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ABSTRACT

Leaf respiration continues in the light but at a reduced rate.
This inhibition is highly variable, and the mechanisms are
poorly known, partly due to the lack of a formal model that
can generate testable hypotheses. We derived an analytical
model for non-photorespiratory CO; release by solving
steady-state supply/demand equations for ATP, NADH and
NADPH, coupled to a widely used photosynthesis model.
We used this model to evaluate causes for suppression of
respiration by light. The model agrees with many observa-
tions, including highly variable suppression at saturating
light, greater suppression in mature leaves, reduced assimi-
latory quotient (ratio of net CO; and O exchange) concur-
rent with nitrate reduction and a Kok effect (discrete
change in quantum yield at low light). The model predicts
engagement of non-phosphorylating pathways at moderate
to high light, or concurrent with processes that yield ATP
and NADH, such as fatty acid or terpenoid synthesis.
Suppression of respiration is governed largely by photo-
synthetic adenylate balance, although photorespiratory
NADH may contribute at sub-saturating light. Key ques-
tions include the precise diel variation of anabolism and the
ATP : 2¢" ratio for photophosphorylation. Our model can
focus experimental research and is a step towards a fully
process-based model of CO; exchange.

Key-words: alternative oxidase; carbon metabolism; Kok
effect; photorespiration; photosynthesis; respiration.

Abbreviations: A, net CO, assimilation rate; A,, net O, evo-
lution rate; AOX, alternative oxidase; B,, net anabolic
NADH supply; By, net anabolic NADPH demand; B, net
anabolic ATP demand; ¢;, intercellular CO, partial pressure;
COX, cytochrome oxidase; fn, fraction of photorespiratory
NADH that remains in mitochondria; f;, fraction of excess
thylakoid reducing potential dissipated as NADPH export;
G6PDH, glucose-6-phosphate dehydrogenase; /, incident
PPFD; J, potential thylakoid e~ transport rate; J', V. in
RuBP-limiting conditions; J,, actual thylakoid e~ transport
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rate; Jm, max potential thylakoid e~ transport rate; M,
maintenance ATP demand; mETC, mitochondrial e~ trans-
port chain; O, ambient O, partial pressure; OPPP, oxidative
pentose phosphate pathway; p., ATP : 2e” ratio, ADP phos-
phorylated per 2 ™ transported to ferredoxin; p,, P : O ratio,
ratio of ADP phosphorylation to O, reduction in mitochon-
dria; pom, overall max P : O ratio; pomana, max P : O ratio for
NADH generated in anabolic C flow; pom.cai, max P : O ratio
for NADH derived from catabolic substrate oxidation;
Pom.eyi, max P : O ratio for cytosol derived NADH; pommix,
max P : O ratio for matrix derived NADH; PPFD, photo-
synthetic photon flux density; QY, quantum yield of CO,
from incident PPFD; R., rate of non-photorespiratory CO,
release; R,, rate of O, reduction by mitochondria; RuBP,
ribulose-1,5-bisphosphate; S, net conversion of TP to
sucrose and/or starch; ¢, net ATP demand resulting from S;
TP, triose phosphate; Van,, rate of C flow into C skeletons
for biosynthesis; Vi, rate of CO, release due to anabolic
substrate oxidation; V., rate of RuBP carboxylation; Ve,
rate of CO; release due to catabolic substrate oxidation; Vo,
maximum RuBP carboxylation rate; V,,, RuBP oxygenation
rate; Vopp, CO, release rate from substrate oxidation via
OPPP; V.., photoreductant export rate; We, V. in RuBP-
saturated conditions; o-KG, alpha ketoglutarate; ¢, ratio of
V/V..

INTRODUCTION

At present, there is a clear and notable incongruity between
the treatments of photosynthesis and respiration in models
of plant gas exchange and growth, at all scales from the
cellular to the ecosystem. Photosynthesis is usually pre-
dicted in C; plants by the model of Farquhar, von
Caemmerer & Berry (1980) (FCB), whereas respiration is
usually predicted empirically, for example, as a function of
leaf nitrogen or ribulose 1-5-bisphosphate carboxylase/
oxygenase (Rubisco) content (Williams et al. 1996; de Pury
& Farquhar 1997), as a constant fraction of gross carbon
gain (Waring, Landsberg & Williams 1998; DeLucia et al.
2007), as a function of tissue pool size (Running &
Coughlan 1988) or in relation to phenological state, based
on empirical partitioning of respiration into growth and
maintenance terms (Thornley 1970; Amthor et al. 1994).
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This incongruity is clearly undesirable, and for many
obvious reasons (Amthor 2000; Cannell & Thornley 2000).
As an example, phenomenological models cannot be reli-
ably extrapolated to future climate conditions or manage-
ment scenarios. They are also very limited in their ability to
stimulate research through generation of testable hypoth-
eses, and they cannot as readily incorporate new knowledge
as might a process model.

Phenomenological models for respiration are also increas-
ingly untenable in light of the mounting evidence for signifi-
cant interactions among mitochondrial and chloroplastic
energy and carbon metabolism (Kromer 1995; Hoefnagel,
Atkin & Wiskich 1998). For example, non-photorespiratory
CO; efflux, R, continues in the light but typically at a lower
rate than in the dark (Brooks & Farquhar 1985; Kirschbaum
& Farquhar 1987; Bloom et al. 1989; Villar, Held & Merino
1995). Several explanations for reduced R. in the light have
been proposed, most of which involve photosynthesis to
some degree: (1) Excess ATP or redox equivalents generated
by the light reactions of photosynthesis can help satisfy
cellular ATP demand, permitting a reduced rate of respira-
tory substrate oxidation. In full sunlight, chloroplasts may
rely on the mitochondrial electron transport chain (mETC)
as an electron sink to oxidize photoreductant, limiting pho-
toinhibition (Kromer, Stitt & Heldt 1988; Kromer & Heldt,
1991a; Saradadevi & Raghavendra 1992; Hurry et al. 1996);
(2) Biosynthesis of fatty acids, amino acids, phenolics and
many other metabolites and compounds, requires NADPH,
which in darkness is supplied by the chloroplastic oxidative
pentose phosphate pathway (OPPP). Photosynthetically
derived NADPH could satisfy these anabolic demands, per-
mitting reduced CO, release in the OPPP; (3) Photorespira-
tion drives NADH production via Gly decarboxylation in
mitochondria; subsequent reduction of hydroxypyruvate in
peroxisomes also requires NADH, yet mitochondria seem-
ingly meet less than half of that demand (Kromer & Heldt
1991b). Any NADH remaining in mitochondria would sup-
plant the NADH yield of catabolic substrate oxidation, per-
mitting less CO, release; and (4) Oxidation of substrates to
provide carbon skeletons for anabolic products typically
generates more NADH than it consumes. This could also
offset catabolic NADH production such that up-regulation
of biosynthesis in the light could reduce CO; release.

The Kok effect —a discrete reduction in the quantum yield,
typically somewhere near the light compensation point — is
another phenomenon that is expressed in the combined
effects of light on R, (Kok 1948). Early experiments found no
Kok effect in low oxygen, suggesting a role for photorespi-
ration (Cornic & Jarvis 1972; Ishii & Murata 1978), but later,
experiments at high CO, found the effect, arguing against
such a role (Sharp, Matthews & Boyer 1984; Kirschbaum &
Farquhar 1987).The current consensus is that the Kok effect
results from a partial inhibition of R, at very low light (Sharp
et al.1984; Kirschbaum & Farquhar 1987). It remains unclear
why this inhibition is relieved so sharply at irradiances c.
10-20 umol m~2 57!, given that R. continues to decline as
irradiance increases up to 200 umol m~ s™' or more (Brooks
& Farquhar 1985; Atkin et al. 2000).

There is much to gain from a better and more integrated
understanding of these phenomena. As these interactions
may not dramatically affect the shape of the responses of
net CO, assimilation rate (A) to CO, or light intensity,
fitting biochemical models of photosynthesis to response
curves may lead to incorrect inferences about photosyn-
thetic parameters and behaviour. In addition, there are
ample reasons to suggest that the factors that reduce R. in
the light may vary in strength over time and as environmen-
tal and phenological conditions change. For example, the
rate of photorespiration is strongly dependent on tempera-
ture (Jordan & Ogren 1984; Brooks & Farquhar 1985), and
the demand for reducing power and carbon skeletons varies
strongly with growth rates, and therefore with season and
phenology (e.g. Lambers, Chapin & Pons 2008).

A more integrated approach to modelling leaf carbon
metabolism can be informed by elements of existing para-
digms. For example, the scaling of respiration with tissue
nitrogen content reflects the large respiratory costs of
nitrate reduction, amino acid synthesis and protein assem-
bly. Separation of respiration into growth and maintenance
components is potentially useful because reductant and
energy demands of growing and mature tissues are quite
different, both qualitatively and quantitatively. This
approach has been hard to implement in practice (Amthor
2000). A third approach, pioneered in a landmark study by
Penning de Vries, Brunsting & Van Laar (1974), is the
notion of stoichiometric flux balance. This approach recog-
nizes that catabolic and anabolic carbon flows — and the
associated CO; and O, flows — are quantitatively coupled to
one another by the cycling of metabolic intermediates,
including reductants and adenylates.

The flux balance approach works as follows: Net flows of
carbon from carbohydrate sources into anabolic products
are taken as inputs. Known stoichiometries of intervening
pathways and cycles link those carbon flows to CO, release
and O, consumption (for example, CO, is released in cata-
bolic oxidation of substrates to generate ATP or NADPH for
anabolism). By assuming that metabolic intermediates in
those pathways and cycles are in a steady state —i.e. the flux
into each intermediate poolis balanced by the flux out of that
pool, regardless of the magnitude of these fluxes — one can
infer total net fluxes of energy, CO, and O, associated with
anabolic carbon flow. Penning de Vries etal. used this
approach to evaluate the metabolic costs of plant tissue
construction.

Here, we outline and test a model of non-
photorespiratory CO, efflux that builds upon the flux
balance approach of Penning de Vries ef al. A significant
difference is that we include photosynthesis and photores-
piration in the spectrum of metabolic processes that influ-
ence CO, and O, fluxes. We formally derive a set of
equations for steady-state reductant and adenylate supply
and demand, and solve them to give a closed form (analyti-
cal) model for CO; release. In the next section, we briefly
describe how we derived, parameterized and applied the
model for this paper (details are given in an Appendix and
in Supporting Information). The rest of the paper describes
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a series of simulations and model experiments. The purpose
of our simulations was to assess the relative importance of
different factors believed to play a role in the suppression of
CO, release by light.

THE MODEL
Overview

The model is derived by creating flux balance equations for
ATP,NADH, chloroplastic NADPH and cytosolic NADPH
and solving them for net non-photorespiratory CO; release.
Each equation consists of numerous terms representing
sources and sinks for ATP, NADH, etc. These terms, which
are defined formally in the Appendix,are listed in Table 1,ill-
ustrated diagrammatically in Fig. 1 and summarized below.

ATP

The ATP flux balance equation includes terms for net ATP
demand by biosynthetic reactions, maintenance processes,
the Calvin cycle and photorespiration, and terms for ATP
supply from photophosphorylation, glycolysis and the TCA
cycle and oxidative phosphorylation. ATP yield from ana-
bolic carbon flow through glycolysis and the TCA cycle is
included in the biosynthetic demand term, which is thus a
net value.

NADH

The equation for net NADH demand includes one con-
sumption term (representing NADH oxidation at the
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mETC) and four supply terms: glycolysis and the TCA
cycle, export of excess chloroplastic NADPH to cytosolic
NADH via the Mal/OAA shuttle, biosynthetic reactions
(which, on balance, produce more NADH than they
consume) and photorespiratory Gly decarboxylation in
mitochondria. Some of the photorespiratory NADH is
shuttled to peroxisomes for hydroxypyruvate reduction,
while a fraction remains in mitochondria; that fraction is
represented as a parameter (fn) in the model.

Chloroplastic NADPH

The equation for chloroplastic NADPH includes demand
terms for biosynthetic processes localized within chloro-
plasts, the Calvin cycle, export of excess photoreductant at
high light and export of reductant to supply the balance of
photorespiratory hydroxypyruvate reduction demand in
peroxisomes. There are two supply terms: thylakoid elec-
tron transport and the chloroplastic OPPP.

