anaplerotic carbon flux into the Calvin-Benson cycle and sucrose-to-starch carbon 79 

partitioning. Metabolites: 3PGA, 3-phosphoglycerate; 6PG, 6-phosphogluconate; 6PGL, 6-80 

phosphogluconolactone; ATP, adenosine triphosphate; F6P, fructose 6-phosphate; FBP, 81 

fructose 1,6-bisphosphate; G6P, glucose 6-phosphate; NADPH, nicotinamide adenine 82 

dinucleotide phosphate; Ru5P, ribulose 5-phosphate; RuBP, ribulose 1,5-bisphosphate; TP, 83 

triose phosphates (glyceraldehyde 3-phosphate, dihydroxyacetone phosphate); Xu5P, Xylulose 84 

5-phosphate. Chloroplast and cytosolic metabolism inside and outside the green box, 85 

respectively. Solid and dashed arrows represent transformations catalysed by a single enzyme 86 

or multiple enzymes, respectively. 87 
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Figure 2 (a) Metabolic D fractionation, εmet, at starch HC-1 (blue squares, companion paper 2) 89 

and net CO2 assimilation, A, of Helianthus annuus leaves (black triangles). Plants were grown 90 

in a greenhouse at Ca=450 ppm and then moved to growth chambers. After a day in darkness 91 

to drain starch reserves, plants were grown at different levels of Ca (180, 280, 450, 700, 1500 92 

ppm) corresponding to different levels of Ci (140, 206, 328, 531, and 1365 ppm) for two days. 93 

During gas exchange measurements slightly lower Ci levels prevailed (136, 202, 304, 516, 1282 94 

ppm). εmet was calculated as εmet=D1/1/5Σ(D3, D4, D5, D6S, D6R)-1)*103 with Di denoting 95 

deuterium abundances at intramolecular HC-i positions of glucose (±SE=16.7‰, n≥3). Figure 96 

shows discrete data. Dashed and dotted lines added to guide the eye. (b) Net CO2 assimilation 97 

of Helianthus annuus leaves as function of Ci. Black dots with standard error intervals, 98 

measured values (±SE=0.65 μmol CO2 m-2 s-1, n=8); red line, modelled RuBP-limited 99 

assimilation, Aj; black lines, Rubisco-limited assimilation modelled with different literature-100 

derived values for Vcmax (≈112, ≈135, and ≈140 µmol m-2 s-1) (Wullschleger, 1993; Walker et 101 

al., 2014; Kattge et al., 2020). (c) Carbon balance of Helianthus annuus leaves. Flux estimates 102 

come from a model of RuBP-limited net CO2 assimilation which considers respiration and 103 

energy recycling by the anaplerotic pathway. Ro, photorespiratory CO2 release (Ro=0.5νo); Ra, 104 

anaplerotic respiration; Rx, respiration by other processes. (d) Energy (NADPH) balance of 105 

Helianthus annuus leaves. J’, NADPH input via whole chain electron transport (2J); νa’, 106 

NADPH input by the anaplerotic pathway (2νa); A’, NADPH demand by net CO2 assimilation 107 

(-(2+4Γ*/Cc)A); Ro’, Ra’, and Rx’, NADPH demands for net assimilation of CO2 released by 108 

photorespiration, anaplerotic respiration, and other respiratory processes, respectively (-109 

(2+4Γ*/Cc) Ro, a, or x). (e) Demand for energy and reducing equivalents by CO2 assimilation in 110 

Helianthus annuus leaves. Purple triangles, ATP demand ((3+7Γ*/Cc)νc); purple squares, 111 

NADPH demand ((2+4Γ*/Cc)νc-2νa); black circles, ATP-to-NADPH demand ratio considering 112 

anaplerotic NADPH recovery; black crosses, ATP-to-NADPH demand ratio neglecting 113 

anaplerotic NADPH recovery. (f) Modelled sucrose-to-starch carbon partitioning ratio in 114 

Helianthus annuus leaves. Rubisco carboxylation rate, νc, equals the sum over all absolute 115 

individual fluxes in figure 2c. To estimate fluxes into sucrose and starch, a carbon fraction given 116 

by νc-Ro-Rx was assumed to be allocated into the sucrose and starch biosynthesis pathways at a 117 

constant 2:3 ratio (Sharkey et al., 1985) with the anaplerotic flux diverting a carbon fraction νa 118 

from the starch biosynthesis pathway into the CBC. 119 

 120 
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 121 

Figure 3 Flux ratios at different intercellular CO2 concentrations in percent. (a) Anaplerotic 122 

flux relative to net CO2 assimilation. (b) Contribution of anaplerotic respiration to day 123 

respiration. (c) Futile carbon cycling involving Rubisco carboxylation and anaplerotic 124 

