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Alternatives to photorespiration: A system-level
analysis reveals mechanisms of enhanced

plant productivity

Edward N. Smith'*+#, Marvin van Aalst?*#, Andreas P. M. Weber?,

Oliver Ebenh6h2'3, Matthias Heinemann'

Photorespiration causes a substantial decrease in crop yield because of mitochondrial decarboxylation. Alterna-
tive pathways (APs) have been designed to relocate the decarboxylation step or even fix additional carbon. To
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improve the success of transferring those engineered APs from model species to crops, we must understand how
they will interact with metabolism and how plant physiology affects their performance. Here, we used multiple
mathematical modeling techniques to analyze and compare existing AP designs. We show that carbon-fixing APs
are the most promising candidates to replace native photorespiration in major crop species. Our results demon-
strate the different metabolic routes that APs use to increase yield and which plant physiology can profit the most
from them. We anticipate our results to guide the design of new APs and to help improve existing ones.

INTRODUCTION

Ribulose-1,5-bisphosphate carboxylase/oxygenase (rubisco) is the
primary site of carbon fixation in plants. Alongside CO,, rubisco can
alsoreact with oxygen to produce one molecule of 3-phosphoglycerate
(3PGA) and one molecule of 2-phosphoglycolate (2PG). Through a
process called photorespiration, the two-carbon product of the
rubisco oxygenase reaction is converted back to an intermediate that
can replenish the Calvin-Benson-Bassham cycle (CBB cycle). In this
process, CO, and ammonia are released in the mitochondria and
reassimilated in the chloroplasts. Photorespiration consumes ade-
nosine 5’-triphosphate (ATP) and reducing power and causes losses
of ~26% of fixed CO, and up to 36% of the yield of certain crops
(1, 2). Thus, next to efforts in reducing the oxygenase activity of
rubisco, the carbon and energy efficiency of photorespiration can be
improved (2-5). This is highly desired to feed an increasing human
population and to mitigate climate change.

Alternative pathways (APs) have been designed to increase the
carbon and energy efficiency of photorespiration while still serving
the primary function of photorespiration: detoxifying 2PG and re-
plenishing the intermediates of the CBB cycle following the rubisco
oxygenase reaction. There are four ways this can be achieved, rang-
ing from fixing an additional CO, to two CO, per cycle being re-
leased (Fig. 1). For fixing additional carbon, the two-carbon 2PG
can be converted into a three-carbon compound such as 3PGA by
addition of one carbon from CO,. A carbon-neutral photorespira-
tory pathway, with no net loss or fixation of CO,, is accomplished by
combining 2PG with other compounds to generate a four- or five-
carbon compound that can replenish the CBB cycle directly. In par-
tial decarboxylation pathways, such as native photorespiration, a
2PG molecule is decarboxylated to form a one-carbon compound
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that can be combined with another 2PG to make a three-carbon
compound that can enter the CBB cycle. Last, 2PG can be complete-
ly decarboxylated, releasing two CO, that can be refixed by the
CBB cycle.

From a carbon perspective, an AP that fixes additional CO,
would be preferred. However, additional carbon fixation comes
along with extra energy and redox requirements, decreasing the
supply for other cellular processes. In contrast, decarboxylation APs
generate reducing power that can be captured as redox equivalents.
In addition to that, decarboxylation APs can shift the rubisco activ-
ity toward carboxylation by releasing CO, in the chloroplast and
thereby increasing the local concentration of CO,. Thus, next to
mere carbon efficiency, several other cellular parameters might de-
termine the overall benefit of an AP.

Native photorespiration has cellular functions other than just
clearing 2PG and replenishing the CBB cycle. Further functions in-
clude helping to balance ATP:NADPH supply and demand (6), in-
creasing nitrogen assimilation into amino acids (7), and acting as
an important source of 1C units (8) as well as serine and glycine (9).
An ideal AP must therefore still support these other roles of native
photorespiration.