Cytosolic NADPH

The equation for cytosolic NADPH includes biosynthetic
demands localized within the cytosol and supply from the
cytosolic OPPP. The leaf composition data used to estimate
anabolic demands for this paper do not include any ana-
bolic products requiring cytosolic NADPH, so this equation
is included only for completeness; it has no bearing on the
simulations or analysis shown in this paper.

Table 1. Supply and demand terms in the flux-balance equations for ATP, NADH and NADPH

Demand terms Supply terms
Energy carrier Symbol Description Symbol Description
ATP By Net biosynthetic demand® 2poR, Oxidative phosphorylation®
M maintenance® Veat glycolysis and TCA cycle®
3V, Calvin cycle® 0.5pe/a photophosphorylation!
3V, Photorespiration®
tS carbohydrate storage/access!
NADH 2R, Mitochondrial electron transport® B, Net biosynthetic supply®
2Veat glycolysis & TCA cycle®
Vix chloroplast redox export®
0.5fm Vs photorespiratory glycine
decarboxylation®
chloroplastic NADPH B, Net biosynthetic demand® 2Vopp Chloroplast oxidative
2V, Calvin cycle® pentose phosphate pathway*
2V, Photorespiration® 0.5/, thylakoid electron transport!
0.5fmVo export for photorespiratory
hydroxypyruvate reduction®
Vix chloroplast redox export*
cytosolic NADPH B. Net biosynthetic demand® 2Vope Cytosolic oxidative

pentose phosphate pathway*

Symbols are defined formally in Tables 2 and 3. Flux balance equations are derived and given in the Appendix.
Superscripts indicate “state variables in the model; ®variables or parameters specified as model inputs; ‘variables calculated from the FCB
model; Y/, actual thylakoid electron transport rate, and carbohydrate storage/access ATP cost, £S, are composite variables that include model

inputs, model state variables and variables from the FCB model.
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Figure 1. Diagram of the model.
Heuristic diagram of the major fluxes of
NADPH, ATP and NADH represented in
the model, as they affect the major

2R components of non-photorespiratory CO,
release. Mathematical expressions for
fluxes are given to assist the reader in
interpreting the model derivation in the
Appendix. Symbols are defined in

Tables 2 and 3 and formal equations
applying these quantities are developed
in the Appendix and Supporting
Information.

Y

Mitochondrial
e~ transport

Carbon flows and CO; release

Several of the supply/demand terms described above are
linked to CO, release. We capture this by expressing those
terms in relation to carbon flows. These flows are ordinated
in a mathematically convenient, but perhaps non-intuitive
way that needs explanation. The first is the flow of carbon
from a carbohydrate source (sucrose, starch or triose phos-
phate [TP]) into anabolic products; this is given the symbol
‘Vana” and is a model input, calculated from estimated ana-
bolic demands as discussed in the Supporting Information.
Although CO, is released as a by-product of anabolic
carbon flow, the amount varies depending on the spectrum
of anabolic products. Thus, we define a second carbon flow
to capture this by-product CO, release; this is given the
symbol ‘Vy,’ and is also a model input estimated from ana-
bolic demands. An important point is that some anabolic
processes also consume CO, (e.g. generation of OAA by
PEP carboxylation); these CO, sinks are included in Vi,
which is thus a net value. The third carbon flow is CO,
release from substrate oxidation in pyruvate conversion
and the TCA cycle. This is given the symbol V., for ‘cata-
bolic’. It includes carbon flow through these reactions only
where all of the source carbon atoms end up as CO-. There-
fore, V=0 does not imply the absence of glycolysis or
TCA cycle activity: carbon may continue to flow through
those reactions to satisfy anabolic demands, but such
carbon flow is captured in V.. The fourth flow is the net
oxidation of carbohydrate to CO, in the chloroplastic OPPP
for NADPH generation; this flow is denoted V. The fifth
is oxidation of carbohydrate to CO, in the cytosolic OPPP,
denoted V. .

This separation of carbon flows into distinct streams does
not represent any separation of biochemical reactions in
space or time; rather, it is a convenient mathematical con-
struction, analogous to parsing a thermodynamic change
into adiabatic and isothermal steps.

Anabolic and maintenance terms

The anabolic supply/demand terms for ATP, NADH, chlo-
roplastic and cytosolic NADPH and CO; (B, B, B, B. and
Vi, respectively), and the maintenance ATP demand term
(M), are specified as model inputs. A brief description of
how we generated these inputs follows (details are given in
the Supporting Information).

First, we used published data to estimate leaf composi-
tion in terms of non-labile anabolic product contents (pro-
teins, lignin and soluble phenolics, total carbohydrates and
organic acids). Second, we converted these leaf composition
data into six alternative sets of anabolic and maintenance-
related demand terms by using published turnover rates
for these products and estimated relative growth rates for
leaves. The six sets represented two alternative scenarios for
nitrogen supply to leaves (nitrate and ammonium; the
former requires additional energy for assimilation), two leaf
maturity levels (young and mature, represented by high and
low leaf relative growth rates, respectively) and two alter-
natives for the ‘mature’ values (one of which is augmented
by amino acid synthesis to represent export to other
tissues). Finally, we used simplified biosynthetic stoichiom-
etries for the biochemical components represented in these
leaf composition data to estimate the net ATP, NADH,
NADPH and CO, demands arising from anabolism to
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Table 2. Anabolic and maintenance supply/demand parameters specified as inputs to the model
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Parameter Symbol Young Mature,exp Mature Dimensions

C flow into anabolic products Vana 1.8912 0.6168 0.3886 umol C m2 s

CO; release as anabolic byproduct Viy 0.2012 0.0556 0.0591 umol CO, m2s™
Anabolic ATP demand B 1.2742 0.3076 0.2489 umol ATP m~2 s
Maintenance ATP demand M 1.1707 1.1707 1.1707 umol ATP m~2s™!
Anabolic NADH supply (NO5") B, 0.2695 0.1642 0.112 umol NADH m~2s™!
Anabolic NADH supply (NH,") 0.4539 0.2827 0.1639 umol NADH m~2s!
Anabolic NADPH demand (NO5") B, 0.9612 0.5458 0.2798 umol NADPH m~2s™
Anabolic NADPH demand (NH,") 0.4082 0.1904 0.1243 umol NADPH m~2 s

The three columns represent different phenological states (young leaves [young|, mature leaves exporting amino acids [mature,exp] and
mature non-exporting leaves [mature]). Two values are given in each case for B, and B, based on nitrogen assimilation beginning from NO3~
or NH4". Cytosolic NADPH demand, B., is not included because the leaf composition dataset used to generate these parameters did not
include any products requiring cytosolic NADPH. The terms for NADH (B,) and CO, (V4y) are given as net supply rather than net demand.

support leaf growth and maintenance (and, in the ‘export-
ing’ scenarios, amino acid synthesis for export). The differ-
ent biosynthetic demands captured by these six alternatives
lead to different relative and absolute fluxes of energy car-
riers, CO, and O,, and these differences in turn affect the
components of respiration and their quantitative interac-
tions with photosynthesis and photorespiration. For
example, fast-growing leaves have a large demand for
reductant for de novo synthesis of amino acids and mem-
brane phospholipids, whereas mature non-exporting leaves
release CO, mainly through substrate oxidation to generate
ATP for maintenance processes (protein reassembly and
ion pumping). The demand terms are given in Table 2.

Solution of the model

The method of solving the model can be understood in two
ways: parity of variables and constraints, or the steps
involved in resolving these variables and constraints. Below,
we briefly explain the solution from each of these view-
points (details are given in the Appendix).

There are four explicit flux-balance equations (ATP,
NADH and chloroplastic and cytosolic NADPH) and six
degrees of freedom (three carbon flows — Vipp, Vope and Vg
— plus O, reduction rate [R,], photoreductant export rate
[Vpx] and the mitochondrial P : O ratio [p,]; po is the number
of ADP phosphorylated per O reduced in the mETC). All
other variables are either calculated directly from the FCB
model or specified as model inputs or parameters. Two addi-
tional constraints are therefore needed. We create one by
applying flux balance to the relationship between chloro-
plastic OPPP activity and thylakoid electron transport. Spe-
cifically, since these two NADPH sources would, in the
light, be linked by a futile cycle of CO, release and fixation,
we hypothesize that carbon flow through the chloroplastic
OPPP is down-regulated in proportion to increasing pho-
toreductant supply at very low light. This constrains V, as
a unique function of potential electron transport rate (J)
and anabolic demand for chloroplastic NADPH (B,). To
create the sixth constraint, we hypothesize that p, can
decline below its theoretical maximum value to maintain

flux balance when NADH supply (i.e. potential mitochon-
drial electron transport rate) exceeds ADP supply (i.e.
potential oxidative phosphorylation rate). This assumes
that non-phosphorylating pathways can be variably
engaged to maintain electron transport when ADP supply is
limited.

The algebraic mechanics of solution involve several steps.
First, we assume that cytosolic NADPH supply and demand
are balanced by regulation of cytosolic OPPP activity; i.e.
Vope = Be. Second, we constrain chloroplastic OPPP activity
(Vopp) as discussed above, to reflect the hypothesized down-
regulation of V,,, when photoreductant is available. This
leaves one free variable in the chloroplastic NADPH flux
balance equation: photoreductant export (Vpx). The third
step is therefore to solve that equation for V,; this recon-
ciles photoreductant flux balance with the potential for
NADPH supply to exceed local demand at high light. The
fourth step is to apply that solution for V,x to the NADH
equation, leaving two free variables in the NADH equation:
O, consumption (R,) and catabolic carbon flow (V). The
fifth step is to solve that equation for R, as a function of V.
The sixth step is to apply the expressions for R, and V to
the ATP equation, leaving it with two variables: V., and p,.
The seventh step is to solve that equation for V., as a
function of p,. Finally, p, is constrained by assuming it
equals its theoretical maximum value unless this would
require Vi, to be negative, in which case Ve, is assumed to
be zero and p, is assumed to decline as needed to satisfy the
equation (i.e. to maintain flux-balance). With all free vari-
ables thus constrained, net non-photorespiratory CO,
release (R.) can be calculated by summing the variables
linked to CO; release (Rc= Ve + Vopp + Vope + Viy). These
steps are elaborated in the Appendix.

ANALYSIS OF THE MODEL’S PREDICTIONS
REGARDING CHANGES IN Rc WITH
PHOTOSYNTHETIC PHOTON FLUX DENSITY

Methods

To assess the relative contribution of different factors to the
suppression of CO, release in the light, we performed a
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series of simulations with the model. Photosynthetic photon
flux density (PPFD) was the independent variable in most
cases. Simulations were repeated using each of the six sets
of anabolic/maintenance demand terms (B,, Bp, B, Vivy and
M) described above. Additionally, we investigated the effect
of possible up-regulation of anabolic demands in the light
by repeating these simulations with anabolic demand terms
four times greater in the light than in darkness (and with
their absolute values adjusted to maintain the same diel
totals, assuming a 12-hour day). Other simulations varied
parameters related to photosynthesis: intercellular CO,
partial pressure (c;), O, partial pressure (O), the ATP : 2e”
ratio for photophosphorylation (p., the number of ATP
generated per two electrons flowing in the linear thylakoid
electron transport chain) and the fraction of photorespira-
tory NADH that remains in mitochondria (f,). The results
of these simulations are described below.

General behaviour of the model

Predicted values for R. and R, in darkness and in high light
(1000 umol m= s7'), % inhibition of R. in high light relative
to darkness, net CO, assimilation rate (A) at high light and
the ratio of net CO; efflux to net O, consumption in dark-
ness and in high light (respiratory and assimilatory quo-
tients, RQ and AQ, respectively) are given in Table 4 for the
alternative anabolic demand scenarios outlined above. R.
varied from 0.06 to 1.11 ymol m™s™' among these simula-
tions, generally scaling with anabolic demands: for instance,
R. was greatest in the dark for young leaves supplied with
nitrate, with anabolic demands equal in the light and dark.
Inhibition of R. in full light ranged from 23.9 to 81.8% for
young leaves, from 64.9 to 90.0% for mature/exporting
leaves and from 62.6 to 86.0% for mature/non-exporting
leaves. R. was predicted to be less inhibited by light in NH,*-
than in NOs -fed plants, because R. in the dark was lower in
NH,*. Mitochondrial O, reduction (R,) was also greatest in
young leaves, but in contrast to R., R, was greater when
NH,* rather than NOs~ was the N source. As a result, RQ
and AQ were much closer to unity when leaves were sup-
plied with NH,* than when supplied with NO5™ (e.g. 1.31
versus 1.98 for RQ in young leaves). The strongest determi-
nant of inhibition of R, in the light, however, was the extent
to which anabolism is assumed to continue in the dark.
Figure 2 shows that the proportional inhibition of R.
increases in saturating fashion with nocturnal anabolic rate
(expressed as a fraction of the diurnal rate).