respiration. (d) Anaplerotic respiration relative to photorespiratory CO2 release. (e) Anaplerotic 125 

relative to total CO2 release. (f) Anaplerotic contribution to ribulose 1,5-bisphosphate 126 

regeneration. Symbols: anaplerotic flux in terms of ribulose 5-phosphate, νa; anaplerotic 127 

respiration, Ra; CO2 liberation by processes other than photorespiration or the anaplerotic 128 

pathway in chloroplasts, Rx; day respiration, Rd; intercellular CO2 concentration, Ci; net CO2 129 

assimilation, A; photorespiratory CO2 release, Ro; Rubisco carboxylation, νc; Rubisco 130 

oxygenation, νo. Measurements and estimates come from gas exchange experiments and 131 

modelling on Helianthus annuus leaves. Plants were grown in a greenhouse at Ca=450 ppm and 132 

then moved to growth chambers. After a day in darkness to drain starch reserves, plants were 133 

grown at different levels of Ca (180, 280, 450, 700, 1500 ppm) corresponding to different levels 134 

of Ci (140, 206, 328, 531, and 1365 ppm) for two days. During gas exchange measurements 135 

slightly lower Ci levels prevailed (136, 202, 304, 516, 1282 ppm). 136 

Results 137 

Phases in the A/Ci curve 138 

It is generally believed that A/Ci curves enable identification of metabolic processes limiting 139 

CO2 assimilation (A denotes net CO2 assimilation) (Farquhar et al., 1980). Initial linear 140 

increases in these curves are commonly attributed to Rubisco-limited assimilation, Ac (Fig. 2a, 141 
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dotted black line). A change point in the response of A to Ci, also known as deflection point, 142 

DP, marks the onset of RuBP-limited assimilation, Aj. RuBP limitation is attributed to 143 

limitations in energy supply. At high Ci and high light, assimilation can be limited by triose 144 

phosphate utilisation (Sharkey, 1985). However, plants studied here were grown at low light 145 

(300 to 400 µmol photons m-2 s-1). Thus, limitation by triose phosphate utilisation is unlikely. 146 

While the resolution of our A/Ci data is low, two phases can be clearly distinguished (Fig. 2a, 147 

black dotted line). A change point at Ci≈300 ppm separates the initial linear increase from 148 

RuBP-limited assimilation. According to εmet measurements (Fig. 2a, dashed blue line), 149 

upregulated anaplerotic flux overlaps with the initial linear increase of CO2 assimilation. The 150 

deflection point closely overlaps with the Ci change point where anaplerotic flux is 151 

downregulated. Constantly downregulated anaplerotic flux overlaps with RuBP-limited 152 

assimilation. 153 

 154 

Metabolic mechanisms regulate anaplerotic flux 155 

Leaf starch used for εmet measurements was synthesised in a stable environment where only Ca 156 

was varied (Fig. 2a). Net CO2 assimilation rates increased over the entire Ca range showing that 157 

carbon metabolism was sensitive to all Ca levels applied (up to Ca=1431 ppm, Ci=1282 ppm). 158 

By contrast, anaplerotic flux into the CBC was insensitive to Ca changes above 450 ppm 159 

(Ci=328 ppm). Thus, the change point in εmet reflects a change point in metabolism, not in the 160 

environment. That is, above DP, anaplerotic flux is deactivated or maintained at constant 161 

relative levels by metabolic mechanisms. 162 

 163 

Estimating day respiration 164 

Under standard conditions (400 ppm CO2, 21% O2, 20-25 °C), day respiration, Rd, commonly 165 

is a 5% fraction of net CO2 assimilation attributed to CO2 liberation by the pyruvate 166 

dehydrogenase complex, cytosolic glucose-6-phosphate dehydrogenase, isocitrate 167 

dehydrogenase, and the α-ketoglutarate dehydrogenase complex (Atkin et al., 2000; Teskey et 168 

al., 2017). Here, we assume that absolute rates of CO2 liberation by these enzymes are constant 169 

over the entire Ca range. This includes the anaplerotic pathway described by Eicks et al. (2002) 170 

which starts at cytosolic glucose-6-phosphate dehydrogenase. By contrast, anaplerotic flux in 171 

chloroplasts and associated respiration evidently varies below the deflection point of the A/Ci 172 

curve (Fig. 2a, companion paper 2). Hence, we partition Rd into a variable component reflecting 173 

chloroplastic anaplerotic respiration, Ra, and a constant component reflecting respiration by 174 

other pathways, Rx, as 175 
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 176 

𝑅d = 𝑅aI(𝐶i < 𝐷𝑃) + 𝑅x [Eq. 1] 

 177 

where DP is the Ci value at the deflection point of the A/Ci curve. If Ci<DP then I(Ci<DP) equals 178 