All these aspects together indicate that implementing APs to
photorespiration to accomplish increased crop yield is far from triv-
ial. Simultaneously interfering with carbon, nitrogen, energy, and
redox balances means interfering with a highly complex, inter-
twined system. Thus, whether any change increases or decreases
crop yield is dependent on metabolism, physiology, and conditions,
i.e., gas exchange differs with physiology and conditions and me-
tabolism differs with conditions and growth stage/time of day etc.
Toward rational engineering and full understanding of APs, global
experimental analyses and mathematical modeling will likely be re-
quired to evaluate and understand the effect of variants. Exemplary
for the challenge and for our yet limited understanding is the fact
that we still do not fully understand the true cause for the increased
yields observed in complete decarboxylation pathways that have
been experimentally tested in plants (10).

In this work, we quantitatively examine 12 APs using different
mathematical approaches (Fig. 1), building on previous modeling
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Fig. 1. Graphical overview of this work. We analyzed 12 alternative photorespiratory pathways that can be described using four general schemes regarding their carbon
stoichiometry: carbon-fixing, carbon-neutral, partial decarboxylation, and full decarboxylation pathways. The three modeling approaches we used are a simple stoichio-
metric consumer model, a genome-scale model solved using flux balance analysis (FBA), and a kinetic model to describe key reactions with higher fidelity. Modeling at
these different scales allowed the mechanisms behind potential alternative pathway (AP) benefits to be evaluated.

efforts (4, 10, 11).These APs include those that have experimentally
been tested in planta but also include newly designed pathways that
either are carbon neutral or fix additional CO, (11). Our assessment
includes carbon efficiency, energy and redox effects, and effects
emerging from altered subcellular CO; levels to make judgments on
the yield increases that one can expect on the system level. In addi-
tion, we make predictions on optimal variants of AP designs (e.g.,
optimal enzyme location) and which types of plants might benefit
the most from certain pathways and under which environmental
conditions. By developing a mechanistic understanding of how APs
can be effective, we identify the most promising pathways. There-
fore, we hope to contribute to the challenge of increasing photosyn-
thetic efficiency and, thus, crop yield to meet pressing societal issues.

RESULTS

Description of APs

Several APs have been proposed or implemented to date, which can
be classified with regard to their CO; stoichiometry, ranging from
fixing an additional CO; via being CO, neutral down to two mole-
cules of CO; being released [see Fig. 2 and (4) for a review].

A CO,-fixing AP is the tartronyl-CoA (TaCo) pathway, which
activates glycolate with CoA, carboxylates glycolyl-CoA to tartronyl-
CoA, and then reduces tartronyl-CoA to generate glycerate (blue
line in Fig. 2) (11, 12). The enzymes in the pathway and the metabo-
lite tartronyl-CoA are not known to occur in nature, and therefore,

Smith et al., Sci. Adv. 11, eadt9287 (2025) 28 March 2025

novel enzyme activities had to be engineered starting from related
promiscuous enzymes. In particular, the glycol-CoA carboxylase,
catalyzing the fixation of bicarbonate to form tartronyl-CoA, has
been subject to multiple rounds of engineering to alter the kinetic
properties and to reduce the futile hydrolysis of ATP (12, 13). While
the TaCo pathway has been validated in vivo (12), it has yet to be
tested in photosynthetic organisms.

Carbon-neutral pathways have been proposed on the basis of a gly-
colate reduction pathway, which converts glycolate to glycolaldehyde
with glycolyl-CoA synthetase and glycolyl-CoA reductase, consuming
ATP and NADPH (yellow lines in Fig. 2) (11). The glycolaldehyde is
subsequently condensed with a sugar phosphate to generate longer-
chain sugars or sugar phosphates that can re-enter the CBB cycle via
further conversion steps. Four variants have been proposed depending
on the intermediates generated, namely arabinose-5P, ribulose-1P,
erythrulose, or xylulose. These carbon-neutral pathways required the
engineering of novel enzyme activities for the two steps of the glycolate
reduction. These novel pathways have been validated in vivo (11) but
are yet to be tested in photosynthetic organisms.