These point comparisons mask the dynamic response of
R. with respect to PPFD. Figure 3 shows R. and net CO,
assimilation rate, A, as functions of PPFD for the same
permutations of conditions used to generate Table 4. In
most cases, the model predicts an initial rapid decline in
R. at low light (<20 umol m~2s™), followed by a slower
decline wuntil light intensity reaches approximately
40-80 yumol m2s™. The steep decline results from our
model’s assumption that the chloroplastic OPPP is pro-
gressively suppressed as reducing power becomes
available from photosynthetic electron transport; the
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Figure 2. Effect of nocturnal anabolic rate on light suppression
of respiration. Percent inhibition of non-photorespiratory CO,
release, R., at saturating PPFD (1000 yumol m~s™) is shown for
two scenarios: assuming nitrogen is supplied as nitrate (solid line)
or ammonium (dashed line). Each line consists of a series of
simulations, each of which assumed that anabolic rate in the light
was a different fraction of anabolic rate in the dark (between
zero and one, shown on the horizontal axis). The left end of each
line represents a leaf in which anabolism occurs only in the light;
the right end represents a leaf in which anabolic rates are equal
in the light and dark. All other parameters are as given in

Tables 2 and 3.

subsequent decline is less steep because suppression of
CO; release in OPPP, as represented in the model, has a
higher quantum yield than assimilation of CO, in the
Calvin cycle. During the initial steep decline, R. is greater
for NOs™- than NHy"-fed leaves because nitrate assimila-
tion requires substrate oxidation to supply reductant. This
difference quickly disappears as PPFD increases, because
photosynthesis can provide the necessary reductant, and
then the difference reverses because NO;~ assimilation
consumes photoreductant, leaving less excess photoreduc-
tant to suppress catabolic substrate oxidation, as required
by flux-balance. However, net assimilation rates are still
faster in NH,*-fed leaves. In the following sections, we
discuss these features as they arise in relation to different
mechanisms for the suppression of R. by light.

Role of excess photoreductant and
photorespiratory NADH

We assessed the significance of two photosynthesis-related
reductant flows — excess NADPH from chloroplasts, and
photorespiratory NADH retained in mitochondria — in the
suppression of R. by light by comparing the relationship
between R. and PPFD under different sets of conditions
chosen to modulate the rate and significance of photores-
piration (Fig. 4): three values of f;, (0, 0.5 and 1), ¢; (10, 25,
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Figure 3. Effect of anabolism on response of respiration and net CO, assimilation to light. Non-photorespiratory CO, efflux, R. (a—c)
and net CO, assimilation rate, A (d—f) versus PPFD for different simulated regimes of anabolic demand, as affected by three factors: leaf
age, enhancement of anabolism in the light and synthesis of amino acids for export. The assumptions are as follows: (a, d) young leaves,
(b, e) mature exporting leaves, (c, f) mature non-exporting leaves. Solid and long-dashed lines: anabolic demands equal in light and dark;
short-dashed and dash-dot lines: anabolism four times higher in the light (absolute rates adjusted to preserve diel output). Solid and
short-dashed lines: N assimilation from nitrate; long-dash and dash-dot lines: N assimilation from ammonium. Insets in d—f: same
simulations on shorter PPFD scales to show trends at low PPFD. R, and A did not vary noticeably for PPFDs above those shown here.

100 Pa) and O (2,21 and 40 kPa), each for two values of p.
(1.5 and 1.286). For p. = 1.5, neither increased f;,, decreased
¢ or increased O relative to the default values given in
Table 3 had any significant effect on the relationship
between R. and PPFD in young leaves. In contrast, changes
in the opposite direction caused R. to increase with PPFD
between 20 and 120 umol m=2s™L. At low O, (2%) and low fi,
(0), R. subsequently declined to its minimum (maximally
suppressed) value at about 150 umol m=s™!, whereas for
high ¢; (100 Pa), R. remained elevated at high PPFD, rela-
tive to its maximally suppressed value. At low p. (1.286),
however, the increase in R, at low PPFD was evident at all

values of f,, O and c¢;, and the effect was much larger at low
fmand O and high ¢;. In fact, at ¢; = 100 Pa, R, was increased
at high PPFD even relative to its value in darkness. Similar
effects were predicted for mature exporting and non-
exporting leaves (not shown).

The role of p. and the strong dependence on PPFD of
the predicted effect of photorespiratory NADH on inhibi-
tion of R., suggests that the effect involves photosynthetic
adenylate balance. In the model, limited ADP supply
(ATP demand) constrains the capacity of thylakoids to
dissipate excess light energy by exporting NADPH. This
also influences the degree to which ATP generation via
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catabolic substrate oxidation (V) is suppressed by
flux-balance.

Figure 5 shows the underlying dynamics of cellular ade-
nylate balance (net photosynthetic ATP yield, mitochon-
drial ATP yield and ATP demand not arising from the
Calvin cycle or photorespiration), for different values of
pe and c¢i. At normal ¢; (25 Pa) and high p. (1.5), net yield
of ATP from photosynthesis is always non-negative,
and rapidly reaches the maximum value allowed by flux
balance, which is equal to non-photosynthetic ATP demand
(Fig. 5a).For low p. (1.286),net ATP yield of photosynthesis
is negative under light-limited conditions (Fig. 5b).
However, photoreductant export to drive oxidative phos-
phorylation in mitochondria cannot make up for this deficit,
because there is no excess photoreductant under light-
limited conditions. The balance must come instead from
catabolic substrate oxidation. Therefore, the model predicts
a large enhancement (rather than suppression) of R. under
light-limited conditions if p. is low (e.g. at high ¢;; Fig. 4e).

young leaves given in Table 2. Other
parameters were as shown in Table 3.

To summarize, the effects of CO,, O,, photorespiratory
NADH retention in mitochondria and photoreductant
export on the PPFD dependence of R. in the model are
primarily driven by effects of PPFD on photosynthetic
adenylate balance.

Role of changes in anabolic demands and
OPPP activity in the light

As shown by Table 4 and Figs 24, the partitioning of ana-
bolic demands between light and dark periods has a large
influence on predicted effects of light on R.. When biosyn-
thetic rates are assumed to increase fourfold at the dark-to-
light transition, R. is predicted to increase sharply before
being suppressed at higher PPFD by the light-related
reductant flows (discussed above, see insets in Fig. 3d—f).
However, in the opposite limiting case, where anabolic
demands are equal in the light and dark, our model repro-
duces the Kok effect — an apparently discrete drop in the
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Table 3. Model parameters and variables that do not depend explicitly on anabolic demand
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Parameter or variable Symbol  Value or equation Units

Net CO, assimilation rate A Eqn A20 umol CO, m2s7!
Net O, release rate A, Eqn A21 umol O, m™2s~!
Intercellular CO, partial pressure G 25 Pa

Ratio of V, to V. [} 0.21(O/K,)/(cilKe) 0,/CO,

Product of absorbance and max quantum yield f 0.3 e/hv

Fraction of photorespiratory NADH that stays in mitochondria fm 0.5 dimensionless
Fraction of excess thylakoid redox potential dissipated as NADPH export  f; Eqn A9 dimensionless
Potential electron transport rate J OF —(Im+fD)+fIn=0  pmole m=2s™
Actual electron transport rate Ja Eqn AS umol e m~2s™!
Maximum potential electron transport rate I 2.1V umol e m2s7!
Michaelis constant for carboxylation K. 40.49% Pa

Michaelis constant for oxygenation K, 27.840 kPa

Ambient oxygen partial pressure o 21 kPa

ATP yield per 2e” in thylakoid ETC Pe 1.5 ATP/2e”

Actual P : O ratio Do Eqn A17 ATP/O
Maximum P : O ratio Pom Eqn A8 ATP/O
Non-photorespiratory CO, release rate R, Eqn A1l umol CO, m2 s
Mitochondrial O, reduction rate R, Eqn A16 umol O, m™2s™!
Carbohydrate storage and export rate S Ve=0.5Vy— Vana umol CO, m2s™!
ATP cost per C for storing or accessing stored carbohydrate t 1/6if $>0;-13ifS=0 ATP/C

RuBP carboxylation rate V. Eqns A18 and A19 umol CO, m2s™!
Rate of carbon flow dedicated to catabolic substrate oxidation Veat Eqns A13-A15 umol CO, m2 s
Maximum carboxylation rate Vi 23.78 umol CO, m™2s™!
RuBP oxygenation rate Vo oV umol O, m2s7!
Rate of carbon flow through OPPP to CO, Viopp Eqn A3 umol CO, m?s7!
Rate of NADPH export by chloroplasts Vix Eqn A4 umol NADPH m~ s

Simulations shown in this paper used the parameter values above unless otherwise noted in the text. K. and K, values are at 25 °C. Calculation
of ¢ assumes the ratio of Rubisco turnover numbers for oxygenase and carboxylase is 0.21 (Farquhar et al. 1980). (1) (Bernacchi et al. 2001).

quantum yield of CO, (QY) at low light (e.g. Figs 3d,e & 6).
This prediction arises from our hypothesis that OPPP activ-
ity is progressively inhibited by the PPFD-driven increase
in thylakoid reducing power, until thylakoids can satisfy
anabolic reductant demands. For example, the model pre-
dicts that QY declines by half at approximately 7 uE m=s!
for young leaves, 5 uE m™ s~ for mature exporting leaves
and 3 uE m?s™ in mature non-exporting leaves (Fig. 6).
This mechanism for the Kok effect requires that anabolic
reductant demand does not increase substantially within
this range of very low PPFD. We simulated a gradual stimu-
lation of anabolic reductant demand in young leaves by
assuming B, in darkness was one-fourth of the value in full
light, and that B, responded hyperbolically to PPFD with a
‘Michaelis constant’ of 50 uE m=s™": {B, in light} = {B, in
dark} - {1 + 3 - PPFD/(50 + PPFD)}. This produces a 150%
stimulation at 50 uE m2s™! and a 300% stimulation at satu-
rating PPFD. A Kok effect is still clearly evident in this
simulation (dash-dot line in Fig. 6), suggesting our proposed
mechanism for the Kok effect is consistent with a strong
stimulation of anabolic reductant demand at low light.
The potential contribution of suppressed CO, release
from the chloroplast OPPP to the inhibition of R. by light
can be quantified as the ratio of Vi, to R. in the dark, for
leaves with equal anabolic demands in darkness and light.
These values range from 0.19 to 0.49 (19 to 49%) for the
range of conditions used in the simulations shown in Table 4

and Fig. 4; they are smallest in mature/non-exporting leaves
fed NH,* and largest in mature/exporting leaves fed NO;™.