1, else I(Ci<DP) equals 0. Please note that chloroplastic anaplerotic respiration is constant or 179 

zero above the deflection point and might thus contribute to Rx within this Ci range (Fig. 2a). 180 

To estimate both Rx (this paragraph) and Ra (below), we expanded the FvCB model describing 181 

RuBP-limited CO2 assimilation by terms accounting for respiration and energy recycling by the 182 

anaplerotic pathway as 183 

 184 

𝐴j =
(1 − 𝛤∗ 𝐶c⁄ ) ∗ (𝐽 + 4𝑅aI(𝐶i < 𝐷𝑃))

4 + 8𝛤∗ 𝐶c⁄
− 𝑅aI(𝐶i < 𝐷𝑃) − 𝑅x [Eq. 2] 

 185 

where Cc is the CO2 partial pressure in chloroplasts, Γ* is the CO2 compensation point in the 186 

absence of Rd, and J is the whole chain electron transport rate. Information on model building 187 

and parameterisation are given under Materials and Methods. Above the deflection point of the 188 

A/Ci curve, I(Ci<DP) equals 0, and RuBP-limited assimilation is given as 189 

 190 

𝐴j =
(1 − 𝛤∗ 𝐶c⁄ )𝐽

4 + 8𝛤∗ 𝐶c⁄
− 𝑅x [Eq. 3] 

 191 

Varying Rx, we minimised the residual sum of squares between measured and modelled 192 

assimilation rates for values above the deflection point. The best fit was found at Rx=0.69 μmol 193 

CO2 m
-2 s-1 (Fig. 2b, red line, and Fig. 2c, black bars) corresponding to 5.6%, 4.8%, and 4% of 194 

net CO2 assimilation at Ci=304, 516, and 1282 ppm, respectively (Rx/A*100). This is in good 195 

agreement with previously reported estimates (Atkin et al., 2000; Teskey et al., 2017) and thus 196 

corroborates the validity of model parameterisation including the chosen value for the maximal 197 

electron transport rate, Jmax. 198 

 199 

Process limiting CO2 assimilation 200 

Identifying processes limiting CO2 assimilation is central in the field of plant breeding which, 201 

e.g., aims to increase plant productivity. In A/Ci curves, the initial linear increase below the 202 

deflection point is commonly attributed to Rubisco-limited assimilation. To test whether this 203 

interpretation holds for Helianthus annuus grown at low light, we modelled Rubisco-limited 204 
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assimilation, Ac, and compared modelling results with measurements of net CO2 assimilation. 205 

In Ac models, the maximal rate of Rubisco carboxylation, Vcmax, is a crucial parameter (see 206 

Material and Methods). Close empirical relationships between Jmax and Vcmax of the form 207 

ln(Jmax)=β1+β2*ln(Vcmax) where reported by Wullschleger (1993) (β1=1.425, β2=0.837, 208 

R2=87.2, p<.001, n=110), Walker et al. (2014) using their own data (β1=1.01, β2=0.89, R2=86.7, 209 

p<.001, n=301), and Walker et al. (2014) using data from a plant trait database (Kattge et al., 210 

2020) (β1=1.668, β2=0.75, R2=78.9, p<.001, n=1048). Based on these relationships, we 211 

calculated Vcmax and modelled Ac (Fig. 2b, black lines). We found that Ac>>Aj over the entire 212 

Ca range and Aj exceeds measured assimilation rates below the deflection point (Fig. 2b, red 213 

line vs. black dots). This indicates that in Helianthus annuus grown at low light, RuBP supply 214 

(=energy supply) limited net CO2 assimilation over the entire Ca range. Rubisco-limitation and 215 

limitation by triose phosphate utilisation did not occur. 216 

 217 

Integration of the anaplerotic pathway in carbon metabolism 218 

Here, we assume that offsets between Aj and measured assimilation rates (Fig. 2b, red line vs. 219 

black dots) can be attributed to anaplerotic respiration in chloroplasts. This is supported by 220 

substantial increases in εmet below DP reporting anaplerotic flux (Fig. 2a, dashed blue line, 221 

companion paper 2). Flux through the anaplerotic pathway, νa, and anaplerotic respiration, Ra, 222 

are related as νa=Ra (Fig. 1). To estimate these rates in Helianthus annuus chloroplasts, we 223 

solved equation 2 for Ra as 224 

 225 

𝜈𝑎 = 𝑅a = (−
(𝐴j + 𝑅x) ∗ (1 + 2𝛤∗ 𝐶c⁄ ) − 0.25𝐽 ∗ (1 − 𝛤∗ 𝐶c⁄ )

3 𝛤∗ 𝐶c⁄
) I(𝐶i < 𝐷𝑃)⁄  [Eq. 4] 

