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Summary

� Recently, we reported estimates of anaplerotic carbon flux through the oxidative pentose

phosphate pathway (OPPP) in chloroplasts into the Calvin–Benson cycle. These estimates

were based on intramolecular hydrogen isotope analysis of sunflower leaf starch. However,

the isotope method is believed to underestimate the actual flux at low atmospheric CO2 con-

centration (Ca).
� Since the OPPP releases CO2 and reduces NADP+, it can be expected to affect leaf gas

exchange under both rubisco- and RuBP-regeneration-limited conditions. Therefore, we

expanded Farquhar-von Caemmerer–Berry models to account for OPPP metabolism. Based

on model parameterisation with values from the literature, we estimated OPPP-related effects

on leaf carbon and energy metabolism in the sunflowers analysed previously.
� We found that flux through the plastidial OPPP increases both above and below Ca≈ 450

ppm (the condition the plants were acclimated to). This is qualitatively consistent with our

previous isotope-based estimates, yet gas-exchange-based estimates are larger at low Ca.
� We discuss our results in relation to regulatory properties of the plastidial and cytosolic

OPPP, the proposed variability of CO2 mesophyll conductance, and the contribution of day

respiration to the A/Ci curve drop at high Ca. Furthermore, we critically examine the models

and parameterisation and derive recommendations for follow-up studies.

Introduction

Anaplerotic carbon flux into the Calvin–Benson cycle (CBC; for
a list of abbreviations and symbols see Table 1) can occur by two
metabolic pathways (Fig. 1). The first pathway (here denoted as
cytosolic pathway) was proposed by Eicks et al. (2002) on disco-
vering the xylulose-5-phosphate/phosphate translocator in Arabi-
dopsis thaliana. This translocator enables the exchange of pentose
phosphates and inorganic phosphate between chloroplasts and
the cytosol. Screening Arabidopsis genome databases, Eicks
et al. (2002) found genes encoding for the cytosolic oxidative
branch of the pentose phosphate pathway (OPPP) as well as cyto-
solic ribulose-5-phosphate epimerase and ribose-5-phosphate iso-
merase. Genes encoding for cytosolic transketolase and
transaldolase required to process pentose phosphates were miss-
ing. Because of the apparent lack of fate for pentose phosphates
in the cytosol, Eicks et al. (2002) proposed their translocation
into chloroplasts and injection into the CBC. Recently, studies
on Camelina sativa leaf metabolism reported that this pathway
carries high flux (c. 5% relative to net CO2 assimilation, A) and
supplies significant amounts of cytosolic NADPH (c. 10% rela-
tive to A) at an atmospheric CO2 concentration (Ca) of c. 400
ppm (Wieloch & Sharkey, 2022; Xu et al., 2022).

The second pathway (here denoted as plastidial pathway) was
proposed by Sharkey & Weise (2016). It involves glucose 6-
phosphate (G6P) to ribulose 5-phosphate (Ru5P) conversion by
the plastidial OPPP and injection of the latter into the CBC. For
Pinus nigra, we reported evidence consistent with flux through
this pathway under drought (Wieloch et al., 2018, 2022b). In
sunflower, significant flux occurs when plants raised at Ca≈ 450
ppm are moved into low or high Ca (c. 180, 280, 700, 1500
ppm) whereas flux at Ca≈ 450 ppm was not significantly greater
than zero (Wieloch, 2022; Wieloch et al., 2022a). By contrast,
Xu et al. (2021) reported, in Camelina sativa, significant flux
occurs at Ca≈ 400 ppm corresponding to the conditions the
plants were raised in. However, several assumptions of this study
were criticised (Wieloch, 2021) and, after implementing amend-
ments, the result was not confirmed (Xu et al., 2022).

In sunflower, we estimated flux through the plastidial ana-
plerotic pathway based on a hydrogen isotope signal in leaf starch
(the term isotope signal denotes systematic variability in relative
isotope abundance; Wieloch, 2022; Wieloch et al., 2022a).
Assuming 50% of the net assimilated carbon becomes leaf starch
(Sharkey et al., 1985), anaplerotic flux proceeds at > 7%, > 5%,
0%, c. 2% and c. 5% relative to A at Ca≈ 180, 280, 450, 700
and 1500 ppm, respectively (Wieloch, 2022). However, this
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method is thought to strongly underestimate flux at 180 and 280
ppm because much of the hydrogen isotope signal can be
expected to not arrive in starch under low-Ca conditions (Wie-
loch et al., 2022a). Therefore, the present study aimed first and
foremost at developing an alternative method for estimating flux
through the plastidial anaplerotic pathway and second at explor-
ing its capabilities.

For each molecule Ru5P synthesised anaplerotically, one mole-
cule CO2 is released from metabolism while two molecules
NADP+ are reduced (Fig. 1). Thus, we hypothesise anaplerotic
flux affects leaf gas exchange and can be traced by gas exchange
modelling. To test this, we expand Farquhar-von Caemmerer–
Berry (FvCB) photosynthesis models by terms accounting for
anaplerotic respiration and energy recycling. Using gas exchange
data of sunflower, we estimate anaplerotic flux rates and asso-
ciated effects on leaf carbon and energy metabolism. These data
are unique in that they were collected during the same
experiment and from the same plants that previously provided
isotope evidence for flux through the plastidial anaplerotic path-
way (Wieloch, 2022; Wieloch et al., 2022a). The results are dis-
cussed (inter alia) in relation to: previously reported flux
estimates; regulatory properties of the plastidial and cytosolic
anaplerotic pathway; the proposed variability of CO2 mesophyll
conductance (gm) with Ca and during photosynthetic induction;
and the contribution of day respiration to the often-seen A/Ci

curve drop at high Ca (Ci, CO2 concentration in intercellular air
spaces). We close with a paragraph about weaknesses of the devel-
oped models and the chosen parameterisation and future research
directions.

Description

Photosynthesis models accounting for anaplerotic flux into
the Calvin–Benson cycle

In FvCB photosynthesis models (Farquhar et al., 1980), net CO2

assimilation is given as

A ¼ V c�0:5Vo�Rd ¼ V c 1�0:5Φð Þ�Rd Eqn 1

where Rd denotes day respiration, Vo and Vc denote the oxygena-
tion and carboxylation rates of ribulose 1,5-bisphosphate
(RuBP), respectively, and Φ denotes the Vo : Vc ratio. Making
day respiration by the plastidial anaplerotic pathway (Ra,p) expli-
cit yields

A ¼ V c 1�0:5Φð Þ�R a,p�Rx Eqn 2

where Rx denotes day respiration by pathways other than the plas-
tidial anaplerotic pathway. Please note that we also use Ra,p to
denote flux through the plastidial anaplerotic pathway.

Different biochemical processes may exert control over A.
First, rubisco-limited CO2 assimilation (Ac) denotes assimilation
limited by CO2 supply. Under these conditions, rubisco carboxy-
lation rate is given as

V c ¼ V cmaxCc

Cc þ K c 1þ Oc=Koð Þ Eqn 3

where Vcmax denotes the CO2-saturated maximum rate of rubisco
carboxylation, Cc and Oc denote CO2 and O2 partial pressures at
the active site of rubisco, respectively, and Kc and Ko denote the
Michaelis–Menten constants of rubisco carboxylation and

Table 1 List of abbreviations and symbols.