Role of carbohydrate sourcing, export
and storage

Metabolic carbon demands in the light are assumed to rely
on recently fixed TP as much as possible, because of the
ATP costs of storing or exporting TP as sucrose or starch.
Increasing photosynthetic TP output at low PPFD therefore
reduces ATP demand. However, when TP supply exceeds
anabolic demand for carbohydrate, the excess must be
stored or exported, increasing ATP demand. The net effects
on ATP demand are illustrated by short-dashed lines in
Fig. 5, which show changes in non-photosynthetic ATP
demand with PPFD. Biosynthetic and maintenance
demands are constant with PPFD, and the effect of TP use
and storage is the decline up to about 50 umol m2 s (at
¢i=25Pa), followed by a more gradual and saturating
increase. Storage/export costs contribute approximately
25% of total non-photosynthetic ATP demands at high
light in these simulations for young leaves, and about 37%
for mature non-exporting leaves (not shown). However,
excluding these storage/access costs has no effect on R. at
high light, because catabolic substrate oxidation is inhibited
and there is plenty of ATP available from photosynthesis. In
fact, this helps relieve inhibition of R. at high light by 1-4%
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Figure 5. Effect of light on adenylate balance. Effect of
variation in PPFD on components of cellular adenylate balance
in the model: net photosynthetic ATP yield [calculated as

0.5peSa — (3 4+ 3.5¢)-V.]; mitochondrial ATP yield [2poRo + pcVeul;
and non-photosynthetic ATP demand [B;+ M + tS]. Symbols are
defined in Table 3. Simulations were performed for three
different combinations of values of two parameters that influence
adenylate balance: p., the ATP : 2e™ ratio for
photophosphorylation, and c;, the intercellular CO, partial
pressure. (a) p. = 1.5, ¢;=25 Pa; (b) p. = 1.286, ¢; = 25 Pa;

(¢) pe =1.5, ¢; =100 Pa. Anabolic demands were assumed equal in
the light and dark, stoichoimetries were calculated based on N
assimilation from nitrate, and simulations used demand vectors
for young leaves in Table 2. Other parameters were as shown in
Table 3.

(more in young leaves, less in mature leaves) because those
costs contribute to R, in the dark. However, if nocturnal
starch breakdown were augmented in our model such that
included anabolic demands were augmented by export
demands equal to the rate of storage/export (S) at high light
(that are not currently included), then total nocturnal ATP
demand would be increased by a factor of 3—4 in young
leaves. Thus, storage/export costs may contribute ~5-15%
to suppression of R. in the light. Proper treatment of this
question may require dynamic simulation of starch pools.

Predicted dynamics of P : O ratio and
engagement of alternative electron sinks

The model predicts that catabolic substrate oxidation, Ve,
declines to zero in the light in many cases, due to availability
of reductant or ATP from other sources. When those
sources continue to increase even after Vi, is fully inhib-
ited, ATP supply will exceed demand unless the P : O ratio
(po) for oxidative phosphorylation is reduced to less than its
theoretical maximum value (pom).

Flux-balance thus requires engagement of one or more of
several mechanisms to reduce proton transport relative to
electron flow in the mETC: oxidation of NADH at dehy-
drogenases other than Complex I (the latter leads to the
transport of four more protons than other dehydrogena-
ses), alternative oxidase or uncoupling protein. Addition-
ally, adenylate flux balance places an upper limit on
photoreductant export, because whole-chain thylakoid
electron transport is inextricably coupled to photophospho-
rylation. This limits the fraction (fy) of excess thylakoid
reducing potential that can be dissipated by NADPH
export. Figure 7 shows the model’s predictions for p,, pom
and f for young leaves. The model predicts that p, remains
at pom when photosynthesis is light-limited, but that p,
declines to zero during the transition to carboxylation limi-
tation. This is required because excess photoreductant and
ATP supply from photosynthesis require a steep decline in
mitochondrial ATP yield to maintain flux balance. At higher
light, f; is constrained to decline with increasing PPFD as
well, reaching 0.16 at 1000 umol m2s7!. At low p. (Fig. 7b),
these trends are qualitatively similar, but the curves are all
shifted to higher PPFD, due to reduced ATP yield from
photosynthesis. At ¢;=100 Pa (Fig. 7c), leaves are never
carboxylation-limited, so p, remains at p,m and f remains at
1.0 for all PPFDs. Simulations of p,, pom and f; for mature
exporting leaves and mature non-exporting leaves were
nearly identical to those for young leaves (not shown).
Changing from NO;™ to NH," supply shifted curves slightly
to the right when p. = 1.5, but had the opposite effect when
pe=1.286 (not shown).

Sensitivity to anabolic supply/demand
parameters

We assessed model sensitivity to variations in the parameters
describing anabolic and maintenance demands (Vana, Voy, B,
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Table 4. Model predictions for respiratory CO, release (R., yumol m™2s™) and O, consumption (R,, umol m2s™) in the dark and light,
net CO, assimilation (A, yumol m™s™") in the light, ratio of net CO, to O, exchange in the dark and light (RQ and AQ, respectively), and

inhibition of respiration in high light {% inhib, 100 - [1 — R.(light)/R.(dark)]}

Leaf Dark ana. N R (dk) R, (dk) RQ R, (It) R, (1t) AQ A (It) % inhib
Y high NO;5~ 1.11 0.56 1.98 0.20 0.93 0.90 5.18 81.8
Y low NOs5~ 0.57 0.35 1.63 0.32 0.91 0.85 5.06 43.1
Y high NH,* 0.75 0.57 1.31 0.20 1.30 0.97 5.18 73.1
Y low NH,* 0.42 0.35 1.20 0.32 1.50 0.95 5.06 23.9
MX high NOs5~ 0.55 0.31 1.80 0.06 0.83 0.96 5.33 90.0
MX low NO;5~ 0.35 0.25 1.40 0.09 0.76 0.93 5.30 74.3
MX high NH,* 0.32 0.31 1.03 0.06 1.07 1.00 5.33 82.8
MX low NH, 0.25 0.25 1.02 0.09 1.14 1.00 5.30 64.9
M high NO;5~ 0.42 0.28 1.51 0.06 0.93 0.97 5.33 86.0
M low NO;5~ 0.29 0.24 1.24 0.09 0.92 0.96 5.29 67.7
M high NH,* 0.32 0.28 1.14 0.06 1.03 0.99 5.33 81.7
M low NH,* 0.25 0.24 1.07 0.09 1.08 0.99 5.29 62.6

Under leaf, Y, MX and M refer to simulations that used anabolic demand terms for young, mature-exporting and mature non-exporting leaves,
respectively, as given in Table 2. Under dark ana. (dark anabolism), high refers to simulations assuming equal anabolic rates in the dark and
in the light, and low refers to simulations assuming fourfold higher anabolic rates in the light, with absolute demands adjusted to conserve total
diel output for a 12-hr light period. N refers to nitrogen supply (nitrate vs. ammonium) assumed for amino acid biosynthetic stoichiometries.
Predictions used parameter values given in Tables 2 and 3. Values in the light are at a photosynthetic photon flux density of 1000 ymol m=s7%.
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Figure 6. Effect of anabolic demand on apparent Kok effect.
Relationship between net CO, assimilation rate (A) and PPFD at
very low light, showing an apparent Kok effect (discrete decline
in quantum yield of A at low PPFD). Simulations were repeated
under four different sets of assumptions governing anabolic
demands. Three of these assumed that anabolic demands were
equal in the light and dark: (solid line, Y), young leaves.
(long-dash line, MX), mature leaves synthesising amino acids for
export. (short-dash line, M), mature leaves not synthesizing
amino acids for export. The fourth simulation, represented by the
dash-dot line and symbolized ‘Y + stim’, used anabolic demands
for young leaves but further assumed that anabolic demand is
progressively enhanced by PPFD, such that demand increases by
150% at a PPFD of 50 umol m™ s as compared to darkness. In
the model, the Kok effect is caused by a progressive suppresion
of oxidative pentose phosphate pathway activity in proportion to
increasing thylakoid reducing power. In all simulations,
stoichoimetries were calculated based on N assimilation from
nitrate.

M, B, and B,) by measuring elasticity of output variables
with respect to these parameters [elasticity of y with respect
to x is the relative change in y observed in response to a
relative change in x;i.e. (6y/y)/(x/x) or dlny/dlnx].

Four output variables were used (Table5): R. in the
dark, R. at 1000 umol m=s™!, proportional inhibition at
1000 umol m2s™! and the PPFD at which catabolic sub-
strate oxidation was fully inhibited. These calculations used
simulations for young leaves under nitrate supply, with
equal anabolic demands during day and night. The value of
R. at saturating light was insensitive to all supply/demand
parameters except Vi, (CO, efflux as a by-product of
anabolic carbon flow), for which the elasticity of R, was 1.
As a result, inhibition was also most sensitive to Vi,
(elasticity = -0.18). Among other parameters, chloroplastic
NADPH demand (B,) had the strongest effects on R in the
dark and on % inhibition (elasticities of 0.43 and 0.10,
respectively), followed by biosynthetic ATP demand (B;)
(elasticities of 0.20 and 0.05, respectively). NADPH
demand also had the strongest effect on threshold PPFD for
non-phosphorylating electron flow in the mETC (elastic-
ity =—6.92); net anabolic NADH generation had a similar
but smaller effect (—=3.00), whereas B, had a strong effect in
the opposite direction (+4.79).

These results suggest that changes in leaf composition
and/or metabolic demands that increase ATP demand,
such as increased protein, polysaccharide or phenolic
synthesis, or decreased fatty acid or terpenoid synthesis,
will reduce the need for engagement of alternative
oxidase and uncoupling protein. Conversely, changes that
increase net anabolic NADH yield or NADPH demand
relative to ATP demand, most notably including increased
fatty acid or terpenoid synthesis, will enhance AOX
requirements.
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DISCUSSION

Our model predicts highly variable suppression of R. in
high light, ranging from 24 to 90%. Consistent with these
predictions, measured inhibition of R. in the light varies
widely. For example, 85% inhibition has been recorded for
Spinacia oleracea L. (Brooks & Farquhar 1985), 30-70%
inhibition for mature Eucalyptus pauciflora Sieb. ex Spreng.
(Atkin et al. 2000), 3-39% inhibition for 4-month-old E.
pauciflora (Kirschbaum 1984), 43-72% inhibition for Nic-
otiana tabacum L. leaves at low irradiance (140 uE m™s™)
(Atkin, Evans & Siebke 1998), 36% for young leaves and
81% inhibition for mature leaves of Heteromeles arbutifolia
and 62% inhibition for medium-aged leaves of Lepechinia

Figure 7. Effect of light on mitochondrial P : O ratio and
photoreductant export. Conditions influencing the engagement of
alternative oxidase (AOX) or other non-phosphorylating
pathways in mitochondrial electron transport were probed by
simulating effects of light on the maximum and actual P : O ratio
(pom and p,, respectively; solid and long-dash lines) and on the
fraction of excess thylakoid reducing potential dissipated via
NADPH export (fi, short-dash line). Reduction of p, below pom
implies engagement of non-phosphorylating pathways; similarly,
reduction of f; below 1 implies a reduced capacity of
mitochondria to act as electron sinks for excess photoreductant.
These simulations were repeated at high and low p. and ¢, as in
Fig. 5, to assess the effect of photosynthetic adenylate balance on
AOX engagement: (a) p.=1.5, ¢;=25 Pa; (b) p. =1.286,

¢i =25 Pa; (c) p.=1.5, ¢;=100 Pa. Anabolic demands were
assumed equal in the light and dark, stoichoimetries were
calculated based on N assimilation from nitrate, and simulations
used demand vectors for young leaves in Table 2. Other
parameters were as shown in Table 3.

fragrans (Villar et al. 1995). Below, we discuss various expla-
nations for these phenomena in relation to our model.

The role of variation in anabolic demands

In our model, the most important factor in explaining this
variability is variation in anabolic demands, both among
leaves in differing stages of development and between light
and dark conditions. For example, the model predicts
greater inhibition in mature leaves (65-90%) than in young
leaves (35-82%), consistent with the data of Villar et al.
(1995). In our model, this effect can be traced to two factors.
First, mature leaves have smaller anabolic demands for
reductant. At high light, excess photoreductant exported to
the cytosol as NADH offsets the NADH yield from glyco-
lysis and the TCA cycle; therefore, in order to maintain flux

Table 5. Elasticities of model outputs with respect to anabolic
and maintenance supply/demand parameters, calculated as the %
change in the model output given in the first row in response to a
1% increase in the anabolic supply/demand parameter given in
the left column

R.(dark)  R. (light) % inhib  AOX PPFD
Vana 0.10 0.00 0.02 -1.33
Viy 0.18 1.00 -0.18 0.00
B, 0.20 0.00 0.05 479
M 0.19 0.00 0.04 439
B, -0.11 0.00 ~0.02 -3.00
B, 0.43 0.00 0.10 -6.92

Parameters in the left column are defined in Table 2.