Partial decarboxylation pathways rely on combining two glycolate
molecules and releasing one CO, to generate a three-carbon inter-
mediate (green lines in Fig. 2). Several pathways with this design
have been experimentally validated in plants. The pathways can be
divided into those that rely on the Escherichia coli glycolate cata-
bolic pathway of glyoxylate condensation via tartronic semialdehyde
(Carvalho, Kebeish/South AP1, and Wang pathways) (5, 14-16) and
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Fig. 2. Schematic depiction of alternative pathways (APs) studied in this work. Gray arrows indicate the reactions of native photorespiration, and colored arrows
signify the classification regarding the carbon stoichiometry of the pathways: carbon-fixing, carbon-neutral, partial decarboxylation, and full decarboxylation pathways.
Solid lines depict single reactions, while dashed lines depict intermediate steps that were omitted for clarity. The pathway variants a and b denote whether O,/H,0, or
nicotinamide adenine dinucleotide (NAD)/NADH are used as the redox pair for glycolate dehydrogenase.

the B-hydroxyaspartate cycle (BHAC), which is the primary glycolate
assimilation pathway in marine proteobacteria (17, 18). The tartronic
semialdehyde-based pathway generates glycerate that can be phos-
phorylated and re-enter the CBB cycle. The Kebeish/South AP1 and
Wang pathways have been implemented in chloroplasts, and the
Carvalho pathway has been expressed in the peroxisome (perox).
The BHAC pathway generates a 4C product from two glycolate mol-
ecules, oxaloacetate, which can directly be incorporated into biomass
via aspartate or can be used to replenish the CBB cycle. For this, it
must be decarboxylated to generate a three-carbon CBB cycle inter-
mediate, forinstance, 3PGA, via phosphoenolpyruvate-carboxykinase
and enolase. So far, the BHAC pathway has been implemented in per-
oxisomes of Arabidopsis (17). The BHAC pathway could also theo-
retically be expressed in the plastid (plast), which would facilitate
CO, reassimilation, but this remains to be tested in plants. The partial
decarboxylation APs all release 0.5 CO, per rubisco oxygenase reac-
tion, the same as in native photorespiration, but are proposed to be
more energy efficient as they all avoid the release and subsequent re-
fixation of ammonium.

Complete decarboxylation pathways convert glycolate to CO, us-
ing either malate synthase and pyruvate dehydrogenase (Maier/
SouthAP2/AP3) (15, 19) or oxalate oxidase (Shen) (20) (dark orange
lines in Fig. 2). The primary difference between the two options is the
fate of reductant released from glyoxylate oxidation. Malate synthase
generates NADPH and pyruvate dehydrogenase generates the re-
duced form of nicotinamide adenine dinucleotide (NADH), whereas
in the oxalate oxidase pathway, two redox equivalents are transferred
to water, generating two hydrogen peroxide (H,0O,). The CO, re-
leased by glycolate decarboxylation can re-enter the CBB cycle and
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therefore complete decarboxylation pathways can still fulfil the re-
quirement of converting 2PG into a CBB cycle intermediate.

In both partial and complete decarboxylation APs and in native
photorespiration, oxidation of glycolate is the first step (Fig. 2, A and
B). Variants exist on in which subcellular compartment this oxida-
tion takes place and on what the final electron acceptor is of the
oxidation. In native photorespiration, the Carvalho pathway, and
BHAC (perox) pathway, glycolate oxidase is located in the peroxi-
some and converts glycolate to glyoxylate, generating H,O, (16, 17).
In the Maier/South AP2, Shen, and Wang pathways, glycolate oxi-
dase was relocated to the chloroplast, potentially altering subcellular
redox dynamics (5, 15, 19, 20). Glycolate dehydrogenase from E. coli,
which generates NADH, was used for the Kebeish and South AP1 path-
ways, and glycolate dehydrogenase from the algae Chlamydomonas
reinhardtii (CrGDH), with a yet unknown electron acceptor, was
used in the South AP3 pathway (15, 2I). The different electron
acceptors of the glycolate oxidation reaction have effects on the en-
ergy state and redox metabolism in the chloroplast, potentially af-
fecting stress responses to high light. Overall, the above-described
APs all convert 2PG to a CBB cycle intermediate. Yet, they differ in
the CO; stoichiometry, the energetic and redox costs, and their sub-
cellular location.