Abbreviation Definition

CBC Calvin–Benson cycle
F6P Fructose 6-phosphate
FvCB Farquhar-von Caemmerer–Berry
G6P Glucose 6-phosphate
G6PD Glucose-6-phosphate dehydrogenase
OPPP Oxidative branch of the pentose phosphate pathway
PGI Phosphoglucose isomerase
Ru5P Ribulose 5-phosphate
RuBP Ribulose 1,5-bisphosphate

Symbol Definition

A Rate of net CO2 assimilation
Ac Rate of rubisco-limited CO2 assimilation
Aj Rate of RuBP-regeneration-limited CO2 assimilation
Am Measured net CO2 assimilation
abs Absorptance of leaves
Ca Atmospheric CO2 concentration
Cc CO2 partial pressure or concentration at the active

site of rubisco
Ci CO2 partial pressure or concentration in intercellular

air spaces
gm CO2 mesophyll conductance
I Incident photon flux
I2 Incident quanta utilised in electron transport

through photosystem II
J Rate of linear electron transport
Ja,p Rate of electron recycling by the plastidial

anaplerotic pathway
Jmax Light-saturated rate of linear electron transport
Kc Michaelis–Menten constants of rubisco

carboxylation
Ko Michaelis–Menten constants of rubisco oxygenation
Oc Oxygen partial pressure at the active site of rubisco
Rd Rate of day respiration
Ra,p Rate of respiration by and flux through the plastidial

anaplerotic pathway
Rx Rate of respiration by pathways other than the

plastidial anaplerotic pathway
Sc/o Relative CO2/O2 specificity of rubisco
T Temperature
Vc Rubisco carboxylation rate
Vcmax CO2-saturated maximum rate of rubisco

carboxylation
Vo Rubisco oxygenation rate
Γ* CO2-compensation point in the absence of day

respiration
ΔAj Absolute effect of flux through the plastidial

anaplerotic pathway on A/Ci curves
θ Empirical curvature factor of the light response of

electron transport
Φ Vo :Vc ratio
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oxygenation, respectively (Farquhar et al., 1980). According to
Farquhar & von Caemmerer (1982), Φ is related to the CO2-
compensation point in the absence of day respiration (Γ*) as

Φ ¼ 2Γ�
C c

Eqn 4

Using Eqns 3, 4 to, respectively, remove Vc and Φ from Eqn 2
yields

Ac ¼ V cmax Cc�Γ�ð Þ
Cc þ K c 1þ Oc=Koð Þ�R a,p�Rx Eqn 5

Second, RuBP-regeneration-limited CO2 assimilation (Aj) pre-
sumably results from a shortage of incoming electrons supplied
to the CBC and photorespiration as NADPH and ATP (Far-
quhar et al., 1980). Here, we assume NADPH rather than
ATP supply is limiting. Electrons for NADP+ reduction come
from the linear electron transport pathway (1 mol NADPH
requires 2 mol electrons). Additionally, per 1 mol CO2 respired
by anaplerotic pathways, 2 mol NADPH (4 mol electrons) are
recycled (Fig. 1). However, only NADPH from the plastidial
pathway can be recycled into the CBC and photorespiration.
NADPH from the cytosolic pathway cannot enter chloroplasts

(Wieloch & Sharkey, 2022). Thus, overall electron supply is
given as

e� supply rate ¼ J þ Ja,p ¼ J þ 4Ra,p Eqn 6

where J denotes the rate of linear electron transport, and Ja,p
denotes the rate of electron recycling by the plastidial anaplerotic
pathway. According to Farquhar et al. (1980), the rate of electron
consumption by the CBC and photorespiration is given as

e� consumption rate ¼ V c 4þ 4Φð Þ Eqn 7

Balancing electron supply (Eqn 6) with electron consumption
(Eqn 7) yields

J þ 4Ra,p ¼ V c 4þ 4Φð Þ Eqn 8

Solving Eqn 8 for Vc yields

V c ¼
J þ 4R a,p

4þ 4Φ
Eqn 9

Using Eqn 9 to remove Vc from Eqn 2 yields

Aj ¼
J þ 4R a,p

4þ 4Φ
1�0:5Φð Þ�Ra,p�Rx Eqn 10

Fig. 1 Anaplerotic carbon flux into the Calvin–Benson cycle. Dotted arrow, phosphorolytic starch breakdown. 3PGA, 3-phosphoglycerate; 6PG, 6-
phosphogluconate; 6PGL, 6-phosphogluconolactone; ATP, adenosine triphosphate; F6P, fructose 6-phosphate; FBP, fructose 1,6-bisphosphate; G1P, glu-
cose 1-phosphate; G6P, glucose 6-phosphate; G6PD, glucose-6-phosphate dehydrogenase; NADPH, nicotinamide adenine dinucleotide phosphate; PGI,
phosphoglucose isomerase; Ru5P, ribulose 5-phosphate; RuBP, ribulose 1,5-bisphosphate; TP, triose phosphate (glyceraldehyde 3-phosphate, dihydroxya-
cetone phosphate); Xu5P, xylulose 5-phosphate. Chloroplastic and cytosolic metabolism inside and outside the green box, respectively. Solid and dashed
arrows represent transformations catalysed by a single enzyme or multiple enzymes, respectively.
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CO2 assimilation with electrons recovered by the plastidial ana-
plerotic pathway in the form of NADPH (Fig. 1) is given as

Aa,p ¼
4Ra,p

4þ 4Φ
1�0:5Φð Þ ¼ Ra,p

1þ Φ
1�0:5Φð Þ Eqn 11

Using Eqn 4 to remove Φ from Eqn 10 yields

Aj ¼
J þ 4Ra,p

4þ 8Γ�=C c
1�Γ�=C cð Þ�Ra,p�Rx Eqn 12

To quantify flux through the plastidial anaplerotic pathway and
associated respiration, Eqn 12 is solved for Ra,p as

Ra,p ¼ � Aj þ Rx

� �
1þ 2Γ�=C cð Þ�0:25J 1�Γ�=C cð Þ

3Γ�=C c
Eqn 13

To calculate Vc, Φ is removed from Eqn 9 using Eqn 4 as

V c ¼
J þ 4Ra,p

4þ 8Γ�=C c
Eqn 14

Using Φ (Eqn 4), Vo is calculated as

V o ¼ Φ� V c ¼ 2Γ�V c

C c
Eqn 15

Effects of respiration by the plastidial anaplerotic pathway
on A/Ci curves

Respiration by the plastidial anaplerotic pathway can be expected to
affect RuBP-regeneration-limited and rubisco-limited parts of A/Ci

curves differently. In the following, effects associated with RuBP-
regeneration-limited CO2 assimilation are discussed first. Anaplero-
tic flux of 1mol is associated with the release of 1 mol CO2 and the
supply of 2mol NADPH (Fig. 1). In the complete absence of
photorespiration, all this NADPH is used by the CBC (requires 2
NADPH per rubisco carboxylation) resulting in complete CO2

reassimilation. Thus, in this theoretical scenario, Aj does not change
in response to Ra,p, and gas exchange data do not convey any infor-
mation on Ra,p no matter how large Ra,p is. By contrast, complete
photorespiratory use of NADPH from the anaplerotic pathway
(requires 2 NADPH per rubisco oxygenation) involves the release
of 0.5mol CO2 by photorespiration per 1mol CO2 from the ana-
plerotic pathway (i.e. a total of 1.5 mol CO2 is released). Thus, in
the RuBP-regeneration-limited case, Ra,p affects A/Ci curves because
of photorespiration. The absolute effect of flux through the plasti-
dial anaplerotic pathway on A/Ci curves (ΔAj) is given as

ΔAj ¼ 1:5Ra,p
V o

V c þ V o
¼ 1:5ΦR a,p

1þ Φ
¼ 3Ra,p

2þ C c=Γ�
Eqn 16

To calculate Ra,p from observed Aj offsets, Eqn 16 is solved for
Ra,p as

Ra,p ¼
ΔAj 1þ Φð Þ

1:5Φ
¼ ΔAj 2þ C c=Γ�ð Þ

3
Eqn 17

The relative effect of respiration by the plastidial anaplerotic
pathway on A/Ci curves is given as

ΔAj

Ra,p
¼ 1:5Φ

1þ Φ
¼ 3

2þ C c=Γ�
Eqn 18

Hence, the larger Φ, the larger the ΔAj : Ra,p ratio (Fig. 2,
black line). That is, the higher photorespiration, the larger the
effect of respiration by the plastidial anaplerotic pathway on A/Ci

curves. At Φ= 2 (i.e. Cc= Γ*, see Eqn 4), ΔAj= Ra,p (i.e. ΔAj/
Ra,P= 1). If Φ> 2, then ΔAj> Ra,p. If Φ< 2, then ΔAj< Ra,p.

Under rubisco-limited CO2 assimilation, RuBP concentra-
tions are above saturation level. Hence, NADPH from the ana-
plerotic pathway can be expected to exert no control on Ac. Shifts
in Ra,p will cause Ac shifts of the same size.