 226 

At Ci=136 and 202 ppm, we found anaplerotic flux rates of 2.99 and 2.39 μmol Ru5P m-2 s-1 227 

(Fig. 2c, green bars) corresponding to 58.3 and 28.2% of net CO2 assimilation (νa/A*100, Fig. 228 

3a), respectively. Furthermore, anaplerotic respiration governs total day respiration with 229 

contributions of 81.3 and 77.6% (Ra/(Ra+Rx)*100, Fig. 3b), respectively. Solving the basic 230 

assimilation model (von Caemmerer, 2000), A=(1-Γ*/Cc)νc-Rd, for νc, and substituting Rd as in 231 

equation 1, we calculated rates of Rubisco carboxylation as 232 

 233 

𝜈c =
𝐴j + 𝑅aI(𝐶i < 𝐷𝑃) + 𝑅x

1 − 𝛤∗ 𝐶c⁄
 [Eq. 5] 

 234 
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At Ci=136 and 202 ppm, we found carboxylation rates of 13.49 and 15.11 μmol CO2 m
-2 s-1, 235 

respectively (Fig 2c). Thus, anaplerotic flux/respiration rates correspond to 22.2 and 15.8% of 236 

Rubisco carboxylation (νa/νc*100, Fig. 3c), respectively. This represents percentages of futile 237 

carbon cycling involving CO2 uptake by the CBC and liberation by the anaplerotic pathway 238 

(Ra/νc*100). Rubisco oxygenation, νo, was calculated by combining equations 2.16 and 2.18 239 

from von Caemmerer (2000) as 240 

 241 

𝜈o = 2𝛤∗ 𝐶c⁄ ∗ 𝜈c [Eq. 6] 

 242 

At Ci=136 and 202 ppm, we found oxygenation rates of 9.36 and 7.13 μmol O2 m
-2 s-1. Thus, 243 

oxygenation-to-carboxylation ratios amount to 0.69 and 0.47 (νo/νc), anaplerotic relative to 244 

photorespiratory CO2 release amounts to 63.9 and 67% (Ra/0.5νo*100, Fig. 3d), anaplerotic 245 

relative to total CO2 release amounts to 25.7 and 36% (Ra/(Ra+Rd+0.5νo)*100, Fig. 3e), and 13.1 246 

and 10.7% of all RuBP is regenerated by the anaplerotic pathway (νa/(νc+νo)*100, Fig. 3f), 247 

respectively. 248 

 249 

Anaplerotic energy recycling 250 

Offsets between measured net CO2 assimilation rates and rates estimated by the FvCB model 251 

(RuBP-limited case) amount to 1.84 μmol CO2 m
-2 s-1 at Ci=136 ppm and 1.15 μmol CO2 m

-2 252 

s-1 at Ci=202 ppm (Fig. 2b, black dots vs. red line). By contrast, anaplerotic respiration 253 

estimated by equation 4 amounts to 2.99 and 2.39 μmol CO2 m
-2 s-1, respectively (Fig. 2c, green 254 

bars). Respective differences of 1.15 and 1.24 μmol CO2 m
-2 s-1 are explained by anaplerotic 255 

recovery of NADPH utilised to re-assimilate some of the respired CO2 as follows (Fig. 2d, dark 256 

and light green bars). First fixation of anaplerotically respired CO2 of 2.99 and 2.39 μmol CO2 257 

m-2 s-1 requires 10.13 and 7.04 μmol NADPH m-2 s-1, respectively ((2+2Φ)Ra=(2+4Γ*/Cc)Ra). 258 

Associated anaplerotic flux recovers 5.98 and 4.78 μmol NADPH m-2 s-1 (νa’=2νa) enabling re-259 

assimilation of 1.15 and 1.24 μmol CO2 m
-2 s-1 (Aj=(Cc-Γ*)Ja/(4Cc+8Γ*), Ja=2νa’), respectively. 260 

Thus, under RuBP-limiting conditions, anaplerotic flux decreases net CO2 assimilation 261 

significantly but this decrease is fractionally offset by anaplerotic NADPH recovery. 262 

Consequently, anaplerotic respiration significantly exceeds the associated net carbon loss 263 

(58.3% vs. 35.8% of net CO2 assimilation at Ci=136 ppm and 28.2% vs. 13.6% of net CO2 264 

assimilation at Ci=202 ppm). Below, we argue that anaplerotic flux may be upregulated under 265 