A consumer model allows comparison of AP stoichiometries

To compare the ATP, redox equivalents, and CO; stoichiometry of the
CBB cycle, photorespiration, and APs, it is convenient to define the
pathways as closed cycles that regenerate one molecule of ribulose-
1,5-bisphosphate (RuBP) and fix or release CO, and triose phosphates
in a so-called consumer model (11). In this way, photorespiration can
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be separated from the CBB cycle to directly compare energy and CO,
stoichiometries. To calculate the ATP, redox equivalents, and CO,
costs of the APs, the individual reaction steps starting and ending at
RuBP were summed (Table 1).

The three complete decarboxylation pathways, South AP3,
Maier/South AP2, and Shen, require the same amount of ATP but
differ in their redox equivalent stoichiometry, e.g., production of
H,0, or NAD(P)H (Table 1). Here, and in subsequent analyses,
we assumed that the CrGDH used in the South AP3 pathway in-
directly produces NADH, although the exact electron acceptor
remains unknown (21). The South AP3 and Maier/South AP2
pathways have the lowest total energy costs because they net gen-
erate NAD(P)H from the decarboxylation of glycolate (Table 1).
Compared to native photorespiration, the partial decarboxylation
pathways BHAC (perox), Carvalho, and Wang save 0.5 ATP and
0.5 NADPH by avoiding ammonia release but require an addi-
tional NADH for reduction of tartronic-semialdehyde and do not
gain 0.5 NADH from the oxidation of glycine. Therefore, avoid-
ing the cost of ammonium release in these pathways only saves
0.5 ATP per rubisco oxygenase conversion when compared to na-
tive photorespiration. The Kebeish/South AP1 and BHAC (plast)
pathways have the same benefits from avoiding ammonia release but
also produce an additional NADH from the use of glycolate de-
hydrogenase in place of the glycolate oxidase used by the Carvalho,
Wang, and BHAC (perox) pathways. The carbon-neutral path-
ways require 0.5 to 1.5 more ATP than native photorespiration
but require the same amount of redox equivalents (Table 1). The
carbon-fixing TaCo pathway has the largest total energy cost as
redox equivalents and ATP are required to fix CO; in this path-
way (Table 1). Overall, there is a positive correlation between
CO; released/taken up and the total energy cost of the pathway.
Here, carbon-fixing pathways have the largest energy cost and
CO;,-releasing pathways, which can generate redox equivalents from

the oxidation of previously fixed carbon, have the lowest en-
ergy cost.

The net-zero CO, consumer model accounts for the cost of
CO, release

The previous consumer model does not account for the increase in
energetic cost caused by CO; release, which needs to be refixed by the
CBB cycle, or the reduction in energetic costs if CO; is fixed by the
APs. Accounting for the cost of modified CO, stoichiometry provides
a different perspective and allows for more direct comparison between
pathways. For example, in native photorespiration, if we also account
for the cost of fixing the additional 0.5 carbons required to compensate
for the loss of CO, by glycine decarboxylase, then an additional cost of
1.5 ATP and 1 redox equivalent is required (with the simplifying as-
sumption that the CBB cycle can fix CO, with no associated rubisco
oxygenase or photorespiration). Therefore, the total cost for native
photorespiration, assuming no net release/uptake of CO», is five ATP
and three redox equivalents per regeneration of RuBP (Table 1). Simi-
lar calculations were performed for all APs. Note that for the TaCo
pathway, which fixes one CO,, we calculated a benefit in terms of ATP
and NADPH spared by not requiring CBB cycle flux.