NADPH and ATP demand of plastidial carbon metabolism

NADPH demand by the CBC and photorespiration is given as
(Farquhar et al., 1980)

NADPH demand ¼ 2V c þ 2V o ¼ V c 2þ 2Φð Þ Eqn 19

This demand is met by NADPH supply from the light reactions.
In the presence of flux through the plastidial anaplerotic pathway,
NADPH demand from the light reactions is reduced as

Fig. 2 Relative effect of respiration by the plastidial anaplerotic pathway on
A/Ci curves under RuBP-regeneration-limited conditions (ΔAj/Ra,p) as func-
tion of the oxygenation-to-carboxylation ratio of rubisco (Φ). Black line: rela-
tionship based on theory (Eqn 18). Black circles: ΔAj :Ra,p ratios pertaining to
gas exchange data obtained from sunflower leaves at 300 μmol photons
m�2 s�1. ΔAj denotes the observed difference between measured and mod-
elled RuBP-regeneration-limited CO2 assimilation where respiration by the
plastidial anaplerotic pathway is not considered by the model (Fig. 4b, black
dots vs red line). Ra,p denotes respiration by the plastidial anaplerotic path-
way estimated based on Eqn 13. RuBP, ribulose 1,5-bisphosphate.
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NADPH demand ¼ 2V c þ 2V o�2Ra,p ¼ V c 2þ 2Φð Þ�2Ra,p

Eqn 20

because anaplerotic flux of 1 mol is associated with the supply of
2 mol NADPH (Fig. 1).

Upon carboxylation of 1 mol RuBP, the CBC requires 3 mol
ATP (Farquhar & von Caemmerer, 1982). Upon oxygenation of
1 mol RuBP, photorespiration requires 3 mol ATP in chloro-
plasts (1.5 mol by phosphoglycerate kinase, 1 mol by phosphori-
bulokinase and 0.5 mol by glycerate kinase). This accounting
assumes that potentially harmful ammonium released by the
mitochondrial glycine decarboxylase complex is immediately
recaptured by mitochondrial (not plastidial) glutamine synthetase
and then transported as glutamine to chloroplasts (Taira
et al., 2004; Buchanan et al., 2015). ATP required by mitochon-
drial glutamine synthetase can be expected to come from mito-
chondrial oxidative phosphorylation. Hence, ATP demand by
the CBC and photorespiration from the light reactions is given as

ATP demand ¼ 3V c þ 3V o ¼ V c 3þ 3Φð Þ Eqn 21

Combining Eqns 20 and 21, the ratio at which the CBC and
photorespiration require ATP and NADPH is given as

ATP demand

NADPH demand
¼ 3V c þ 3Vo

2V c þ 2V o�2R a,p
¼ V c 3þ 3Φð Þ

V c 2þ 2Φð Þ�2Ra,p

¼ 1:5

1�Ra,p= V c þ Voð Þ Eqn 22

Evidently, the CBC and photorespiration have the same plasti-
dial cofactor demands with a plastidial ATP : NADPH demand
ratio of 1.5. The ratio is independent of Φ. However, NADPH
demands from the light reactions vary with Ra,p resulting in varying
relative demands of ATP and NADPH from the light reactions.

Materials and Methods

Samples and leaf gas exchange measurements

The sunflower (Helianthus annuus L.) samples were described
previously (Ehlers et al., 2015). In brief, the plants were raised in
a glasshouse at Ca≈ 450 ppm and a light intensity of 300–400
μmol photons m�2 s�1 (16 h photoperiod, 21% O2). After 7–8
wk, they were transferred to a growth chamber (T= 22°C :
18°C, rH= 60% : 70%, day : night), kept in darkness for 1 d to
drain the starch reserves (see notes S3 in Wieloch et al., 2022a)
and subsequently grown for 2 d in groups of 8 at Ca of either
c. 180, 280, 450, 700 or 1500 ppm (300–400 μmol photons
m�2 s�1, 16 h photoperiod).

Leaf gas exchange measurements were described previously
(Ehlers et al., 2015; see notes S1 in Wieloch et al., 2022a). In
brief, the measurements were performed with a previously
described system (Laisk & Edwards, 1997) under conditions
similar to those in the growth chamber (Ca= 173, 269, 433,
675, 1431 ppm; T= 22� 0.5°C; 300 μmol photons m�2 s�1,

21% O2). Ci values obtained from gas exchange measurements
(136, 202, 304, 516 and 1282 ppm) are similar to Ci values esti-
mated for the 2-d growth chamber experiments (140, 206, 328,
531 and 1365 ppm; see notes S2 in Wieloch et al., 2022a). To
constrain Vcmax, we additionally measured gas exchange at 900 μ
mol photons m�2 s�1, Ca= 173, 269, 432, 674 and 1430 ppm
corresponding to Ci = 126, 188, 264, 450 and 1204 ppm.

Parameterisation of photosynthesis models

Cc was calculated according to Fick’s first law as

C c ¼ C i� A

gm
Eqn 23

using gm= 0.45 mol CO2 m�2 s�1 reported for sunflower at
20°C, 600 μmol photons m�2 s�1 (Schäufele et al., 2011). For
rubisco extracted from sunflower, Genkov et al. (2010) reported
Kc= 19 μM CO2, Ko= 640 μM O2, and a relative CO2/O2 spe-
cificity (Sc/o) of 77 (M/M) at 25°C. Γ* at 25°C was calculated
based on published procedures (von Caemmerer, 2000) as

Γ� ¼ 0:5Oc

S c=o
Eqn 24

with Oc= 256 μM. To convert from concentration to partial pres-
sure, solubilities for CO2 of 0.0334mol l�1 bar�1 and O2 of
0.00126mol l�1 bar�1 were used. Since correction factors for sun-
flower are unavailable, we used Q10 values reported in table 2.3 of
von Caemmerer (2000) and eqn 2.32 in von Caemmerer (2000)
to correct for leaf temperature (22°C). This gave Kc= 447 μbar
CO2, Ko= 439mbar O2 and Γ* = 45.3 μbar CO2. To estimate
Vcmax, Eqn 5 was fitted to gas exchange data obtained at 900 μmol
photons m�2 s�1, Ca= 173, 269, 432 ppm (Fig. 3). Under stan-
dard conditions (400 ppm CO2, 21% O2, 20–25°C), Rd usually
proceeds at c. 5% relative to the rate of A (Tcherkez et al., 2017;
Xu et al., 2022). Fixing Ra,p+ Rx at this rate (=0.83 μmol CO2

m�2 s�1), we found Vcmax= 83.2 μmolm�2 s�1. This is similar to
a previously reported estimate for sunflower of 80 μmol m�2 s�1

at 20°C (Jacob & Lawlor, 1991; Wullschleger, 1993).
Based on Farquhar & Wong (1984), J is given as

J ¼
I 2 þ Jmax�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I 2 þ Jmaxð Þ2�4θI 2Jmax

q

2θ
Eqn 25

where θ denotes the empirical curvature factor of the light
response of electron transport commonly set to 0.7 (Evans, 1989),
Jmax denotes the light-saturated rate of linear electron transport,
and I2 denotes incident quanta utilised in electron transport
through photosystem II given as

I 2 ¼ I � abs 1�fð Þ=2 Eqn 26

where I denotes incident photon flux, abs denotes absorptance of
leaves commonly set to 0.85, and f denotes a correction factor for
the spectral quality of light commonly set to 0.15 (Evans, 1987).
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Since gas exchange data collected at very high irradiance are una-
vailable, Jmax was estimated based on its close relationship with
Vcmax according to published procedures (Walker et al., 2014) as

loge Jmaxð Þ ¼ β1 þ β2loge V cmaxð Þ Eqn 27

Using parameter estimates pertaining to data reported by
Wullschleger (1993; β1= 1.425, β2= 0.837, R2= 87.2, P<
0.001, n= 110), we estimate Jmax= 168.3 μmol m�2 s�1.

Results

Metabolic phases of the A/Ci curve

A/Ci curves enable the identification of metabolic processes limit-
ing net CO2 assimilation (Farquhar et al., 1980). Initial linear
increases at low Ci are commonly attributed to rubisco-limited
assimilation. A change point in the response of A to Ci marks the
onset of RuBP-regeneration-limited assimilation. Furthermore,
under high light, A/Ci curves may level out at high Ci which is
commonly attributed to limited triose phosphate utilisation
(Sharkey, 1985).