Model outputs: R. (dark): R. in the dark; R. (light): R. at
PPFD = 1000 uE m™2s™; % inhib: % inhibition of R. at
1000 umol m~? s™'; AOX PPFD: PPFD at which catabolic substrate
oxidation is fully suppressed, requiring engagement of non-
phosphorylating pathways such as alternative oxidase (AOX) to
maintain electron flow for NADH flux balance. Simulations were
for young leaves with N supplied as nitrate; all other parameters as
given in Tables 2 and 3.
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balance for NADH, mature leaves in high light must have a
lower rate of catabolic substrate oxidation, and therefore
less CO, release. By contrast, young leaves consume more
of this excess photoreductant in anabolic processes — reliev-
ing some of the potential suppression of R.. Second, ana-
bolic carbon flow also releases CO, as a by-product, and
that CO, release (Vyy in our model) is a much larger fraction
of R. in the dark for young leaves because of their greater
anabolic carbon flow. Since Vi, is not subject to suppression
by PPFD, the fraction of R. subject to inhibition by light is
smaller in young leaves. For example, our model predicts
greater inhibition of R. when anabolic carbon flow is equal
in the light and in the dark (73-90%) than when anabolism
is assumed to be up-regulated in the light by a factor of four
(24-74% suppression of R.).

It is difficult to generalize about diel variation in anabolic
demands. One component, in particular nitrate assimilation,
is a major sink for reductant in the light (Bloom et al. 1989),
and nitrate reductase activity is strongly enhanced by light
both at the transcriptional and translational levels (Kaiser,
Weiner & Huber 1999; Sherameti et al. 2002; Stitt et al.
2002). Nitrogen assimilation is also suppressed by a reduc-
tion in carbohydrate status (Fritz et al. 2006), and therefore
by the duration of the dark period. Nevertheless, nitrate
reduction often continues in the dark, albeit often at
reduced rates (9-76% of diurnal rates in a range of species
[Reed et al. 1983]; ~50% [Aslam et al. 1979] or 88% [Bloom
et al. 1989] in Hordeum vulgare L.). In species that perform
little or no nitrate reduction in leaves, amino acid synthesis
in leaves does not, in principle, require light. Additionally,
Fritz et al. (2006) found that glutamate levels were con-
served over the diel cycle and aspartate synthesis was
increased in the dark relative to the light in tobacco. Some
of the citrate required for glutamate synthesis is generated
in the dark and stored in vacuoles (Scheible, Krapp & Stitt
2000; Urbanczyk-Wochniak et al. 2005), which may contrib-
ute to the temporal stability of glutamate concentrations
(Tcherkez & Hodges 2008). These observations could be
applied to our model by separating these steps before cal-
culating anabolic demand terms, which would shift signifi-
cant NADH and ATP yield (arising from C flow to citrate)
from the light to the dark — as well as possibly decreasing R.
in the dark and enhancing it in the light. The model’s pre-
dictions about mitochondrial oxygen consumption (R,) are
also sensitive to N assimilation. For example, lesser R, and
greater RQ are predicted for nitrate than ammonium nutri-
tion (Table 4). This is consistent with data of Bloom et al.
(1989) on H. vulgare, and it reflects the diversion of reduc-
tant from the mETC to NOjs™ reduction. The recent emer-
gence of high resolution differential oxygen analysers (e.g.
Willms et al. 1997; Kruse & Adams 2008) makes it possible
to begin investigating these processes more widely.

Potential suppression of R. in the light may also be
related to other aspects of leaf gas exchange, including noc-
turnal transpiration and net diurnal carbon gain. For
example, nitrogen assimilation is strongly influenced by N
supply (Stitt et al. 2002; Fritz etal. 2006) and can be
influenced by the rate of N delivery in the transpiration
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stream (McDonald, Erickson & Kruger 2002) suggesting
that nocturnal respiration linked to N assimilation may be
associated with nocturnal transpiration. This is consistent
with the hypothesis that nutrient delivery is an important
function of nocturnal transpiration (McDonald et al. 2002;
Caird, Richards & Donovan 2007). Additionally, there is
evidence that nocturnal transpiration scales with total pho-
tosynthetic carbon gain during the previous day (Easlon &
Richards 2009), leading to a hypothesis that nocturnal tran-
spiration is regulated to match nitrogen delivery with
supply of respiratory substrates.

Other evidence points to a link between diurnal carbon
gain and nocturnal respiration (and therefore potential %
suppression of R. in the light). Steady-state respiratory
CO; release in the dark is typically correlated with sucrose
concentrations (e.g. Gessler et al. 2007) and is greater after
a period of illumination than after an extended period
of darkness, both of which have been taken as evidence of
dependence on carbohydrate concentrations (Azcén-Bieto
& Osmond 1983; Atkin et al. 1997). This may result at
least partly from the ATP costs of sucrose export. It is
well established that carbohydrate metabolism in leaves
tends to be regulated such that sucrose export from source
leaves is relatively stable over a diel cycle (Buchanan,
Gruissem & Jones 2000). Although our model implicitly
includes nocturnal starch degradation for anabolic carbon
flow (production of C skeletons), it does not include noc-
turnal export per se. Adding nocturnal ATP export costs
equivalent to predicted export rates under high light con-
ditions enhances R. by ~10% in the dark (not shown), sug-
gesting that nocturnal carbohydrate metabolism for export
may play a significant, if not dominant, role in suppre-
ssion of R. in the light in source leaves. Experiments to
measure suppression should control for variations in
diurnal carbon gain in the days before and during respi-
ration measurements.

Another feature of our model — the Kok effect — is also
sensitive to variation in anabolic demands with PPFD. The
model reproduces the Kok effect by assuming that OPPP
activity is progressively suppressed in very low light, as
photoreductant supply increases. This hypothesis is sup-
ported by data from Chlamydomonas reinhardtii, a single-
cell alga (Farr, Huppe & Turpin 1994), showing inhibition of
chloroplastic G6PDH in very low light (5-30 umol m™s™).
It is also consistent with findings that photorespiration is
not centrally involved in the Kok effect (Kirschbaum 1984,
Sharp et al. 1984). This hypothesis requires that, if anabolic
demands are enhanced by light, enhancement is much
weaker than inhibition of chloroplastic G6PDH at low
light. Our simulations suggest that a doubling of anabolic
demand between 0 and 50 umol m2s™ PPFD does not
eliminate a substantial Kok effect in young leaves with
strong anabolic demands (Fig. 6). These predictions again
highlight the need to better characterize variation in ana-
bolic carbon flow with PPFD, especially in very low light.
Our hypothesis regarding the cause of the Kok effect also
suggests that its magnitude should scale with anabolic
demands in the dark, because those demands determine
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rates of CO, release from the OPPP in the dark. This is
consistent with data showing the Kok effect scales with
rates of dark respiration (Sharp et al. 1984), although it is
unclear whether variation in dark R. in those experiments
resulted from differences in anabolism. We emphasize that
the Kok effect arises in our model from a hypothesis about
the regulation of the OPPP with respect to thylakoid e~
transport, and that the model’s phenomenological similarity
to real leaves does not prove the hypothesis.

The role of direct interactions with
photosynthesis and photorespiration

The model suggests that mitochondrial function is often
required to oxidize excess photoreductant. Most available
data are consistent with this prediction (Saradadevi &
Raghavendra 1992; Raghavendra, Padmasree & Saradadevi
1994; Hurry et al. 1995). Oligomycin, which inhibits mito-
chondrial electron flow by blocking the dissipation of
proton gradient through ATPase, reduces photosynthetic
rates at even moderate irradiances (mesophyll protoplasts
of barley, Kromer & Heldt 1991a; mesophyll protoplasts of
pea, Saradadevi & Raghavendra 1992; e.g. leaves of rye,
Hurry et al. 1996). The latter authors reported increased
photoinhibition under very high light for leaves treated
with a range of mitochondrial electron transport inhibitors,
including oligomycin (Saradadevi & Raghavendra 1992).
That different inhibitors produce similar effects argues
against artefacts as results of side effects of inhibitors.
Photoinhibition also involves ATP-dependent repair of
reaction-centre D1 protein (Krause 1988; Greer, Ottander
& Oquist 1991). This is not explicitly included in our model,
albeit that additional ATP demand would enhance capacity
for photoreductant export, and thus act as a negative feed-
back on photoinhibition. Enhanced photoinhibition in CO,-
limited conditions, such as when c; is limited by reduced leaf
conductance in low humidity or drought, is due partly to
reduced ability of carboxylation to consume photoreduc-
tant (Epron 1997). Our model is consistent with this obser-
vation as well, because increasing c¢; reduces both
photoreductant export and suppression of R. in the model
(Figs 4b & 5).

Reduced ¢; enhances photorespiration and thus NADH
production from Gly decarboxylation in mitochondria. The
NADH thus produced can contribute electrons to the
mETC, provided a fraction (f,) of it is not transported to
peroxisomes for hydroxypyruvate reduction but instead
remains in mitochondria. Raghavendra, Reumann & Heldt
(1998) demonstrated the feasibility of NADH transport to
peroxisomes, and measurements suggest that 25-50% of
photorespiratory NADH is exported (Kromer & Heldt
1991b; Hanning & Heldt 1993). This gives f;, = 0.5-0.75 (cf.
our default value of 0.5). Reduction in f;, below this value
substantially relieves inhibition of R. (Fig. 4a), but only to
the extent that photosynthesis is light-limited. Excess pho-
toreductant is available under light-saturated conditions, so
exported photorespiratory NADH simply ‘redirects’ (in a
flux-balance sense) those photosynthetically derived

electrons from hydroxypyruvate reduction to the mETC.
The model predicts therefore that reduced ¢; can enhance
suppression of R. at all irradiances, but more so at low to
intermediate irradiances, due to the involvement of photo-
respiratory NADH.

The relationship between photorespiration and non-
photorespiratory CO, release was recently investigated
in labelling experiments by Tcherkez and colleagues
(Tcherkez et al. 2008). They found that photorespiratory
conditions increased decarboxylation of labelled pyruvate
fed to cocklebur (Xanthium strumarium L.) leaves. The
authors interpreted their results as evidence of en-
hanced TCA cycle activity to generate o-ketoglutarate for
glutamate synthesis, to support faster photorespiratory
glycine—serine cycling. As discussed above, our model pre-
dicts the opposite: enhanced photorespiration should sup-
press non-photorespiratory decarboxylation, because of
the increased supply of NADH in the mitochondrial
matrix. The discrepancy may result partly from our model’s
flux balance premise: photorespiration generates no net
Glu demand, nor therefore any enhancement of steady-
state TCA carbon flow. However, the transient increase in
CO; release resulting from Glu synthesis to increase Glu
pool size should be on the order of 120 umol m~ at most
[this assumes a leaf Glu content of 3.0 yumol g™! fresh wt,
the maximum value reported by Tcherkez et al. (2008); a
net release of one CO, molecule per Glu synthesized,
which assumes OAA is regenerated by carboxylation of
PEP; and a specific leaf area of 0.04 m?> g”!, reported by
Anten & Hirose (1998) for the congener Xanthium
canadense]. This corresponds to 20 min of enhanced CO,
release at the reported level (~+0.1 umol m~2 s7). It is pos-
sible that pool sizes of other TCA cycle intermediates also
require enhancement to support higher rates of photores-
piratory metabolism. Nevertheless, this example demon-
strates the utility of an integrative flux-balance model such
as ours, both in providing an objective check against intu-
ition when interpreting surprising results, and in providing
a quantitative framework that can be transparently modi-
fied to accommodate new knowledge about metabolic
interactions like those examined by Tcherkez et al. (2008).