The complete decarboxylation pathways now have the largest to-
tal energy costs as an additional six ATP and four NADPH are re-
quired to refix the two CO, that are lost by these pathways (Table 1).
The partial decarboxylation pathways have a small additional ener-
gy cost for refixation of 0.5 CO,, and the carbon-neutral pathways
have no additional costs/benefits as no additional CO, must be
fixed. In contrast, the TaCo pathway spares three ATP and two
NADPH as it fixes an additional CO,, reducing the total energy cost.
Overall, from an energetic perspective, the importance of account-
ing for CO; stoichiometry becomes apparent as large direct energy
costs in CO,-fixing pathways can be compensated for by the energy
saving from additional CO, fixation.

Table 1. The consumer model allows comparison of alternative pathway (AP) stoichiometries. ATP, redox equivalent (eq.), and CO, stoichiometry of APs
defined as converting 2PG to RuBP [extended from (4)]. Positive values represent consumption, and negative values represent production. The total energy cost
assumes 2.5 ATP per redox equivalent. To account for differences in CO, stoichiometry, the energy costs for 0 net change in CO, were calculated by assuming
that the CBB cycle can compensate for the release/uptake of CO, caused by photorespiration or APs. For example, for native photorespiration, an additional 1.5
ATP and 1 redox equivalent must be spent to compensate for the 0.5 CO, released. For the TaCo pathway, three ATP and two redox equivalents are spared as one

CO, is already fixed by the AP.
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Stoichiometric network modeling accounts for system-wide
effects of APs

While the consumer model offers a useful description of the pathway
stoichiometries, it does not capture the interplay of APs with the
wider metabolic network, such as amino acid metabolism. There-
fore, we extended our analysis by integrating the individual APs in a
large-scale stoichiometric model of core plant metabolism based on
an Arabidopsis leaf, including photosynthetic electron transport and
subcellular compartments (22). We used these models to investigate
whether the APs can replace the complete flux of native photorespi-
ration. Therefore, photorespiration was blocked by constraining the
flux through glycine decarboxylase to zero. To ensure that flux
through photorespiration or an AP was required, we mimicked am-
bient CO, partial pressure by fixing the rubisco carboxylase:oxygenase
ratio at 3:1 (23).

Carbon-fixing APs are more energy efficient
We first assessed the photosynthetic energy efficiency of the APs,
which we defined as the CO; fixed per photon absorbed. For this, a
sink reaction for glyceraldehyde-3-phosphate (GAP) was fixed to
1 pmol s™! and the optimization objective was set to minimization
of photon influx. Thus, the most energy-efficient flux distribution
was identified for each AP.

The photosynthetic energy efficiency of the APs can have large-
ly different values, ranging from a 27% increase down to a —54%
decrease relative to native photorespiration (Fig. 3). The carbon-
fixing TaCo pathway shows the largest increase, followed by the
carbon-neutral Ara5P and xylulose APs (Fig. 3). The partial de-
carboxylation APs range from a small increase to almost no
change, and the complete decarboxylation APs show a large de-
crease in photosynthetic energy efficiency (Fig. 3). In terms of en-
ergetic efficiency, the net carbon exchanged by the AP has the
greatest effect, with carbon-fixing APs being the most energy ef-
ficient and decarboxylation APs being the least energy efficient
(Fig. 3). The second most important factor determining the rela-
tive energy efficiency is the fate of redox equivalents or electrons
from 2PG. Conversion of 2PG to CO, can generate three pairs of
electrons that can be used to reduce either NAD(P)™ to generate
redox equivalents or water to generate H,O,. APs that generate
more NAD(P)H (Fig. 2 and Table 1) therefore have an advantage
in terms of energy efficiency (Fig. 3).