Despite the relatively low resolution of our A/Ci curve, two
phases are evident (Fig. 4a). An initial linear increase (dashed
line) is followed by RuBP-regeneration-limited assimilation
whereas levelling out at high Ci is not evident. Hence, triose
phosphate utilisation did not affect Am (denoting measured
net CO2 assimilation). This is as expected considering the low
irradiance applied during data collection (300 μmol photons
m�2 s�1).
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Fig. 4 Measured (a) and modelled (b) net CO2 assimilation (A) of sunflower leaves as function of intercellular CO2 concentration (Ci). Black dots: measured
values (Am, n= 8). Dashed black line: trendline passing through the two lowest Am values. Solid black and red lines: modelled rubisco-limited assimilation
(Ac) and RuBP-regeneration-limited assimilation (Aj), respectively (respiration by the plastidial anaplerotic pathway not considered). Red circle: intersection
between Ac and Aj. Plants were grown in a glasshouse at an atmospheric CO2 concentration (Ca) of c. 450 ppm and then moved to growth chambers. After
a day in darkness to drain the starch reserves, plants were grown at different levels of Ca (180, 280, 450, 700 and 1500 ppm) corresponding to different
levels of Ci (140, 206, 328, 531 and 1365 ppm) for 2 d. During gas exchange measurements, slightly lower Ci levels prevailed (136, 202, 304, 516 and
1282 ppm). Aj-model inputs: Γ* = 45.3 μbar CO2, Jmax= 168.3 μmolm�2 s�1, θ= 0.7, I= 300 μmol photons m�2 s�1, abs= 0.85 and f= 0.15. Aj-model
output: Ra,p+ Rx= 0.96 μmol CO2 m

�2 s�1. Ac-model inputs: Kc= 447 μbar CO2, Ko= 439mbar O2; and Γ* = 45.3 μbar CO2,Oc= 207 548 μbar, Vcmax=
83.2 μmol m�2 s�1, Ra,p+ Rx= 0.96 μmol CO2 m

�2 s�1. RuBP, ribulose 1,5-bisphosphate.

Fig. 3 Net CO2 assimilation (A) of sunflower leaves as function of
intercellular CO2 concentration (Ci). Black dots: measured values (Am, n=
8). Solid line: best fit between the data at Ca= 173, 269, 432 ppm and a
model of rubisco-limited A (Eqn 5). Plants were raised in a glasshouse at an
atmospheric CO2 concentration (Ca) of c. 450 ppm and a light intensity of
300–400 μmol photons m�2 s�1. Gas exchange measurements were per-
formed at 22°C, 900 μmol photons m�2 s�1, and atmospheric CO2 con-
centrations of Ca= 173, 269, 432, 674 and 1430 ppm corresponding to
intercellular CO2 concentrations of Ci= 126, 188, 264, 450 and 1204
ppm. Model inputs: Cc= 111, 168, 226 μbar, Kc= 447 μbar CO2, Ko=
439mbar O2; and Γ* = 45.3 μbar CO2,Oc= 206 373 μbar, Ra,p+ Rx=
0.83 μmol CO2 m

�2 s�1. Model output: Vcmax= 83.2 μmol m�2 s�1.
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Previously, we have shown that flux through the plastidial ana-
plerotic pathway is not significantly different from zero at Ca≈
450 ppm (Wieloch, 2022; Wieloch et al., 2022a). Hence, RuBP-
regeneration-limited assimilation for this data point as derived
from Eqn 12 is given as

Aj ¼ J

4þ 8Γ�=C c
1�Γ�=C cð Þ�Rx Eqn 28

which is equivalent to the original FvCB model. Eqn 28 was
fitted to Am by varying Rx until the offset between modelled and
measured c. 450 ppm values was zero (Fig. 4b, red line). The con-
dition was met at Rx= 0.96 μmol CO2 m�2 s�1. Hence, at c.
450 ppm, Rd proceeds at 7.8% relative to Am, which agrees well
with previous reports. Under standard conditions (400 ppm
CO2, 21% O2, 20–25°C), leaf Rd commonly proceeds at ≥ 5%
relative to Am (Tcherkez et al., 2017). This agreement lends some
credibility to the validity of our chosen model parameterisation.

Using Rx= 0.96 μmol CO2 m
�2 s�1 and assuming Ra,p= 0, we

next modelled rubisco-limited assimilation based on Eqn 5
(Fig. 4b, black line). Above Ca≈ 133 ppm (Ci≈ 110 ppm), we
found that Ac> Aj≥ Am (Fig. 4b, black line vs red line vs black
dots). This indicates that Am at Ca> 133 ppm does not result from
rubisco-limited but RuBP-regeneration-limited assimilation.

Effects of varying rates of day respiration on the A/Ci curve

Based on changes in hydrogen isotope fractionation in starch
extracted from the leaves studied here, we previously estimated
Ra,p proceeds at > 7%, > 5%, 0%, c. 2% and c. 5% relative to
Am at Ca≈ 180, 280, 450, 700 and 1500 ppm, respectively
(Table 2; Wieloch, 2022). That is, Ra,p exhibits a change point in
response to Ca at Ca≈ 450 ppm. Seeing that there are positive
offsets between Am and Aj both above and below Ca≈ 450 ppm
(Table 2; Fig. 4b, red line vs black dots), this same change point
appears to be present in Am, and Ra,p can be expected to contri-
bute to the offsets.

Using Eqn 13, we estimate Ra,p proceeds at 54%, 29%, 0%,
5% and 29% relative to Am at Ca≈ 180, 280, 450, 700 and
1500 ppm, respectively (Table 2). Estimates at low Ca (c. 180,
and 280 ppm) are consistent with isotope-derived estimates
because, based on the properties of the biochemical system, the
isotope approach can be expected to underestimate Ra,p at low Ca

(see Wieloch et al., 2022a). By contrast, the isotope approach is
believed to not strongly underestimate Ra,p at high Ca (Wie-
loch, 2022). However, gas exchange estimates of Ra,p at high Ca

(c. 700, and 1500 ppm) are considerably larger than isotope-
derived estimates. This may suggest that gas exchange modelling
overestimates Ra,p at high Ca.

Overestimation of Ra,p at high Ca may derive from variability
of Rx. To follow up on this, we solve the Aj model (Eqn 12) for
Rx and substitute Aj by Am as

Rx ¼
J þ 4Ra,p

4þ 8Γ�=C c
1�Γ�=C cð Þ�Ra,p�Am Eqn 29

Using isotope-derived Ra,p values as inputs, we estimate that
absolute rates of Rx increase from 450 to 1500 ppm while relative
rates remain approximately constant (Table 2). Based on regula-
tory properties of leaf respiratory processes, this finding seems
reasonable (see ‘Metabolic origin of day respiration at high Ca’ in
the Discussion section). Taken together, our results suggest Am is
a function of RuBP-regeneration-limited assimilation and varia-
bility of Ra,p and Rx (Eqn 12). Fig. 5 summarises estimated car-
bon and associated NADPH fluxes. Uncertainties associated with
these estimates are discussed below (see ‘Model criticism and
future research directions’ in the Discussion section).

Integration of day respiration in carbon metabolism

Based on estimations and assumptions given above, Ra,p proceeds
at c. 54%, 29%, 0%, 2%, and 5% relative to Am at Ca≈ 180,
280, 450, 700 and 1500 ppm, respectively (Fig. 6a). Thus, it
governs Rd at low Ca (c. 73% contribution at c. 180, and 280

Table 2 Rates of day respiration in sunflower leaves.

Ca (ppm) Am (μmolm�2 s�1) Aj –Am
a (μmolm�2 s�1) Ra,p

b (μmol m�2 s�1) Ra,p/Am (%) Ra,p/Am
d (%) Rx

e (μmol m�2 s�1) Rx/Am (%)

c. 180 5.13 1.73 2.75 53.7 > 7 0.96 18.8
c. 280 8.46 1.20 2.44 28.9 > 5 0.96 11.4
c. 450 12.29 0 0 0 0 0.96 7.8
c. 700 14.88 0.19 0.80c 5.3c c. 2 1.08 7.2
c. 1500 17.33 0.51 5.03c 29.0c c. 5 1.38 8.0

Plants were grown in a glasshouse at an atmospheric CO2 concentration (Ca) of c. 450 ppm and then moved to growth chambers. After a day in darkness
to drain the starch reserves, the plants were grown at different levels of Ca (180, 280, 450, 700 and 1500 ppm) corresponding to different levels of
intercellular CO2 concentration (Ci= 140, 206, 328, 531 and 1365 ppm) for 2 d. During gas exchange measurements, slightly lower Ci levels prevailed
(136, 202, 304, 516 and 1282 ppm). Symbols: Aj, modelled ribulose 1,5-bisphosphate (RuBP)-regeneration-limited CO2 assimilation; Am, measured CO2

assimilation; Ra,p, respiration by the plastidial anaplerotic pathway; Rx, day respiration by processes other than the plastidial anaplerotic pathway.
aAj estimates based on Eqn 28 with Rx= 0.96 μmol CO2 m