Rubisco-limited conditions as well. However, anaplerotic NADPH recovery can only support 266 
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fractional recovery of net CO2 assimilation under RuBP-limiting conditions due to free catalytic 267 

capacity at Rubisco (cf. Eqs. 2, and 8). 268 

 269 

Integration of the anaplerotic pathway in energy metabolism 270 

In the FvCB modelling framework, NADPH and ATP demands of CO2 assimilation are given 271 

as (2+2Φ)νc=(2+4Γ*/Cc)νc and (3+3.5Φ)νc=(3+7Γ*/Cc)νc, respectively (von Caemmerer, 272 

2000). This considers demands by RuBP regeneration and refixation of ammonia liberated in 273 

photorespiration. NADPH demands of anaplerotically respired CO2 are reduced by -2νa. Based 274 

on this, we calculated NADPH and ATP demands and corresponding ATP-to-NADPH ratios 275 

(Fig. 2e). Overall, we found increasing ATP-to-NADPH demand ratios (black circles) with 276 

decreasing Ci due to increasing ATP demands (purple triangles); NADPH demands remain 277 

constant (purple squares). Both photorespiration (black crosses, (3+7Γ*/Cc)/(2+4Γ*/Cc)) and 278 

anaplerotic flux (difference between black circles and crosses, (3+7Γ*/Cc)νc/((2+4Γ*/Cc)νc-279 

2νa)) exert significant effects. ATP-to-NADPH demand ratios by the CBC and photorespiration 280 

are 3/2=1.5 and 3.5/2=1.75, respectively. Linear electron transport is thought to produce 281 

insufficient ATP to satisfy these relative demands and other ATP producing processes such as 282 

cyclic electron flow are believed to be required (Joliot and Johnson, 2011). Thus, upregulation 283 

of the anaplerotic flux distinctly increases ATP requirements from these processes. 284 

 285 

Anaplerotic effects on sucrose-to-starch carbon partitioning 286 

Since the anaplerotic pathway branches off from the starch biosynthesis pathway (Fig. 1), 287 

anaplerotic flux changes may affect sucrose-to-starch carbon partitioning. To investigate this, 288 

we modelled sucrose-to-starch carbon partitioning as follows. Total carbon available to the 289 

sucrose and starch biosynthesis pathways is given as νc-0.5νo-Rx. All carbon entering the 290 

sucrose biosynthesis pathway is assumed to become sucrose. Carbon entering the starch 291 

biosynthesis pathway is either diverted anaplerotically into the CBC or becomes starch. For 292 

leaves of Phaseolus vulgaris grown at high Ci where anaplerotic flux can be expected to be 293 

downregulated, Sharkey et al. (1985) reported fluxes of ≈10 μmol C m-2 s-1 into sucrose and 294 

≈15 μmol C m-2 s-1 into starch. Accordingly, we assumed a constant 2:3 carbon allocation ratio 295 

between the sucrose and starch biosynthesis pathways neglecting possible regulatory shifts at 296 

low Ci. Thus, we estimated sucrose-to-starch carbon partitioning ratios as 297 

 298 
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𝑆𝑢𝑐𝑟𝑜𝑠𝑒

𝑆𝑡𝑎𝑟𝑐ℎ
=

2 5⁄ (𝜈c − 0.5𝜈o − 𝑅x)

3 5⁄ (𝜈c − 0.5𝜈o − 𝑅x) − 𝑅aI(𝐶i < 𝐷𝑃)
 [Eq. 7] 

 299 

For Ci≥304, =202, and =136 ppm, we found ratios of 0.67, 1.05, and 1.73, respectively (Fig. 2f, 300 

and Fig. 2c, dark vs. light blue bars). These findings indicate that the anaplerotic flux may be 301 

an important determinant of sucrose-to-starch carbon partitioning. Particularly, our model can 302 

explain increasing sucrose-to-starch carbon partitioning ratios with decreasing Ci as observed 303 

by Sharkey et al. (1985). 304 

Discussion 305 

Consistent evidence in support of anaplerotic flux in chloroplasts in vivo 306 

Commonly, initial linear increases in A/Ci curves are interpreted in terms of Rubisco-limited 307 

net CO2 assimilation (von Caemmerer, 2000). In accordance with recent isotope evidence 308 

(companion paper 2), we here explained it by the contribution of anaplerotic respiration to 309 

RuBP-limited assimilation. 310 

 311 

Expanding FvCB photosynthesis models by terms accounting for anaplerotic respiration and 312 

energy recycling (Eqs. 2, and 8), we estimated anaplerotic flux rates and associated effects in 313 

leaf carbon and energy metabolism in Helianthus annuus based on gas exchange measurements. 314 

Below a change point, we found significant increases in anaplerotic flux with decreasing Ci 315 

(Fig. 2c). This is consistent with putative regulatory properties of the chloroplastic pathway 316 

detailed in the companion papers. Furthermore, while isotope and gas exchange analyses are 317 

methodologically independent, their results align well. At Ci=136, =202, and ≥304 ppm, 318 

anaplerotic flux corresponds to 58.3, 28.2, and 0% of net CO2 assimilation, respectively (Fig. 319 