APs can provide biosynthetic energy efficiency benefits

Photorespiration interacts with other metabolic pathways besides the
CBB cycle. For example, carbon can be withdrawn from native photo-
respiration to provide one-carbon units (CH,-THF), glycine, or ser-
ine, which can result in the release of less than 0.5 carbons per rubisco
oxygenase reaction (9, 24-28). Similarly, intermediates can also be
withdrawn from APs and used to synthesize amino acids or other bio-
mass precursors. To calculate the impact that APs have on wider me-
tabolism, we calculated the relative energy efficiency in the presence
of APs with more complex cellular outputs including Arabidopsis
phloem exudate or biomass (29, 30). In general, for the carbon-fixing,
carbon-neutral, and Kebeish/South AP1 pathways, the benefit of the
APs decreases as the output complexity increases (Fig. 3). Phloem
exudate and biomass contain amino acids that can already be effi-
ciently synthesized by native photorespiration. Therefore, the benefit
of these APs is smaller when the cell is producing amino acids com-
pared to GAP alone because these APs do not generate amino acids or
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Fig. 3. Change in photosynthetic energy efficiency (CO; fixed per photon) of
alternative pathways (APs) relative to wild-type (WT) photorespiration. Rubis-
co carboxylase:oxygenase ratio fixed at 3:1 and efficiency calculated by stoichio-
metric flux balance analysis (FBA) modeling. Negative numbers denote a decrease
in CO,, fixed per photon relative to the WT, while positive numbers denote an in-
crease. Model outputs were fixed to either GAP, phloem exudate, or biomass repre-
sented by gray shading. AP label colors signify the amount of CO, the AP fixed or
released by the APs. Blue, 1; yellow, 0; green, —0.5; orange, —2. For the absolute
number of absorbed photons per CO, fixed, see fig. S2.

amino acid precursors as intermediates. In contrast, the BHAC and
Carvalho pathways demonstrate an enhanced benefit when synthe-
sizing biomass or phloem exudate compared to GAP alone (Fig. 3).
The synthesis of amino acids with five-carbon backbones is more ef-
ficient in the presence of the BHAC and Carvalho pathways as addi-
tional separate decarboxylation steps and subsequent refixation of
CO, are not required to synthesize these amino acids. Similarly, the
complete decarboxylation pathways also show a benefit (i.e., decreased
energy efficiency penalty) when synthesizing biomass or phloem
exudate in comparison to just GAP alone (Fig. 3). Specifically, in the
Maier/South AP2 and South AP3 pathways, carbon can be withdrawn
as malate from malate synthase. Malate can then be used as the carbon
backbone for generating aspartate and other derived amino acids. In
this way, carbon is conserved and not released as CO, that must be
refixed with an associated energetic cost.

APs can have some small additional benefits compared to native
photorespiration when cells are synthesizing biomass, and these will
depend on the precise amino acid demands of the leaf. The wild-type
(WT) model predicts here that ~6% of the carbon entering native
photorespiration is withdrawn as serine, substantially less than the
32% reported for tobacco leaves (9). All the APs investigated here
bypass the serine-producing steps of native photorespiration and
could therefore disadvantage the plant if serine is in high demand
and other serine-producing pathways are unable to compensate.
Overall, however, the greatest effect of the APs is on the efficiency of
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carbon fixation and any changes in the energy efficiency of synthe-
sizing biomass precursors are likely to be relatively minor.

APs alter the ATP and NADPH demand

If the linear electron flow of photosynthesis supplies a fixed stoichi-
ometry of ATP and redox equivalents, then this may not necessarily
match the demand of the cell. Plants use various mechanisms to
match the supply to the demand, such as cyclic electron flow, but
imbalances can potentially lead to photosynthetic inefficiency or
damage (6). Introducing APs can alter the ATP and redox demands
of the cell with potentially positive or negative effects. We therefore
quantified the ratio of ATP to NADPH demand of the cell in the
presence of the APs to see whether the demand is shifted toward or
away from the ratio supplied by linear electron flow.