�2 s�1.
bEstimates based on gas exchange data (Eqn 13).
cProbably overestimated (see text).
dEstimates based on previously published isotope data (Wieloch, 2022).
eEstimates based on Eqn 28 for Ca≈ 180, 280 and 450 ppm, and Eqn 29 for Ca≈ 700 and 1500 ppm.
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ppm) and contributes substantially to Rd at high Ca (c. 22% at
c. 700 ppm, and c. 39% at c. 1500 ppm; Fig. 6b). Taken
together, Rd proceeds at c. 72%, 40%, 8%, 9%, and 13% relative
to Am at Ca≈ 180, 280, 450, 700, and 1500 ppm, respectively
(Table 2). While Ra,p exceeds photorespiratory CO2 release at
high Ca (c. 1500 ppm), it proceeds at > 55% relative to the rate
of photorespiratory CO2 release at low Ca (c. 180, and 280 ppm;
Fig. 6c). Furthermore, Ra,p accounts for > 40% of the total CO2

release at both low and high Ca (c. 180, 280, and 1500 ppm;
Fig. 6d). At low Ca (c. 180, and 280 ppm), Ra,p accounts for >
15% of Vc (Fig. 6e) and thus causes significant futile carbon
cycling involving CO2 uptake by the CBC and release by the
plastidial anaplerotic pathway. At the same Ca, > 10% of all
RuBP is provided by the plastidial anaplerotic pathway (Fig. 6f).
When plotted against Am, Ra,p increases nonlinearly both below
and above Ca≈ 450 ppm (Fig. 6g). Towards very low Am (< 5
μmol m�2 s�1, Ca< 180 ppm), Ra,p may approach a maximum.
Above Am= 12.3 μmol m�2 s�1 (Ca≈ 450 ppm), Ra,p increases
exceed Rx increases by approximately a factor of two (Fig. 6g,h).

Energy recovery by the plastidial anaplerotic pathway and
associated CO2 assimilation

NADPH inputs required to assimilate CO2 respired by the plas-
tidial anaplerotic pathway exceed NADPH outputs of this path-
way (Table 3, Fig. 5). However, relative NADPH loss decreases
as Φ decreases with relative NADPH recovery converging to one.
Accordingly, CO2 release by the anaplerotic pathway (Ra,p)
exceeds CO2 recovery with NADPH from the anaplerotic path-
way (Aa,p, Table 3). Relative CO2 recovery increases with decreas-
ing Φ converging to one (Aa,p/Ra,p). Hence, Ra,p is larger than the
effect that flux through the plastidial anaplerotic pathway has on

A/Ci curves (ΔAj, Table 3). With decreasing Φ, the relative effect
of flux through the plastidial anaplerotic pathway on the A/Ci

curve decreases converging to zero (ΔAj/Ra,p, Table 3, black cir-
cles in Fig. 2). Taken together, anaplerotic flux is energetically
wasteful and thus decreases net CO2 assimilation but this is partly
offset by NADPH recovery. Recovered NADPH is most effi-
ciently used for CO2 recovery when photorespiration is low since
photorespiration is energetically wasteful and releases additional
CO2 (see ‘Effects of respiration by the plastidial anaplerotic path-
way on A/Ci curves’ in the Description section).

Effects of the plastidial anaplerotic pathway on the light
reactions of photosynthesis

In the present study, light was maintained at 300 μmol photons
m�2 s�1 across all Ca treatments. Accordingly, linear electron
transport supplied a steady amount of NADPH (Fig. 5b, yellow
bars). Above and below Ca≈ 450 ppm, the plastidial anaplerotic
pathway supplied additional NADPH yet no ATP (Fig. 5b, light
green bars). Balancing the ensuing NADPH surplus with the
demands of the CBC and photorespiration requires additional
inputs of ATP from photophosphorylation (Fig. 7, black trian-
gles). Hence, the ratio of ATP : NADPH demand from the light
reactions increases both above and below Ca≈ 450 ppm with
increasing flux through the plastidial anaplerotic pathway (Fig. 7,
red circles).

Assuming the synthesis of 3 mol ATP requires 12 mol H+ as
derived from the thermodynamics of the ATPase reaction (Steig-
miller et al., 2008), we find that ATP : NADPH supply by linear
electron transport including Q cycling is perfectly aligned with
the demands of the CBC and photorespiration at Ca≈ 450 ppm
(Table 4, cf. Eqn 22). By contrast, assuming the synthesis of 3

(a) (b)

Fig. 5 Carbon (a) and NADPH fluxes (b) at varying atmospheric CO2 concentration (Ca) in sunflower leaves. Estimates derived frommodelling RuBP-
regeneration-limited CO2 assimilation. The model considers the Calvin–Benson cycle, the photorespiration cycle, the plastidial anaplerotic pathway and
respiration by processes other than the plastidial anaplerotic pathway. Plants were grown in a glasshouse at Ca≈ 450 ppm and then moved to growth cham-
bers. After a day in darkness to drain the starch reserves, plants were grown at different levels of Ca (180, 280, 450, 700 and 1500 ppm) corresponding to dif-
ferent levels of Ci (140, 206, 328, 531 and 1365 ppm) for 2 d. During gas exchange measurements, slightly lower Ci levels prevailed (136, 202, 304, 516 and
1282 ppm). NADPH demands of individual carbon fluxes (see Fig. 5a) were calculated as (2+ 2Φ)× flux with flux= {�Am; 0.5Vo; Rx; Ra,p}. Symbols: Am, mea-
sured net CO2 assimilation; Am’, NADPH demand of net CO2 assimilation; J0, NADPH supply by whole chain electron transport (0.5 J); Ra,p, respiration by the
plastidial anaplerotic pathway; Ra,p’, NADPH supply (light green) and demand (dark green) by the plastidial anaplerotic pathway; Rx’, day respiration by pro-
cesses other than the plastidial anaplerotic pathway; Rx’, NADPH demand for assimilation of CO2 respired by processes other than the plastidial anaplerotic
pathway; Vc, rubisco carboxylation; 0.5Vo, photorespiratory CO2 release; 0.5Vo’, NADPH demand for assimilation of CO2 respired by photorespiration;
Φ, oxygenation-to-carboxylation ratio of rubisco; NADPH, nicotinamide adenine dinucleotide phosphate; RuBP, ribulose 1,5-bisphosphate.
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mol ATP requires 14 mol H+ as derived from ATPase subunit
composition (Seelert et al., 2000), linear electron transport
including Q cycling results in an ATP deficit at Ca≈ 450 ppm.
In both cases, ATP deficits increase significantly both above and

below Ca≈ 450 ppm. This suggests that increasing flux through
the plastidial anaplerotic pathway increases the requirement for
ATP synthesis via cyclic electron transport around photosystem I.
Assuming an H+-ATP synthesis ratio of 12 : 3, cyclic electron
transport including Q cycling is not required when the plastidial
anaplerotic pathway is inactive, but it may account for up to
17% of the rate of whole electron transport when this pathway is
active. Assuming an H+-ATP synthesis ratio of 14 : 3, cyclic elec-
tron transport including Q cycling accounts for c. 20% of the rate
of whole electron transport when the plastidial anaplerotic path-
way is inactive and may increase to above 30% when this path-
way is active. Thus, flux through the plastidial anaplerotic
pathway may affect the light reactions of photosynthesis.

Discussion

Here, we expanded FvCB models by terms accounting for respira-
tion and energy recycling by the plastidial anaplerotic pathway
(Eqns 5 and 12). We fitted the model of RuBP-regeneration-
limited assimilation to gas exchange data of sunflower leaves by
adjusting day respiration. This approach and previous reports
(Wieloch, 2022; Wieloch et al., 2022a) challenge a longstanding
FvCB modelling assumption, namely the treatment of day respira-
tion as independent, constant term. If this assumption is false, then
several FvCB-model-based methods require revision, including
methods for estimating day respiration (e.g. Laisk, 1977) and
mesophyll conductance (see below). Moreover, initial linear
increases in A/Ci curves are commonly interpreted in terms of
rubisco-limited assimilation (Farquhar et al., 1980). Here, we pro-
pose RuBP-regeneration-limited assimilation and varying rates of
respiration from the plastidial anaplerotic pathway as alternative
explanation. Our modelling results suggest that the plastidial ana-
plerotic pathway can be an important player in plant carbon and
energy metabolism affecting properties such as the rate of day
respiration, net CO2 assimilation, net carboxylation, net oxygena-
tion (photorespiration), RuBP regeneration, NADPH availability,
the ATP : NADPH demand ratio of plastidial carbon metabolism,
and probably the contribution of the cyclic electron pathway to
supplying ATP (Figs 5–7; Tables 2–4).