Implications for non-phosphorylating
electron flow

Our model predicts that a large part of carbon flow through
the TCA cycle — specifically, the part that we distinguish as
catabolic substrate oxidation, V., to differentiate it from
TCA activity linked to anabolism — must be suppressed in
the light to maintain adenylate balance [It is important to
note that this does not imply the absence of decarboxyla-
tion in pyruvate conversion or the TCA cycle: on the con-
trary, such carbon flow is required to supply C skeletons for
anabolic activity in the light (Raghavendra & Padmasree
2003). CO; release associated with the latter C flow is rep-
resented by the term Viy.]. When Vi, is 100% suppressed,
adenylate balance requires that any further increase in elec-
tron flow to the mETC is coupled to a decline in the P: O
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ratio (p,), either by dissipation of proton gradients via
uncoupling protein, or by diversion of electrons through
non-phosphorylating pathways terminating at alternative
oxidase. Under typical conditions for a young leaf with high
anabolic demands, our model suggests that these mecha-
nisms must begin to reduce p, at a fairly low PPFD, at the
beginning of the transition to Rubisco limitation (about
100 umol m=2 s! for the parameters in Table 3). These tran-
sitions are predicted to occur at lower PPFD for low c;, or
for leaves with lower anabolic demands, whereas at high ¢;
(100 Pa), p, never declines below its maximum value
because photosynthesis remains light-limited (Fig. 7b). This
has a variety of implications for ecological correlates of
AOX utilization. It is consistent with findings that electron
flow through AOX increases under water stress conditions
in soybean leaves (Ribas-Carbo efal. 2005) and wheat
leaves (Bartoli ef al. 2005). The latter authors also found
that AOX involvement enhanced photosynthetic electron
transport. However, in darkened leaves of Pinus radiata,
Kruse & Adams (2008) found greater AOX involvement in
young, expanding foliage, which should have much greater
anabolic demands. Our model does not predict a reduction
in p, below its 100%-COX maximum value (pom) in the
dark, using the anabolic demand profiles given in Table 2.
However, if a biosynthetic requirement for 30% terpenoids
(by dry weight) is added to simulate large NADH yield as a
by-product of anabolic carbon flow through glycolysis to
acetyl-CoA (the starting point for terpenoid biosynthesis),
then the model does in fact predict greater AOX engage-
ment for young than mature leaves (not shown). This effect
arises because terpenoid synthesis yields a great deal of
ATP and NADH, both of which must suppress catabolic
substrate oxidation to maintain flux balance. More gener-
ally, our analysis of the model’s sensitivity to variation in the
anabolic demand/supply parameters (Table 5) indicates
that variations in ATP, NADH and NADPH supply and
demand have a strong effect on the threshold PPFD for
AOX involvement. Together, these results emphasize that
‘biochemical profiles” of plant tissues are critical determi-
nants of AOX engagement.

The reductant demands of nitrate assimilation have
a somewhat paradoxical effect on predicted non-
phosphorylating electron flow. By consuming reductant that
may otherwise increase mitochondrial electron flow inde-
pendent of ATP demand, one may expect NO;™ assimilation
to alleviate reductions in p, associated with photoreductant
flows. Indeed, Escobar, Geisler & Rasmusson (2006) found
that in Arabidopsis thaliana, AOX genes were up-regulated
in response to NH4* nutrition, but down-regulated in
response to NO;™ nutrition. Our model predicts that the
effect of NH4* nutrition on P : O ratio, and thus presumably
on AOX activity, depends on the ATP:2e" ratio (p.) in
photosynthesis. Thylakoid electron transport for NO,
reduction is inextricably coupled to photophosphorylation,
increasing chloroplastic ATP yield. If p. is large, ATP supply
exceeds demand, driving down the P : O ratio; if p. is small,
this effect is overridden by the effect of reductant consump-
tion by NO; assimilation on the P:O ratio. These
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considerations are exemplified by the predicted effects of p.
on mitochondrial O, consumption (R,) in the light in young
leaves under NOs™ nutrition: reducing p. from 1.5 to 1.286
more than doubles R,, from = 0.93 to 2.43 umol m~ s (not
shown). We conclude that the role of N nutrition in light
inhibition of R. and stimulation of non-phosphorylating
pathways in mitochondria may depend critically on the
actual value of p., and on whether a plant is grown and
studied in light-limited or light-saturated conditions.

Importance of the photosynthetic
ATP : 2e™ ratio (pe)

The model’s sensitivity to the numerical value of p. also
arose in other simulations (Figs 4, 5 & 7), highlighting this
parameter’s critical importance for understanding how res-
piration and photosynthesis interact.

Our default value of 1.5 is based on consensus values of 3
for the H'/e™ ratio and 4 for the H"/ATP ratio (Haraux & de
Kouchkovsky 1998; Heber 2002). However, the latter
assumes three turns of ATPase per ATP, one H* per subunit
per turn, and 12 subunits; Seelert et al. (2000) observed
spinach ATPase with 14 subunits rather than 12, which
would increase the H'/ATP ratio from 4 (12/3) to 4.67 (14/3)
and reduce the p. ratio to 1.286 (18/14). Postulated cyclic or
pseudo-cyclic electron transport would also increase pe.
Given the central role of adenylate balance in respiration—
photosynthesis interactions in our model, we need greater
clarity about the actual value of p.. Critically, however, our
model predicts that ATP yield from photosynthesis will be
positive under most light-saturated conditions for either p.
value, and at all positive PPFDs for p. = 1.5. The latter may
seem surprising, given that p. needs to equal about 1.55 to
balance ATP and NADPH requirements in the Calvin cycle
and photorespiration at 21 kPa O, and 25 Pa ¢;. There are
two explanations for this. First, in the model, photoreduc-
tant is diverted to peroxisomes to compensate for the
photorespiratory NADH that remains in mitochondria.
Eliminating this diversion by setting f, =0 substantially
reduces the net ATP yield of photosynthesis (not shown).
Secondly, the photosynthetic electron flow required to
satisfy anabolic demands in the light also necessarily yields
ATP. When considering stoichiometric requirements of the
Calvin cycle in real leaves, it may be necessary to account
for these Calvin cycle-independent photoreductant sinks
and ATP sources (Noctor & Foyer 1998).

Mechanisms for subcellular adenylate and
reductant coupling

Our model does not specify the shuttling mechanisms by
which subcellular adenylate, reductant and carbon skeleton
pools are coupled to balance supply and demand at the
cellular level. Potential coupling mechanisms have been
discussed by numerous recent reviews on mitochondria—
chloroplast interactions (Kromer 1995; Hoefnagel et al.
1998; Raghavendra & Padmasree 2003). Here, we discuss
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them briefly to highlight how the model could be elabo-
rated to reflect new data and understanding of transport
processes. Chloroplasts can import ATP rapidly via the
DHAP/3-PGA shuttle, but they have a much smaller capac-
ity for ATP export than mitochondria (Hoefnagel et al.
1998). Our model does not explicitly limit ATP export per se
from chloroplasts. However, under high light conditions,
photophosphorylation is limited by demand, so the model
requires chloroplasts to export ATP only under light-
limited conditions, and only if the ATP : 2e” ratio and the
rate of anabolic consumption of photoreductant are both
sufficient to yield a surplus of ATP in the Calvin cycle. Such
a non-exportable surplus would reduce the sensitivity of
both R. and thylakoid electron transport to PPFD at low
light. This again begs clarity around the numerical value of
pe. The model assumes that excess photoreductant is
exported to the cytosol, generating NADH that reduces
either O, (in mitochondria) or hydroxypyruvate (in peroxi-
somes). Chloroplasts can export reducing power via
either the DHAP/3-PGA shuttle or the Mal/OAA shuttle
(Kromer 1995; Hoefnagel et al. 1998); the former shuttles
NADPH to the cytosol at the cost of one ATP, whereas the
latter incurs no such cost. Our model assumes that only the
Mal/OAA shuttle operates. Mitochondria can import or
export redox equivalents by Mal/OAA cycling as well. It is
conceivable, although we are unaware of any evidence to
this effect, that the sizes of carbon pools involved in these
shuttles could limit their activity. Such a limitation is most
likely to arise given a large anabolic demand for carbon
skeletons. Even so, a small and transient anapleurotic
carbon flow could remedy any limitation of activity.

Some thoughts on the nature of our model

A natural challenge to our model, and thus to any infer-
ences drawn from it, is that it is not based explicitly on
biochemical kinetics. Here it differs from the FCB model
(Farquhar et al. 1980). This has two implications: (1) our
model cannot readily accommodate kinetic or capacity limi-
tations on flows through various metabolic pathways nor,
therefore, effects of temperature on kinetics; and (2) our
model implicitly contains a broader set of assumptions than
those that are explicitly stated in its development — namely
that the enzyme activities and substrate and cofactor con-
centrations that determine the rates of every reaction
sequence in leaf carbon metabolism are coordinated so as
to maintain a metabolic flux-balance consistent with the
imposed vector of anabolic and maintenance demands. A
corollary challenge is that it may seem philosophically
inconsistent to combine a kinetic model like FCB with a
non-kinetic model. We offer several thoughts in support of
the usefulness of our approach, as it relates to these chal-
lenges. First, FCB modelled a process that is directly limited
by two measurable external resource supplies (CO, and
light), and that is relatively linear compared to the rest of
carbon metabolism. In comparison, respiratory metabolism
in leaves is so highly complex and so high-dimensional that
a rigorous, integrated kinetic model is such a challenge that

it will likely remain elusive for some years to come. An
analytical kinetic model may never be possible. Secondly,
FCB is also partly based on flux balance, via the assump-
tions of constant total pyridine nucleotide pool size
[(NADPH) + (NADP*)], and of steady state for Calvin
cycle intermediates despite large changes in concentrations
of some intermediates, notably RuBP and 3-PGA, being
implicit in the model’s derivation.

Thirdly, the available evidence suggests that the many
kinetic constraints on metabolic carbon flow are exquisitely
coordinated (Raghavendra & Padmasree 2003; Noctor, De
Paepe & Foyer 2006; Rasmusson & Escobar 2007). Any
effective model of respiration should at least attempt to
capture this coordination. This could be done from the
bottom up, by explicitly describing the many regulatory
‘throttles’ available to plant cells — for example, control of
mitochondrial electron transport and reactions of glycolysis
by adenylates, negative feedback inhibition of mitochon-
drial NAD(P)H dehydrogenases by NADH, redox regula-
tion of alternative oxidase, and inactivation of pyruvate
decarboxylase in the light by phosphorylation. We refer
readers to the several excellent reviews and textbooks on
the subject (Buchanan et al. 2000; Atkin & Tjoelker 2003;
Noctor et al. 2006; Plaxton & Podesta 2006; Rasmusson &
Escobar 2007; Lambers ez al.2008). Our model captures this
coordination from the top down, by applying a single syn-
thetic hypothesis, rather than by attempting to describe this
vast array of regulatory processes.

Alternatively, if the input parameters describing anabolic
and maintenance demands are viewed as empirical con-
straints, then the many implicit assumptions about meta-
bolic coordination are necessarily correct — that is, they are
corollaries of the assumed biosynthetic stoichiometries. The
challenge then is to exclude demand vectors that are not
realistic because they impose flux balance demands on
metabolism that cannot be met due to internal kinetic or
capacity constraints. From this perspective, our model is a
tool for deducing the implications of hypotheses about
intracellular energy and carbon flows. It is another matter to
extend the model to a predictive regime in which demands
estimated from leaf composition can be used to predict and
attribute CO, fluxes. That would require, at a minimum,
better estimates of the diel variation in anabolic rates, and
in the spectrum of anabolic products.

Ultimately, we feel that our model should be viewed as a
research tool whose purpose is to focus questions that, if
answered by experiment, will improve our ability to reliably
attribute and predict CO, fluxes in intact leaves and at
larger scales.

CONCLUSIONS

A stoichiometric flux balance model of leaf respiration,
coupled to a biochemical model of photosynthesis, repro-
duces many generic features of the suppression of non-
photorespiratory CO, efflux (R.) by light. These include
highly variable suppression by light, enhanced suppression
in leaves with low anabolic demands, a two-phase decline in
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R. that is steep at very low PPFD and more gradual at
moderate PPFD, reduced O, consumption and enhanced
CO; release during nitrate reduction and a Kok effect (dis-
crete change in apparent quantum yield at low PPFD) that
scales with dark respiration rate. The two most important
factors governing variation in these features are variation in
anabolic demands with PPFD and among plants, and the
numerical value of the photosynthetic ATP : 2e™ ratio (p.).
The model suggests that effects of PPFD on R. are driven
largely by changes in photosynthetic adenylate balance,
which mediates the effects of both photorespiratory NADH
retention in mitochondria and export of excess photoreduc-
tant. Photorespiration suppression of R. is predicted only at
sub-saturating PPFD. The model suggests that mitochon-
dria are needed to consume excess photoreductant at high
PPFD, although photoreductant export is limited by adeny-
late balance constraints on photosynthetic electron flow.
Shifting adenylate balance at high PPFD also suppresses
oxidative phosphorylation by flux-balance in the model.
This requires engagement of alternative oxidase or uncou-
pling protein to reduce the P : O ratio, beginning at PPFDs
near the transition to RuBP carboxylation limitation. Our
model can help focus experimental research on respiration
in the light, and provides a framework for assimilating new
knowledge, offering the prospect of a tractable, process-
based and complete predictive model of leaf CO, flux.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article:

Supporting information Calculation of anabolic demand
terms.