3a). At the same time, metabolic deuterium fractionation at HC-1 of leaf starch, εmet, decreases 320 

significantly from 37 over -11 to -97‰, respectively (Fig. 2a). These consistencies corroborate 321 

that anaplerotic flux occurs in chloroplasts in vivo. 322 

 323 

Anaplerotic flux in chloroplasts. A central component in carbon and energy metabolism 324 

Anaplerotic flux has significant effects (inter alia) on net CO2 assimilation, net carboxylation, 325 

net oxygenation (net photorespiration), day respiration, RuBP regeneration, NADPH supply, 326 

absolute ATP demands and ATP-to-NADPH demand ratios of photosynthesis, and possibly 327 

sucrose-to-starch carbon partitioning (Figs. 2, and 3). Thus, our work introduces the anaplerotic 328 

pathway as central component in carbon and energy metabolism of C3 plants. 329 
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 330 

In Helianthus annuus at Ci=136 ppm, photorespiratory RuBP consumption distinctly exceeds 331 

the RuBP consumption by net CO2 assimilation (Fig. 2c, 4.68*2=9.36 vs. 5.13 μmol RuBP m-332 

2 s-1). Thus, anaplerotic flux appears to be more important for maintaining photorespiration than 333 

net CO2 assimilation. As detailed in the discussion of companion paper 2, maintaining 334 

photorespiration may be beneficial for nitrogen assimilation (Bloom, 2015). Assimilated 335 

nitrogen may be utilised to increase the photosynthetic capacity at the enzyme level resulting 336 

in increased plant source strength. Furthermore, maintenance and repair processes may require 337 

maintained nitrogen assimilation. 338 

 339 

Anaplerotic flux under Rubisco-limited growth conditions 340 

Here, we report evidence supporting anaplerotic flux in chloroplasts under RuBP-limited 341 

(=energy limited) conditions. However, several arguments suggest that anaplerotic flux may 342 

also occur under Rubisco-limited conditions. First, we reported isotope evidence for 343 

upregulated anaplerotic flux in Pinus nigra during periods of drought, i.e., low Ci (companion 344 

paper 1). These samples come from an open stand with low above-ground competition among 345 

trees. During dry growing seasons with upregulated anaplerotic flux, average energy inputs into 346 

the system were significantly higher than in other years (global radiation=3772 vs. 3619 MJ m-347 

2; one-tailed t-test preceded by equal variance test: p=0.25, n=9 and 19; data source: see 348 

companion paper 1, radiation timeseries starts in 1964). Thus, these trees likely received 349 

sufficient energy inputs, especially during dry years, and photosynthesis was likely not RuBP 350 

but Rubisco limited. Second, anaplerotic flux is upregulated under low Ci proposedly via 351 

decreasing concentrations of 3-phosphoglycerate and erythrose 4-phosphate in chloroplasts (see 352 

companion papers). Low Ci and high light frequently co-occur in plant ecosystems. This would 353 

promote low concentrations of 3-phosphoglycerate and erythrose 4-phosphate (due to low Ci) 354 

and Rubisco-limited conditions (due to high energy input). That is, regulatory prerequisites for 355 

anaplerotic flux may be met. Third, upregulation of anaplerotic flux proposedly occurs under 356 

source-limiting conditions (companion papers). These can occur under RuBP as well as 357 

Rubisco-limited conditions. 358 

 359 

Anaplerotic flux into the CBC: Implications for models and estimations 360 

Anaplerotic respiration liberates CO2 derived from the C-1 carbon of plastidial G6P. Hence, the 361 

carbon isotope composition of this CO2 can be expected to depend on fractionation effects of 362 

enzymes modifying G6P C-1 atom bonds, namely phosphoglucose isomerase, PGI, and 363 
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glucose-6-phosphate dehydrogenase, G6PD (companion paper 2). Gilbert et al. (2012) 364 

measured in vitro isotope effects of microbial glucose isomerase and argued plant PGI will have 365 

similar effects since it operates by the same reaction mechanism. For glucose C-1, these authors 366 

reported kinetic and equilibrium 12C/13C effects of ≈1.004 and ≈0.987, respectively. 367 

Upregulations of the anaplerotic flux are associated with shifts towards PGI equilibrium (see 368 

companion papers). Thus, G6P may become increasingly 13C-1 enriched with increasing 369 

anaplerotic flux (Wieloch et al., 2018). This 13C-1 enriched G6P serves as anaplerotic substrate 370 

and in the absence of other fractionations would result in the release of 13C enriched CO2. 371 