Consistent evidence in support of flux through the plastidial
anaplerotic pathway

According to our gas exchange analysis, flux through the plasti-
dial anaplerotic pathway proceeds at 0, 2.44 and 2.75 μmol m�2

s�1 at Ca≈ 450, 280 and 180 ppm, respectively (Table 2,
Fig. 5a). That is, flux increases with decreasing Ca from c. 0%
over c. 29% to c. 54% relative to the rate of net CO2 assimilation
(Fig. 6a). This is consistent with regulatory properties of the
pathway and previously reported flux estimates as discussed next.

Flux through the plastidial anaplerotic pathway is controlled at
its first enzyme, glucose-6-phosphate dehydrogenase (G6PD,
Fig. 1). Under illumination, G6PD is downregulated by a
thioredoxin-dependent mechanism (Née et al., 2009). However,
downregulation can be reversed allosterically by G6P (Cossar
et al., 1984; Preiser et al., 2019). Under medium-to-high Ca, the

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 6 Integration of day respiration in carbon metabolism of sunflower
leaves. The rate of respiration by the plastidial anaplerotic pathway is
shown relative to the rate of net CO2 assimilation (a), the rate of day
respiration (b), the rate of photorespiratory CO2 release (c), the rate of
total CO2 release (d), the rate of rubisco carboxylation (e) and the
combined rate of rubisco carboxylation and oxygenation (f). Furthermore,
the rate of respiration by the plastidial anaplerotic pathway and the rate of
respiration by processes other than the plastidial anaplerotic pathway are
shown as function of the rate of net CO2 assimilation (g and h). Plants
were grown in a glasshouse at Ca≈ 450 ppm and then moved to growth
chambers. After a day in darkness to drain the starch reserves, plants were
grown at different levels of Ca (180, 280, 450, 700 and 1500 ppm)
corresponding to different levels of Ci (140, 206, 328, 531 and 1365 ppm)
for 2 d. During gas exchange measurements, slightly lower Ci levels
prevailed (136, 202, 304, 516 and 1282 ppm). Symbols: Am, measured
CO2 assimilation; Ca, atmospheric CO2 concentration; Ci, intercellular CO2

concentration; Ra,p, respiration by and flux through the plastidial
anaplerotic pathway; Rd, total day respiration; Rx, day respiration by
processes other than the plastidial anaplerotic pathway; Vc, rubisco
carboxylation; Vo, rubisco oxygenation. All panels show discrete data.
Dashed lines were added to guide the eye.
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reaction catalysed by plastidial phosphoglucose isomerase (PGI)
was found to be removed from equilibrium on the side of F6P
(Schleucher et al., 1999; Wieloch, 2022; Wieloch et al., 2022a)

resulting in low G6P concentration (Dietz, 1985; Gerhardt
et al., 1987; Kruckeberg et al., 1989). With shifts to low Ca, the
PGI reaction moves towards equilibrium (Wieloch, 2022;
Wieloch et al., 2022a) and plastidial G6P concentrations increase
(Dietz, 1985). Furthermore, phosphorolytic starch breakdown
increases with photorespiration providing additional G6P (dotted
arrow in Fig. 1; Weise et al., 2006). These mechanisms are con-
sistent with reports of negligible flux through the anaplerotic
pathway at medium Ca (low G6P concentration) and flux
increases with decreasing Ca, increasing photorespiration and
increasing drought (high G6P concentration; Wieloch
et al., 2018, 2022a,b; Wieloch, 2022).

Previously, we estimated flux through the plastidial ana-
plerotic pathway in the leaves studied here proceeds at 0%,
> 5% and > 7% relative to the rate of net CO2 assimilation at
Ca ≈ 450, 280 and 180 ppm, respectively (Wieloch, 2022;
Wieloch et al., 2022a). These estimates are based on a hydro-
gen isotope signal in starch introduced in the starch biosynth-
esis pathway at the level of G6P H1. G6P may be converted
back to fructose 6-phosphate (F6P) by PGI, and F6P may leave
the starch biosynthesis pathway via transketolase. Combinedly,
G6P to F6P conversion and F6P use by transketolase can be
expected to cause washout of the isotope signal from the starch
biosynthesis pathway. As evident from an isotope signal at
starch glucose H2, the plastidial PGI reaction is strongly
removed from equilibrium on the side of F6P at Ca ≥ 450 ppm
(Wieloch, 2022; Wieloch et al., 2022a). This is thought to
impede back conversion of G6P to F6P and concomitant signal
washout. However, the PGI reaction moves progressively
towards equilibrium as Ca decreases below c. 450 ppm (Wie-
loch, 2022; Wieloch et al., 2022a). This is thought to result in
increasing back conversion of G6P to F6P and signal washout.
Thus, increasing offsets between Ra,p estimates from isotope

Table 3 Energy recovery by the plastidial anaplerotic pathway and associated CO2 assimilation in sunflower leaves.

Ca (ppm) Φ
Ra,p

a

(μmolm�2 s�1)

abs. NADPH
inputb

(μmol m�2 s�1)

abs. NADPH
outputc

(μmolm�2 s�1)
rel. NADPH
recoveryd

abs. CO2

recovery
(Aa,p)

e

(μmol m�2 s�1)
rel. CO2

recoveryf
ΔAj

(μmolm�2 s�1) ΔAj/Ra,p

c. 180 0.72 2.75 9.46 5.51 0.58 1.03 0.37 1.73 0.63
c. 280 0.49 2.44 7.27 4.89 0.67 1.24 0.51 1.20 0.49
c. 450 0.32 0 0 0 – 0 – 0.00 –
c. 700 0.18 0.30 0.70 0.60 0.84 0.23 0.77 0.07 0.23
c. 1500 0.07 0.87 1.86 1.73 0.93 0.78 0.90 0.09 0.10

Plants were grown in a glasshouse at an atmospheric CO2 concentration (Ca) of c. 450 ppm and then moved to growth chambers. After a day in darkness
to drain the starch reserves, the plants were grown at different levels of Ca (180, 280, 450, 700 and 1500 ppm) corresponding to different levels of
intercellular CO2 concentration (Ci= 140, 206, 328, 531 and 1365 ppm) for 2 d. During gas exchange measurements, slightly lower Ci levels prevailed
(136, 202, 304, 516 and 1282 ppm). Symbols: Aa,p, CO2 assimilation with electrons recovered by the plastidial anaplerotic pathway in the form of
nicotinamide adenine dinucleotide phosphate (NADPH); Ra,p, respiration by the plastidial anaplerotic pathway; ΔAj, absolute effect of flux through the
plastidial anaplerotic pathway on the A/Ci curve (ribulose 1,5-bisphosphate (RuBP)-regeneration-limited case); Φ, oxygenation-to-carboxylation ratio of
rubisco.
aEstimates based on Eqn 13 with Rx values from Table 2.
b(2+ 2Φ)Ra,p (derivation of Eqn 7, 2 electrons per NADPH).
c2Ra,p (see Fig. 1).
dNADPH output/NADPH input.
eEstimates based on Eqn 11.
fAa,p/Ra,p.

Fig. 7 Energy demand from the light reactions of photosynthesis at varying
atmospheric CO2 concentration (Ca) in sunflower leaves. Black triangles:
adenosine triphosphate (ATP) demand. Red circles: ATP : NADPH demand
ratio. Energy fluxes were estimated based on carbon flux estimates from
modelling ribulose 1,5-bisphosphate (RuBP)-regeneration-limited CO2 assim-
ilation. The model considers the Calvin–Benson cycle, the photorespiration
cycle, the plastidial anaplerotic pathway and respiration by processes other
than the plastidial anaplerotic pathway. Plants were grown in a glasshouse at
Ca≈ 450 ppm and then moved to growth chambers. After a day in darkness
to drain the starch reserves, plants were grown at different levels of Ca (180,
280, 450, 700 and 1500 ppm) corresponding to different levels of Ci (140,
206, 328, 531 and 1365 ppm) for 2 d. During gas exchange measurements,
slightly lower Ci levels prevailed (136, 202, 304, 516 and 1282 ppm).
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and gas exchange analysis with decreasing Ca probably derive
from increasing washout of the isotope signal.