Table S1. Gross stoichiometries for biosynthesis of eight
amino acids and their carbon skeleton precursors. Numbers
shown are the number of molecules of the compound in the
column heading that are consumed in the synthesis of one
molecule of the compound named in the first column. Posi-
tive numbers represent net yield rather than consumption.
Net stoichiometries are given in Table S2.

Table S2. Net stoichiometries for biosynthesis of eight
amino acids, and the percent of total amino acids contrib-
uted by each in calculations of anabolic demand/supply
terms.

Table S3. Net production of NADH, NADPH, ATP and
CO; per mole of source carbon in the biosynthesis and
maintenance of five classes of compounds used to calculate
anabolic demand in the current study. Dimensions are
moles of NADH, NADPH, CO, or ATP per mole of source
carbon consumed in biosynthesis of products listed in the
column headings. Two values are given for NADH and
NADPH, based on nitrogen assimilation beginning from
either nitrate or ammonium (N assimilation affects stoichi-
ometries for phospholipid synthesis here because we used
phosphatidyl serine as the archetype for phosphate-linked
R group). Three values are given for ATP under the
heading of protein. For biosynthesis, (1) represents de
novo synthesis of amino acids only; and (2) represents both
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de novo synthesis and polymerisation of amino acids. For
maintenance, (3) represents degradation of proteins and
repolymerisation of existing amino acids only. Calculations
are described above under ‘Supply/demand stoichiometries
for biosynthesis and maintenance processes.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials sup-
plied by the authors. Any queries (other than missing mate-
rial) should be directed to the corresponding author for the
article.

APPENDIX
Model derivation

The modelis derived from stoichiometric constraints on the
ATP,NADH, chloroplastic and cytosolic NADPH, CO, and
O, fluxes that arise from biosynthesis, maintenance and
photosynthesis, under the assumption that metabolic
intermediates — not products — are in steady-state. In other
words, we assume that metabolic carbon flow and the asso-
ciated adenylate and reductant cycling and gas exchange
are determined entirely by demand for anabolic products
and energy carriers. Those demands are treated as input
parameters or are calculated from the photosynthesis
model of Farquhar et al. (1980). This assumption allows us
to create and solve a set of steady-state supply/demand
equations for adenylates and reductants. We then calculate
fluxes of CO, and O, from the solution. A heuristic diagram
of the model, meant to aid the reader in following the
derivation below, is given in Fig. 1.

We assume that all reduced carbon comes either from
sucrose, starch, or triose phosphates (TP), but that photosyn-
thetically derived TP is the preferred C source for anabolic
demands because of the ATP cost of accessing stored carbo-
hydrates. Carbon flow from these sources is separated into
five streams. The first stream, termed catabolic carbon flow,is
the rate of carbon flow to CO, via glycolysis and the tricar-
boxylic acid (TCA) cycle that is not attributable to anabolic
carbon processing; we use the symbol Vi, to denote this
stream. The second stream is flow through the chloroplastic
oxidative pentose phosphate pathway (OPPP) to CO, at a
rate Vopp. The thirdis flow through the cytosolic OPPP to CO,
at a rate Vp. The fourth is flow into anabolic products at a
rate Vi, and the fifth is flow to CO; as a by-product of flows
into anabolic products, at a rate Vy,. This fifth stream repre-
sents CO; lost in pyruvate decarboxylation or in intermedi-
ate steps of the TCA cycle when carbon atoms remaining in
decarboxylated compounds end up in anabolic products
rather than being fully oxidised to COs.

We define five terms representing energy carrier supply
or demand not arising from photosynthesis or photorespi-
ration. Four of these terms arise from anabolic carbon flow
(biosynthesis): By, By, B, and B., which denote, respectively,
ATP demand, chloroplastic NADPH demand, cytosolic
NADPH demand and NADH supply. Because, and on
balance, more NADH is usually produced than consumed
during anabolism, B, is expressed as a supply, so that it is

typically positive. This may appear confusing, but it makes
the solution easier to interpret. B, includes ATP costs of
de novo biosynthesis, turnover biosynthesis and, where
relevant, polymerisation. A fifth term, M, representing
‘maintenance’ ATP demands, includes repolymerisation of
existing amino acids and maintenance of ion gradients. In
the Supporting Information, we provide a brief justification
of numerical values assigned to these terms in our simula-
tions, based on major biosynthetic and maintenance
demands estimated from leaf composition data.

These anabolic and maintenance supply/demand terms
are combined with similar terms that account for ATP
synthesis and NADH oxidation in mitochondria, ATP and
photoreductant supply and demand associated with photo-
synthesis and photorespiration, and export of redox equiva-
lents from chloroplasts. All of these terms are brought
together to create steady-state supply/demand equations
(flux-balance equations) for energy carriers. The simulta-
neous solution of these equations yields expressions for net
non-photorespiratory CO, release and O, consumption.
Expressions also arise for the maximum and actual P: O
ratios for oxidative phosphorylation, from which we can
infer the relative involvement of non-phosphorylating path-
ways in mitochondrial electron transport). We derive the
flux-balance equations below.

NADH/FADH,. NADH equivalents arise from several
sources. First, every 3-C triose-phosphate (TP) molecule
entering this stream generates one NADH in glycolysis,
one in PDH, and four equivalents in TCA (3 NADH + 1
FADH,) (FAD accepts electrons from succinate in the sixth
step in the TCA cycle; this is discussed under P : O Ratio
below). The rate of catabolic production of NADH equiva-
lents is thus 2V, (2 NADH equivalents per source C atom).
Export of excess photoreductant from chloroplasts via the
Mal/OAA shuttle also supplies NADH, at a rate V (dis-
cussed under Chloroplastic NADPH below). Biosynthetic
demand for carbon skeletons drives carbon flow through
some steps of glycolysis and the TCA cycle, generating
NADH at the rate B,. NADH is consumed by oxidation
at the mitochondrial electron transport chain (mETC).
Finally, the rate of NADH consumption equals 2R,, where
R, is the rate of O, reduction by the mETC.

In photorespiratory conditions, NADH is also generated
via Gly decarboxylation in mitochondria at a rate 0.5¢V.,
where V. is the rate of RuBP carboxylation and ¢ is the
ratio of oxygenation to carboxylation rate. The fate of this
NADH is important but uncertain. An equal amount of
NADH is needed to reduce hydroxypyruvate to glycerate in
peroxisomes, and since NADH can be shuttled between
organelles and the cytosol via the Mal/OAA shuttle
(Heineke et al. 1991; Reumann, Heupel & Heldt 1994;
Hoefnagel eral. 1998), it seems inconsistent to exclude
such shuttling from a model based on stoichiometric flux
balance. However, the few available data (Kromer & Heldt
1991b; Hanning & Heldt 1993) indicate that only 25-50% of
photorespiratory NADH is exported to peroxisomes; the
remainder remains in mitochondria and can contribute
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electrons to the mETC. We address this issue by assuming a
fraction f, (nominally 0.5) of photorespiratory NADH
remains in mitochondria. The limiting case of unlimited
NADH transfer between mitochondria and peroxisomes
can be assessed by setting fi = 0. The steady state supply/
demand equation for NADH equivalents is then found by
setting source terms (at left) equal to sink terms (at right):

2V + By + Vi + %fm¢vc =2R,. (A1)

Chloroplastic NADPH. There are two sources and four
sinks for chloroplastic reductant. Linear photosynthetic
electron transport at a rate J, generates NADPH at a
rate J,/2. The chloroplastic oxidative pentose phosphate
pathway (OPPP) generates 6 NADPH and 3 CO, per TP, so
the NADPH production rate is 2V . NADPH is consumed
by the Calvin cycle at the rate (2 + 2¢)V. (FCB). Anabolism
also consumes NADPH in chloroplasts, at the rate B,,. Chlo-
roplasts must also export reducing equivalents to peroxi-
somes at a rate 0.5f/,¢V. to make up for the fraction of
photorespiratory NADH that remains in mitochondria.
Finally, at high light, excess photoreductant can be exported
via the Mal/OAA shuttle, at a rate V.. The steady state
supply/demand equation for chloroplastic NADPH is then

2V + %Ja =@V, + B, +Vy, (A2)

where w=2+2¢+ 0.5f¢. Note that Eqn A2 is a generali-
sation of the FCB model. Under RuBP limited conditions,
FCB predicts V. by setting photoreductant demand
(2+2¢)V. equal to supply (J./2). Equation 2 extends that
model to account for anabolic reductant demands (B,),
catabolic reductant supply (V,p,) and reductant export
(Vpx). The latter two variables are undetermined, so we
require two additional constraints to solve Eqn A2. Chlo-
roplastic glucose-6-phosphate dehydrogenase (G6PDH),
the key regulatory enzyme in the OPPP, is strongly redox
inhibited in the light (Buchanan 1980). The precise light
dependence of this inhibition in higher plants is unknown,
but in single-celled algae studied by Farr eral. (1994),
inhibition was evident at 5 yE m?s™ and complete by
10-20 uE m™ s™'. We assume that the chloroplastic OPPP is
downregulated in proportion to increasing thylakoid elec-
tron transport rate, so that reductant supply never falls
below anabolic demand. This implies:

1
Vopp = Zmax {0,2B,-J}, (A3)

where J, has been replaced by J, potential electron trans-
port rate, because J, =J at low light. Equation A3 implies
that CO; release in the chloroplastic OPPP is fully inhibited
when J = 2B,; however, it does not preclude activity of
reversible components of the OPPP in the light for the
production of carbon skeletons (Hauschild & von Schae-
wen 2003). It also implies that NADPH generation in this
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narrow range of low light (0 <J <2B,) serves only to sup-
plant OPPP activity, so that no net carboxylation of RuBP
occurs in this range. Whether this actually occurs is
unknown; it is a prediction of the model.

Photoreductant supply can exceed anabolic and Calvin
cycle demand at high light, in which case chloroplasts may
export excess reductant to maintain flux balance. The poten-
tial excess rate of NADPH generation is found by applying
Vopp=Vpx=0and J,=J to Eqn A2 to give J/2 +2Vqp, — By —

oV.. It is unclear how much of this excess actually gener-
ates NADPH, because energy can be dissipated by other
mechanisms (e.g. the xanthophyll cycle and fluorescence).
We assume a fraction (fy) of excess reducing potential gen-
erates excess NADPH that is exported; another constraint
on f; emerges below, in Flux balance constraints on P: O
ratio and photoreductant export. The export term Vp, in
Eqn Al is then given by:

Vix=fx -max{O, %J +2Vopp — B, — wVC}. (A4)

Finally, J, must satisty Eqn A2, so

J,=2(B, + 0V, + V= 2V,,) (AS)

Cytosolic NADPH

We consider only one source and one sink for cytosolic
NADPH. The cytosolic OPPP generates NADPH at a rate
2V 4pe, and anabolic demand consumes cytosolic NADPH at
the rate B.. We assume these two processes are perfectly
coupled; i.e. the cytosolic OPPP operates only to satisfy
anabolic demands for NADPH in the cytosol, and that it
does not contribute significant reductant flows to the
mETC. Thus,

Vnpc = %Bc (A6)

All of the anabolic NADPH demands accounted for in this
paper are localised within chloroplasts, so V. plays no role
in the simulations shown here. It is included only for
completeness.

ATP

We consider three sources of ATP. Catabolic carbon flow
through glycolysis and the TCA cycle generates three ATP
per triose phosphate (one per C), so the rate of ATP gen-
eration equals the rate of carbon flow, or V. Oxidative
phosphorylation yields ATP at a rate given by the product
of the O reduction rate (2R,) and the P: O ratio (p,, the
ratio of ADP phosphorylation rate to O reduction rate). p,
is discussed in detail below. Photophosphorylation gener-
ates ATP at a rate 0.5p./,, where p. is the number of ADP
phosphorylated per two electrons flowing through the
photosynthetic electron transport chain (often denoted
‘ATP :2e”). p. may vary and can be enhanced by cyclic
electron transport around PSI; in the absence of cyclic flow
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it is probably between 3/2 (1.5) and 9/7 (~1.286). These
values assume either 12 or 14 protons, respectively, per 3
ATP, and 12 protons per four electrons (Seelert et al. 2000;
Allen 2003). We will use the larger value for p. by default,
but will compare the resulting predictions with simulations
based on p. =1.286.