However, G6PD catalyses the first and committed step of the anaplerotic pathway with an in 372 

vitro kinetic 12C/13C effect of ≈1.0165 at 6-phosphogluconolactone C-1 (Hermes et al., 1982). 373 

In vivo, this effect should cause further G6P 13C-1 enrichment but 13C depletion of respired 374 

CO2. Depending on whether fractionation effects by PGI or G6PD prevail in vivo, 375 

anaplerotically respired CO2 will be 13C enriched and carbon remaining in the metabolic 376 

network will be 13C depleted or vice versa. In current δ13C models, anaplerotic fractionation 377 

and its Ci dependency is not detailed. Thus, estimates of Ci/Ca, water-use efficiency, and 378 

mesophyll conductance based on these models may be biased. 379 

 380 

Besides carbon and hydrogen isotope effects, anaplerotic flux has significant effects (inter alia) 381 

on day respiration, and net CO2 assimilation (Figs. 2, and 3). Neglecting these effects in models 382 

of isotope composition, physiological quantities, and plant growth can potentially lead to biased 383 

analytical results with increasing errors towards lower Ci levels. For instance, relationships 384 

between mesophyll conductance and Ci or irradiation as well as underlying mechanisms have 385 

remained enigmatic despite significant research efforts (Gu and Sun, 2014). Considering 386 

anaplerotic flux may improve assessments of mesophyll conductance and other physiological 387 

and isotopic quantities as well as plant growth. 388 

 389 

Outlook 390 

Anaplerotic flux affects plant carbon and energy metabolism and balances significantly (Figs. 391 

2, and 3). Thus, it requires comprehensive characterisation including impacts on plant 392 

functioning, biomass production, the global carbon cycle, and climate change. Photosynthesis 393 

modelling tools introduced here may enable flux analyses across scales. 394 

 395 

While we believe that our dataset is sufficiently large to distinguish two commonly observed 396 

phases in A/Ci curves, similar investigations with larger datasets are needed. These may enable 397 
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(i) elucidation of the precise (possibly non-linear) relationship between νa and Ci and, (ii) its 398 

incorporation into photosynthesis models. 399 

Material and Methods 400 

Samples 401 

Helianthus annuus L. cv. Zebulon samples are described in companion paper 2. 402 

 403 

Leaf gas exchange measurements 404 

Gas exchange measurements were performed with a two-channel fast-response system 405 

described previously (Laisk and Edwards, 1997). A sandwich-type round chamber enclosed a 406 

leaf area of 8.04 cm2. Gas flow was maintained at 0.5 mmol s-1. Measurements were performed 407 

at CO2 concentrations similar to those applied in the growth chamber over two days (Ca=173 ± 408 

0.1SE, 269 ± 0.1SE, 433 ± 0.1SE, 675 ± 0.2SE, 1431 ± 0.4SE ppm). To maintain temperatures 409 

of 22 ± 0.5 °C, the upper leaf side was attached to a thermostated glass window by starch gel. 410 

Light was provided by a Schott KL 1500 lamp (Walz Heinz GmbH, Effeltrich, Germany) and 411 

measured by a LI-185 quantum sensor (LiCor, Lincoln, USA). Measurements were performed 412 

at 300 μmol photons m-2 s-1 yielding Ci=136 ± 1SE, 202 ± 4SE, 304 ± 8SE, 516 ± 14SE, 1282 413 

± 16SE ppm. 414 

 415 

Models of net CO2 assimilation that consider the anaplerotic pathway 416 

RuBP-limited CO2 assimilation ultimately results from limitations in incoming electrons 417 

required by the CBC and photorespiration in the forms of NADPH and ATP (von Caemmerer, 418 

2000). Commonly, it is assumed that NADPH rather than ATP synthesis via whole chain 419 

electron transport is limiting. Combined NADPH requirements by the CBC and 420 

photorespiration are given as (2+2Φ)νc where Φ is the ratio of the oxygenation-to-carboxylation 421 

rate of Rubisco, νo and νc , respectively (Farquhar and von Caemmerer, 1982). Since synthesis 422 

of 1 mol NADPH requires 2 mol electrons, the corresponding energy requirement is given as 423 

(4+4Φ)νc (von Caemmerer, 2000). Per 1 mol CO2 respired by the anaplerotic pathway, 2 mol 424 

NADPH (4 mol electrons) are recycled, i.e., can be reused by the CBC and photorespiration 425 

(Fig. 1). Hence, NADPH and electron recycling rates by the anaplerotic pathway are given as 426 