Physiological function of flux through the plastidial
anaplerotic pathway

Flux through the anaplerotic pathway lowers net CO2 assimilation
below theoretically possible values (Fig. 4b, black dots vs red line).
As a result of this flux, sunflower leaves merely achieve c. 88% and
c. 75% of their theoretical assimilatory potential at Ca≈ 280 ppm
and c. 180 ppm, respectively. Similarly, the anaplerotic pathway
recovers only part of the energy it consumes (Fig. 5b; Table 3),
and energy dissipation is surely not physiologically beneficial under
RuBP-regeneration-limited conditions. Thus, for the conditions
and period studied here, the anaplerotic pathway appears to be det-
rimental for both leaf carbon and energy balances.

However, the sunflowers studied here were raised at Ca≈ 450
ppm. Hence, heterotrophic carbon demands were probably adapted
to carbon inputs at Ca≈ 450 ppm. Moving the plants into low-Ca

environments may have caused divergences from the previously
established whole-plant steady state with leaf carbon exports exceed-
ing net CO2 assimilation (Fig. 1). This source limitation may have
resulted in excess export of triose phosphates from chloroplasts.
Plastidial triose phosphate shortage would impede RuBP regenera-
tion. To maintain the supply of RuBP, plants may inject G6P from
phosphorolytic starch breakdown into the CBC (Weise
et al., 2006). G6P-derived carbon can enter the CBC via transketo-
lase without respiratory carbon loss and via the anaplerotic pathway
with respiratory carbon loss. However, transketolase and other
enzymes in the regeneration part of the CBC require triose phos-
phate. When RuBP regeneration is impeded by triose phosphate
shortage, the anaplerotic pathway may help to ensure RuBP supply.

RuBP may undergo either oxygenation or carboxylation at
rubisco. With decreasing Ca, oxygenation becomes substantial
(Table 3, c. 1 and c. 1.5 mol RuBP oxygenation per 2 mol RuBP
carboxylation at Ca≈ 280 ppm and c. 180 ppm, respectively).
Thus, much of the anaplerotically supplied RuBP feeds into
photorespiration. As proposed previously, maintaining photore-
spiration through inputs of RuBP might make sense

physiologically in the context of the concept of photorespiration-
linked de novo nitrogen assimilation (Wieloch et al., 2022a).
Reportedly, photorespiration rate correlates positively with the
rate of de novo nitrate assimilation (Bloom, 2015), and it seems
plausible that plants would shift metabolism towards nitrogen
assimilation when carbon assimilation is impeded (at low Ca).
Assimilated nitrogen may support de novo protein synthesis,
which may result in increased photosynthetic capacity at the
enzyme level and help to overcome source limitations.

In this context, it is interesting to note that mutants incapable
of phosphorolytic starch breakdown show severe phenotypes,
especially under drought (dotted arrow in Fig. 1; Zeeman
et al., 2004). This was explained by the loss of G6P injection
from starch into the CBC at night (Zeeman et al., 2004). Based
on findings presented here and previously, impaired G6P injec-
tion during the day may contribute to this phenotype (Wieloch
et al., 2018, 2022a, 2022b). Lastly, G6P injection from starch
into the CBC by the anaplerotic pathway may support photosyn-
thetic induction (see below).

Metabolic origin of day respiration at high Ca

In our gas exchange analysis, respiration by the plastidial ana-
plerotic pathway was fixed at 0%, 2% and 5% relative to the rate
of net CO2 assimilation at Ca≈ 450, 700 and 1500 ppm, respec-
tively (Fig. 5a; Table 2). These Ra,p estimates come from a pre-
viously published isotope analysis of the samples studied here
(Wieloch, 2022). Increases in Ra,p above Ca≈ 450 ppm are con-
sistent with regulatory properties of the plastidial anaplerotic
pathway (Wieloch, 2022). Towards high Ca, plastidial G6P con-
centrations increase with net CO2 assimilation (Dietz, 1985).
This can be expected to cause increased G6PD activity and flux
through the plastidial anaplerotic pathway (see above). Note, in
contrast to the low-Ca case (see above), Ra,p increases at high Ca

are not caused by PGI regulation (Wieloch, 2022).
Here, we estimated that respiration by processes other than the

plastidial anaplerotic pathway proceeds at 0.96, 1.08 and 1.38
μmol m�2 s�1 at Ca≈ 450, 700 and 1500 ppm, respectively
(Fig. 5a; Table 2). These increases are consistent with regulatory

Table 4 Effects of the plastidial anaplerotic pathway on electron transport in sunflower leaves.

H+-ATP ratio of ATPase 12/3 14/3

Ca (ppm) 180 280 450 700 1500 180 280 450 700 1500
LET (μmol m�2 s�1) 83.6 83.6 83.6 83.6 83.6 83.6 83.6 83.6 83.6 83.6
ATP demand (μmolm�2 s�1) 71.0 70.0 62.7 63.6 65.3 71.0 70.0 62.7 63.6 65.3
ATP from LET (μmol m�2 s�1) 62.7 62.7 62.7 62.7 62.7 53.8 53.8 53.8 53.8 53.8
ATP deficit (μmolm�2 s�1) 8.3 7.3 0.0 0.9 2.6 17.2 16.3 9.0 9.9 11.6
CET (μmol m�2 s�1) 16.5 14.7 0.0 1.8 5.2 40.2 38.0 20.9 23.0 27.0
CET/(CET+ LET) 0.17 0.15 0.0 0.02 0.06 0.32 0.31 0.20 0.22 0.24

Plants were grown in a glasshouse at an atmospheric CO2 concentration (Ca) of c. 450 ppm and then moved to growth chambers. After a day in darkness
to drain the starch reserves, the plants were grown at different levels of Ca (180, 280, 450, 700 and 1500 ppm) for 2 d. Gas exchange measurements were
performed at a light intensity of 300 μmol photons m�2 s�1. Estimations pertaining to linear and cyclic electron transport (LET and CET, both including Q
cycling) assumed transmembrane transport of 3 and 2 H+ per electron, respectively. Synthesis of 3mol adenosine triphosphate (ATP) by ATPase was
assumed to require either 14 or 12mol H+ (according to Seelert et al., 2000 and Steigmiller et al., 2008, respectively). Processes not considered include the
water–water cycle (affects the ATP : NADPH supply ratio of electron transport), GAP/3PGA cycles and the chloroplast malate valve (affect ATP : NADPH
demand ratios of carbon metabolism). NADPH, nicotinamide adenine dinucleotide phosphate.
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properties of the cytosolic OPPP (Wieloch, 2022), which has
recently been identified as a major source of day respiration (Xu
et al., 2022). Flux through the cytosolic OPPP and associated
respiration is controlled at the level of the first OPPP enzyme,
G6PD (Fig. 1). Under illumination, cytosolic G6PD activity
increases with glucose concentration through de novo enzyme
synthesis (Hauschild & von Schaewen, 2003). In line with this,
respiration at 5°C was shown to increase with glucose concentra-
tion and overall leaf soluble sugar concentration (Tjoelker
et al., 2009; Wieloch, 2022). Generally, increasing Ca results in
increasing leaf soluble sugar concentration (Ainsworth &
Long, 2005) and may thus cause increasing respiration by the
cytosolic OPPP.

Does gm vary with Ca?

Using the online carbon isotope discrimination method and/or the
variable J method (Evans et al., 1986; Harley et al., 1992), several
authors reported nonlinear relationships between gm and Ca with
similar patterns across different species including sunflower (Flexas
et al., 2007; Hassiotou et al., 2009; Vrábl et al., 2009; Xiong
et al., 2015). As Ca increases, gm initially increases up to a change
point beyond which it decreases again. This response is strikingly
similar to the Ca-response of day respiration reported here. As Ca

increases, Ra,p initially decreases up to a change point beyond which
it increases again along with Rx (Fig. 5a; Table 2). Day respiration
and gm have opposite effects on net CO2 assimilation. That is, both
processes could explain offsets between measured and theoretically
possible values of net CO2 assimilation (Fig. 4b, black dots vs red
line). However, changes in day respiration estimated here based on
gas exchange analysis are corroborated by results from an indepen-
dent isotope analysis (Wieloch, 2022; Wieloch et al., 2022a).
Furthermore, underlying metabolic mechanisms seem straight for-
ward (see above). By contrast, mechanisms underlying the Ca-
response of gm have remained unclear despite considerable research
interest over the past three decades (Nadal et al., 2021). Several
authors suggested that much of the observed variability of gm may
be due to methodological shortcomings (Tholen et al., 2012; Gu &
Sun, 2014; Yin et al., 2020; Nadal et al., 2021). Our results corro-
borate this viewpoint. Therefore, we recommend modifying the
variable J method to allow for variability in day respiration.
Furthermore, we recommend modifying the online carbon isotope
discrimination method to allow for variability in isotope fractiona-
tion of photorespiration and day respiration. Adequate (yet prob-
ably challenging) parameterisation of these models may show
whether gm varies with Ca. Similarly, considering day respiratory
variability may advance the discussion about relationships between
gm and other environmental variables (drought, irradiance, ozone
and temperature; see Nadal et al., 2021).