ATP is consumed by biosynthesis and maintenance at
the rates B, and M, respectively. The Calvin cycle and pho-
torespiration together consume ATP at a rate (3+3.5¢)V.
(FCB). ATP is also needed to store or export excess pho-
tosynthate or to access stored carbohydrate. Starch syn-
thesis consumes one ATP per 6-C sugar, as does sucrose
synthesis and export in apoplastic phloem loaders. Starch
breakdown consumes two ATP per 6-C sugar. Sucrose
breakdown consumes one or two ATP equivalents, via the
sucrose synthase and invertase routes, respectively; we
assume the latter. Denoting the combined net rate of
sucrose export and starch synthesis as S (note S=V.-
0.5V, — Vana, the difference between photosynthetic yield
and anabolic carbon flow), the net ATP demand is tS,
where t=-1/3 if S<0 and +1/6 if S>0 (note tS>0 in
either case). The steady state supply/demand equation for
ATP is then:

2PoRo + Veu +%pe]a =B +M+3+3.5¢)V, +tS (A7)

P : O ratio (p,)

The stoichiometry of ATP production and e~ flow to O; in
mitochondria depends on two factors: where electrons
are donated to the mETC, and the activities of non-
phosphorylating pathways. Electrons donated at Complex I
yield a maximum of 2.3-3 ATP per O reduced, whereas
electrons donated elsewhere net up to 1.4-2 ATP per O
reduced. The range of quoted values reflects disagreement
in the literature (Lee et al. 1996; Gnaiger, Méndez & Hand
2000; Hinkle 2005). Lesser ratios are considered ‘mechanis-
tic’ inasmuch as they are derived from experiments on iso-
lated mitochondria, whereas greater ratios are predicted by
theory. We use intermediate values (1.5 and 2.5, or 3/2 and
512, respectively), and assume that cytosol-derived NADH
is shuttled to the matrix via the Mal/OAA shuttle and
donates its electrons at Complex I. The maximum P: O
ratio then depends only on the proportional contribution of
FADH,. (FADH, is not labile, and it donates its electrons at
Complex II in the mitochondrial inner membrane. Trans-
port of those electrons to cytochrome oxidase can transport
a maximum of 6H* — 4 fewer than possible for electrons
from NADH oxidation at Complex I. FADH, therefore
supports a lower rate of ATP production.) The maximum
P: O ratio, pom, is a reductant flow weighted average of
these two values, where the individual flows are the positive
terms in Eqn A1 (2Vea, By, Vpx and 0.5£,¢V.). In purely cata-
bolic oxidation of carbohydrates, one of six reducing
equivalents is FADH,, so the maximum P: O for Ve is
(1/6) - (3/2) + (5/6) - (5/2), or 7/3. Since oxaloacetic acid
(OAA) is the only TCA intermediate downstream of

FADH, that is consumed in anabolic processes that we
account for in this paper, and since we assume OAA is
generated by PEP carboxylation for that purpose, we can
consider all redox equivalents generated as a by-product of
anabolic carbon flow as NADH. Therefore the larger P : O-
value (5/2) applies to B,. The same is true for redox equiva-
lents exported from chloroplasts and for NADH generated
in mitochondria by photorespiratory Gly conversion, so the
5/2-value applies to Vyx and 0.5f,¢V. as well. The effective
maximum P : O ratio is then:

T V) + 2B+ Vi + L fov
o= 2 2 .

: (A8)
2‘/ca1 + Bn + Vpx + Efm¢‘/c

Flux balance constraints on P : O ratio and
photoreductant export

If reductant supply to the mETC exceeds ADP supply,
flux balance can be maintained in one of two ways: by
reducing NADH and ATP supply from catabolic substrate
oxidation or by reducing the P:O ratio, perhaps by
increased engagement of AOX or uncoupling protein.
There is evidence that AOX activity is strongly enhanced
by stress (Finnegan, Soole & Umbach 2004), including
water stress (Bartoli et al. 2005; Ribas-Carbo et al. 2005),
low temperatures (Matos et al. 2007; Mizuno et al. 2007)
and excess light (Noguchi er al. 2005; Yoshida, Terashima
& Noguchi 2007), and that it serves as a supplementary
electron sink, probably to regenerate NAD* and/or to
prevent generation of reactive oxygen species (Amirsade-
ghi et al. 2006). A core hypothesis of our model is that
Do is downregulated to maintain flux balance, first by
reducing TCA cycle activity, and then by downregulation
of p,. We implement this hypothesis with a conditional
statement: if flux balance requires V. <0 in Eqn A7, then
Ve 1s zero and flux balance is maintained by reducing
Po below pom. This conditional statement is formally
expressed by Eqn A13 below.

However, although reducing p, to zero can permit a con-
tinued increase in oxidation of redox equivalents by the
mETC, it cannot ensure adenylate balance if ATP supply
continues to increase — as, for example, may occur in chlo-
roplasts at high light. This requires an additional constraint
on adenylate balance, beyond those already explicit in
Eqn A7. The only arbitrary term in Eqn A7 is the param-
eter fi, the fraction of excess thylakoid reducing potential
that is dissipated via NADPH export. Photoreductant
export affects adenylate balance because photosynthetic e
transport is inextricably coupled to photophosphorylation.
Thus, when p, = 0, adenylate balance places a constraint on
thylakoid electron transport rate, J,:

J.S2(Bi+ M +tS+(3+3.50)V.)/ pe (A9)
which is found by setting p, = Vo = 0 in Eqn A7. Substitut-

ing A4 into AS, setting Vo, =0, applying the result to A9
and solving for f; gives

© 2010 Blackwell Publishing Ltd, Plant, Cell and Environment, 34, 89-112



B +M+1tS—p.B,+(3+3.5¢—p.m)V.

i)

fx =mins< 1, . (A10)

This produces negative or undefined values at low light (e.g.
when J = 2B,), but in this case V is zero, so the value of fi
is irrelevant in such cases.

Solution

Non-photorespiratory CO, release (R.) arises in four ways:
by chloroplastic and cytosolic OPPP activity at rates Vepp
and V., respectively; by catabolic substrate oxidation at a
rate Ve, and as a by-product of anabolic carbon flow, at a
rate V. R. is therefore given by

R. = Vipp + Vipe + Vear + V. (A11)

(We use the notation R. to distinguish it from R, and R4
[the conventional notations for mitochondrial respiration
rate at night and in the daytime, respectively,], because
Eqn A1l is meant to apply either in light or in darkness.)
The four terms on the right-hand side of Eqn A1l must be
supplied to calculate R.. Vi, is a model input, V. is given
by Eqn A6, and V., is given by Eqns A2-A4, leaving only
Vear. To constrain Ve, we will solve Eqns A1 & A7 for Vg
by eliminating R,. We will then use the conditional
assumption outlined above under Flux balance constraints
to eliminate the P : O ratio. Eliminating R, from Eqns Al
& A7 gives Ve as

Veat =Bt+M+tS+(3+3.5¢)VC—%peJa— (A12)

(o[Ba Vi + 5 oo /<po +1),

The requirement that V=0 and the assumption that
Po=Pom if Vea >0 leads to

Ve = max{V3, 0}, (A13)
where
Vi =B+ M+tS+(3+3.5¢)V, —%peja - (A14)

(o (B + Vi 43 1u0Ve)) 2 .

Pom 1s eliminated from Eqn A14 by combining Eqns A8 &
A14 and solving for Ve to give

Vs =%(Bl+M+tS+(3+3.5¢)VC—%pela— (A15)

%(Bn + Vi + %fmgbvc)).
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The factor 3/17 arises from 2(7/3) + 1, which is the denomi-
nator after pom has been eliminated (7/3 is the maximum
P: O ratio for reductant arising from catabolic substrate
oxidation; see P : O ratio above). The remaining terms in
Eqn A15, and thus in Eqn A1l for R, are all given by
equations above: V) is given by Eqns A4 & A10, J, by
Eqn AS and V. by Eqns A18 & A19 below.

Expressions for the rate of O, consumption by mito-
chondria (R,), the actual P: O ratio (p,) and the net rates
of CO, assimilation (A) and oxygen evolution (A,)
can also be obtained from the equations above, when
combined with the FCB model. R, is found by solving
Eqn Al:

Ry =V + 5 By 4 Vo + 3 fudVe (A16)

Do is found by solving Eqn A7 for p, and substituting
Eqn A16 for Ry

B+ M+tS+(3+3.5¢)V. —%pcfa — Vet
Po= I . (A17)
2‘/&“ + Bn + Vpx +§fm¢1/c

Note that this equals pom if Vea > 0; otherwise, it equals the
value of the overall P: O ratio needed to ensure flux
balance for both ATP and NADH. From FCB, net CO,
assimilation rate is V.-0.5V, - R.=(1-0.5¢)V.— R.. The
rate of RuBP carboxylation (V) is the lesser of the RuBP-
saturated and -limited rates (W, and J’, respectively). W, is
given by Eqn 9 in FCB:

W, = L, (A18)
a+K.(1+0/K,)

where K. and K, are the Michaelis constants for RuBP
carboxylation and oxygenation, respectively, and ¢; and O
are intercellular CO, and ambient O, partial pressures,
respectively. To find J’, we begin by considering V. above the
light level causing full inhibition of chloroplastic OPPP
(Vopp = 0) but below the level producing excess photoreduc-
tant (Vpx=0). Applying Vopp=Vi=0 to Eqn A2 gives
V. = (J/2-B,)/w. Generalising this to include the low-light
regime in which Vi, >0 but V. =0, we have

J’=max{0,(%]—Bp)/(u}. (A19)

We calculate the minimum of W, and J” hyperbolically to
reflect co-limitation near the transition (Farquhar et al.
1980): O,V 2~ (We+J)V.+ WJ =0, where 6, is a dimen-
sionless parameter (6,=1 creates a sharp transition; we
used 6, =0.999). From FCB, ¢, the ratio of RuBP oxygen-
ation rate to carboxylation rate, is 0.21(O/K,)/(ci/K.).
Noting from FCB that ¢ = 2I"*/c;, where I'* is the photores-
piratory CO, compensation point, we have:
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maX{Q%(-’—ZBP)}(Ci _F*) Vm(Ci —F*)

A =min i R _
Ci+(2+§fm)1} ¢ +K.(1+0/K,)

ce

(A20)

This differs from the FCB model by two terms, both affect-
ing the RuBP-limited phase: the offset of J by 2B, and the
factor 0.5f, multiplied by I'* in the denominator. If f, is on
the order of 0.5, as has been reported previously (Kromer &
Heldt 1991b), then its effect on the shape of the A vs. ¢
curve is negligible. The effect of the B, term depends on
NADPH demand, including the ferredoxin needed to
reduce NO,™ to NH," in N assimilation. Net photosynthetic
O, evolution arises from water splitting at PSII and photo-
respiration. For each RuBP oxygenated, 1.5 O, are con-
sumed, so the consumption rate is 1.5V, (1.5¢V.). The rate

of O, evolution from water splitting equals 1/4 of the actual
electron transport rate, J,. Thus, noting that O, consumption
by the mETC is R,, the net O, evolution rate (A,) is:

1 3

Ao - 4 Ja 2 ¢‘/c Ro (Azl)
Values are needed for ¢;, O, K, K,, Vi, and J. We used values
for K. and K, at 25°C from Bernacchi etal. (2001).
We calculated J from incident PPFD (/) and maximum
potential e~ transport rate (J,) as the lesser root of 6% —
(Jm +f1)J + fInI (Farquhar & Wong 1984), where 6, =0.86
and (0.3 e/hv) is the product of absorbance and maximum
quantum yield. J, was taken as 2.1 V,,, (Wullschleger 1993).
We estimated V,, from leaf N content, based on the data
used to estimate anabolic demands (see Supporting Infor-
mation). ¢;, O and I were varied among simulations. These
parameter values are given in Table 3.
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