2RaI(Ci<DP) and JaI(Ci<DP)=4RaI(Ci<DP), respectively. Then, energy available to the CBC 427 

and photorespiration equals the incoming energy, J, plus energy recycled by the anaplerotic 428 

pathway as J+JaI(Ci<DP)=J+4RaI(Ci<DP). This energy amount can support energy 429 

requirements of the CBC and photorespiration as J+4RaI(Ci<DP)=(4+4Φ)νc. Solving for νc 430 
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gives νc=( J+4RaI(Ci<DP))/(4+4Φ). In the basic FvCB model, net CO2 assimilation is expressed 431 

as A=(1-0.5Φ)νc-Rd (von Caemmerer, 2000). Since Φ=2Γ*/Cc (von Caemmerer, 2000), 432 

equations can be rewritten as νc=(J+4RaI(Ci<DP))/(4+8Γ*/Cc) and A=(1-Γ*/Cc)νc-Rd. 433 

Substituting Rd (Eq. 1) and νc in the latter equation gives the RuBP-limited net CO2 assimilation 434 

that considers the anaplerotic pathway as 435 

 436 

𝐴j =
(1 − 𝛤∗ 𝐶c⁄ ) ∗ (𝐽 + 4𝑅aI(𝐶i < 𝐷𝑃))

4 + 8𝛤∗ 𝐶c⁄
− 𝑅aI(𝐶i < 𝐷𝑃) − 𝑅x [Eq. 2] 

 437 

In the FvCB modelling framework, Rubisco-limited CO2 assimilation is given as Ac=Vcmax(Cc-438 

Γ*)/(Cc+Kc(1+O/Ko))-Rd where Vcmax is the maximal rate of Rubisco carboxylation, O is oxygen 439 

partial pressure, and Kc and Ko are the Michaelis-Menten constants of Rubisco carboxylation 440 

and oxygenation, respectively (von Caemmerer, 2000). Implementing the anaplerotic pathway 441 

into this model requires substitution of Rd as in equation 1 as 442 

 443 

𝐴c =
𝑉cmax(𝐶c − 𝛤∗)

𝐶c + 𝐾c(1 + 𝑂 𝐾o⁄ )
− 𝑅aI(𝐶i < 𝐷𝑃) − 𝑅x [Eq. 8] 

 444 

Parameterisation of models of net CO2 assimilation 445 

Cc was calculated according to Fick’s first law as Cc=Ci-A/gm. Schäufele et al. (2011) grew 446 

Helianthus annuus under conditions similar to those applied here (20 °C, 600 μmol photons m-447 

2 s-1). These authors estimated a gm value of 0.45 mol CO2 m
-2 s-1 which we used to calculate 448 

Cc. Kinetic constants of Rubisco are highly conserved among C3 species (von Caemmerer, 449 

2000). To obtain robust estimates, we calculated arithmetic means of reported in vitro 450 

measurements of Kc, Ko, and the ratio of maximal rates of oxygenation to carboxylation, 451 

Vomax/Vcmax using data listed in von Caemmerer (2000) from Spinacia oleracea, Glycine max, 452 

and Nicotiana tabacum. Kc and Ko were corrected for leaf temperature (21.8 °C) using published 453 

Q10 values (von Caemmerer, 2000) which gave Kc=260 ± 24SE μbar, and Ko=282 ± 9SE mbar. 454 

A temperature correction was not required for the Vomax/Vcmax ratio since Vomax and Vcmax exhibit 455 

the same Q10 (von Caemmerer, 2000). Thus, we used Vomax/Vcmax=0.48 ± 0.06SE mbar. O was 456 

calculated from gas exchange measurement read-outs of dissolved oxygen concentrations 457 

which gave O=206781 μbar. For Rd, we used our own estimate of Rx=0.69 μmol CO2 m
-2 s-1 458 

(see main text). We calculated Rubisco relative specificity, So/c, and Γ* as 459 
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So/c=1/(Vomax/Vcmax)*Ko/Kc=2359 ± 43SE [bar/bar] and Γ*=0.5O/So/c=43.8 ± 0.8SE μbar. 460 

Electron transport rate is given as J=(I2+Jmax-SQRT((I2+Jmax)
2-4θI2Jmax))/2θ where θ is an 461 

empirical curvature factor commonly set to 0.7 (von Caemmerer, 2000). Useful light absorbed 462 

by photosystem II is given as I2=I*abs(1-f)/2 where I is incident irradiance, abs is the 463 

absorptance of leaves commonly set to 0.85 (von Caemmerer, 2000), and f is a correction factor 464 

for the spectral quality of light commonly set to 0.15 (von Caemmerer, 2000). A measured 465 

value of I=258 µmol m-2 s-1 was used. From data listed in Wullschleger (1993), we calculated 466 

the average Jmax for Helianthus annuus and corrected it for temperature using the Q10 listed in 467 

von Caemmerer (2000) which gave Jmax=216 μmol m-2 s-1. The data point contributed by Siebke 468 

et al. (1990) was identified as outlier and excluded. 469 
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