Respiration by the plastidial anaplerotic pathway during
photosynthetic induction

Flux through the plastidial anaplerotic pathway and associated
respiration depends on G6PD activity. Plastidial G6PD is inhib-
ited by reduced thioredoxin (Née et al., 2009). However,

reduction of the plastidial thioredoxin pool after illumination is
not instantaneous but builds up over the course of several min-
utes (Scheibe, 1981). This was shown to result in a gradual acti-
vation of plastidial malate dehydrogenase (Scheibe, 1981).
Similarly, gradual inhibition of plastidial G6PD can be expected.
Thus, flux through the plastidial anaplerotic pathway may persist
over the course of several minutes after illumination decreasing
from initially higher to lower levels. This would affect day
respiration, net CO2 assimilation, NADPH supply, the isotopic
composition of respired CO2, etc. Future studies on the variabil-
ity of photosynthetic parameters such as gm during photosyn-
thetic induction (cf. Kaiser et al., 2017; Sakoda et al., 2021; Liu
et al., 2022) are encouraged to consider this as a possibility.

Does day respiration explain part of the A/Ci curve drop at
high Ca?

If Rd is held constant, rubisco-limited and RuBP-regeneration-
limited net CO2 assimilation modelled by the canonical FvCB
equations increase continuously with increasing Ca (Farquhar
et al., 1980). However, especially under high light, measured
A/Ci curves are frequently seen to level out or even decline at high
Ca (e.g. Sharkey, 1985; Harley & Sharkey, 1991). According to
our analysis, day respiration increases from c. 8% relative to the
rate of net CO2 assimilation at Ca≈ 450 ppm to c. 13% at Ca≈
1500 ppm (Fig. 5a; Table 2). This is consistent with positive
responses of Rd to Ca reported by some authors (e.g. Wang
et al., 2001). By contrast, other authors reported Rd is indepen-
dent of Ca (e.g. Ayub et al., 2011).

Increases in Rd are consistent with regulatory properties of
both the plastidial and cytosolic OPPP (see above). As Ca

increases from medium to high values, plastidial G6P concentra-
tions and leaf soluble sugar concentrations increase (Dietz, 1985;
Ainsworth & Long, 2005). This can be expected to activate both
plastidial and cytosolic G6PD (Cossar et al., 1984; Hauschild &
von Schaewen, 2003; Preiser et al., 2019), increase respiration by
the plastidial and cytosolic OPPP and explain part of the A/Ci

curve drop at high Ca. Furthermore, it may explain part of the
lower-than-expected stimulation of net CO2 assimilation by
increasing Ca (Wieloch, 2022). However, high sink strengths
(e.g. in vigorously growing plants) may counteract the build-up
of leaf soluble sugar concentrations and respiration by the plasti-
dial and cytosolic OPPP. This may explain why some studies
found Rd increases at high Ca whereas others did not.

Model criticism and future research directions

Generally, modelling net CO2 assimilation by FvCB-type models
relies on numerous assumptions (Tcherkez & Limami, 2019),
and the present study is no exception. For instance, our models
assume that photorespiration is a closed cycle. However, some of
the carbon entering photorespiration may actually be diverted
into other pathways such as de novo nitrogen assimilation (Busch
et al., 2018). Similarly, in our Aj model (Eqn 12), the CBC and
photorespiration are assumed to consume all energy. However,
part of the available energy can be expected to be utilised by other
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plastidial processes such as the reduction of nitrite to ammonia
(Buchanan et al., 2015) or NAD(P)H shuttling to other cell com-
partments (Scheibe, 2004). Furthermore, our modelling assumes
constant absolute Rx at Ca≤ 450 ppm (Table 2). However, leaf
soluble sugar concentration may decrease with decreasing Ca

(Ainsworth & Long, 2005). This may cause a reduction in
G6PD activity and respiration by the cytosolic OPPP (Hauschild
& von Schaewen, 2003). Lastly, our modelling relies on sun-
flower parameter estimates from the literature. Such estimates
can vary strongly among species (Orr et al., 2016), and there is a
lack of data on parameter variability in sunflower. Considering
these uncertainties, results reported here require validation (Sup-
porting Information Notes S1 including Fig. S1; Table S1).
Hence, we recommend follow-up studies that combine gas
exchange measurements, isotope measurements and model para-
meter measurements from the same plants.

That said, our estimate of Rx at Ca≈ 450 ppm is consistent
with previously reported estimates (Tcherkez et al., 2017).
Furthermore, estimates of flux through the plastidial anaplerotic
pathway from gas exchange analyses presented here are qualita-
tively consistent with previously reported isotope-derived esti-
mates (Wieloch, 2022; Wieloch et al., 2022a). Lastly, all
estimates of day respiration are consistent with regulatory proper-
ties of the plastidial and cytosolic anaplerotic pathway. Hence,
we hope that the model extensions and ideas presented here will
help to advance photosynthesis modelling. Future research direc-
tions of interest include the study of Ra,p at and below the CO2

compensation point, and attempts to model Ra,p as function of
underlying biochemical mechanisms.
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We thank Prof. Jun Yu (Umeå University) for helpful discussions
and bioRxiv (Cold Spring Harbor Laboratory, NY, USA) for
publishing preprints of the present paper (doi: 10.1101/2021.07.
30.454461).

Competing interests

None declared.

Author contributions

TW conceived the study, led the research, expanded FvCB mod-
els and analysed the data. AA and JS prepared samples and
acquired gas exchange data. TW wrote the paper with input from
all authors. TW revised the paper.

ORCID

Angela Augusti https://orcid.org/0000-0002-9591-693X
Jürgen Schleucher https://orcid.org/0000-0002-4815-3466
Thomas Wieloch https://orcid.org/0000-0001-9162-2291

Data availability

Data are available in the article.

References

Ainsworth EA, Long SP. 2005.What have we learned from 15 years of free-air

CO2 enrichment (FACE)? A meta-analytic review of the responses of

photosynthesis, canopy properties and plant production to rising CO2. New
Phytologist 165: 351–372.

Ayub G, Smith RA, Tissue DT, Atkin OK. 2011. Impacts of drought on

leaf respiration in darkness and light in Eucalyptus saligna exposed to

industrial-age atmospheric CO2 and growth temperature. New Phytologist
190: 1003–1018.

Bloom AJ. 2015. Photorespiration and nitrate assimilation: a major intersection

between plant carbon and nitrogen. Photosynthesis Research 123: 117–128.
Buchanan BB, GruissemW, Jones RL, eds. 2015. Biochemistry and molecular
biology of plants. Chichester, UK: John Wiley & Sons.

Busch FA, Sage RF, Farquhar GD. 2018. Plants increase CO2 uptake by

assimilating nitrogen via the photorespiratory pathway. Nature Plants 4: 46–54.
von Caemmerer S. 2000. Biochemical models of leaf photosynthesis. Collingwood:
CSIRO, Vic., Australia.

Cossar JD, Rowell P, Stewart WDP. 1984. Thioredoxin as a modulator of

glucose-6-phosphate dehydrogenase in a N2-fixing cyanobacterium.

Microbiology 130: 991–998.
Dietz K-J. 1985. A possible rate-limiting function of chloroplast

hexosemonophosphate isomerase in starch synthesis of leaves. Biochimica et
Biophysica Acta 839: 240–248.

Ehlers I, Augusti A, Betson TR, Nilsson MB, Marshall JD, Schleucher J. 2015.

Detecting long-term metabolic shifts using isotopomers: CO2-driven

suppression of photorespiration in C3 plants over the 20
th century. Proceedings

of the National Academy of Sciences, USA 112: 15585–15590.
Eicks M, Maurino V, Knappe S, Flügge U-I, Fischer K. 2002. The
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