For this, we identified the most energy-efficient flux distribution
by forcing a GAP outflux of 1 pmol s~ while minimizing the photon
input and then quantified the fluxes through ATP synthase and
ferredoxin-NADP reductase to quantify the net ATP and reductant
demand. Because the model represents autotrophic leaf metabolism,
these reactions are the primary source of ATP and NADPH and can
therefore be used to calculate the net ATP:NADPH demand of the cell.

Here, only the Carvalho, Wang, and peroxisomal BHAC path-
ways, with an ATP:NADPH demand of 1.5, are closer to the supply
from linear electron flow (1.28) than that of a plant with WT photo-
respiration (1.56) (Fig. 4). The lower ATP:NADPH demand in the
Carvalho, Wang, and BHAC (perox) pathways is due to avoiding the
need for ammonia reassimilation and the associated ATP cost. APs
that capture the redox equivalents from complete glycolate decar-
boxylation as NADPH, such as the Maier and South AP3 pathways,
substantially increase the demand of ATP relative to NADPH (up to
2.75 in South AP3) (Fig. 4). This is caused by the increased NADPH
supply from glycolate decarboxylation, which decreases NADPH
that must be supplied from photosynthetic electron flow. In contrast,
the Shen pathway, which also completely decarboxylates glycolate,
does not capture the redox equivalents as NADPH and instead pro-
duces H,0, resulting in an ATP:NADPH demand of 1.57 (Fig. 4).

Opverall, most of the APs cause relatively minor changes in the
ATP:NADPH demand compared to native photorespiration with
the notable exception of the complete decarboxylation Maier/South
AP2 and South AP3 pathways, which cause large increases in the
ATP:NADPH demand (Fig. 4).

Complete decarboxylation pathways require an increased
rubisco carboxylation rate to have a benefit
Analysis so far has focused purely on photosynthetic energy effi-
ciency and assumed no limitation of CO, diffusion either from out-
side the cell or between subcellular compartments. However, CO,
diffusion poses a major limitation to photosynthesis in C3 plants
(31). The complete decarboxylation pathways decrease the photo-
synthetic energy efficiency relative to WT photorespiration if un-
limited CO, diffusion is assumed. However, if CO, diffusion into the
chloroplast is limited, releasing CO, specifically within the chloro-
plast and thereby increasing the carboxylation rate relative to the
oxygenation rate could be beneficial. We therefore determined the
increase in carboxylation rate relative to the oxygenation rate neces-
sary to compensate for the increased energy cost of the complete
decarboxylation pathways.

To model the effect of an increased chloroplast CO, concentration,
we constrained the rubisco carboxylase:oxygenase ratio of rubisco to a
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Fig. 4. Alternative pathways (APs) alter the ATP:NADPH demand of carbon fixa-
tion. The net ATP:NADPH demand of carbon fixation to GAP in the presence of APs
calculated using the stoichiometric model and flux balance analysis (FBA) and as-
suming a rubisco carboxylase:oxygenase activity of 3:1. The dashed line represents
the ATP:NADPH supplied by linear electron flow through the photosystems (9/7).

range of values and calculated the photosynthetic energy efficiency
relative to the WT in terms of CO, fixed per photon absorbed. At a
rubisco carboxylase:oxygenase ratio of 3:1, the complete decarboxyl-
ation pathways were less energetically efficient than WT photorespira-
tion (Fig. 5). However, these pathways can become more energetically
efficient than W'T photorespiration if they are able to increase the chlo-
roplast CO, concentration such that the rubisco carboxylase:oxygenase
ratio reaches 4.8 to 6.1:1 (Fig. 5). This represents a 60 to 103% increase
relative to the rubisco carboxylase:oxygenase ratio of 3:1 assumed for
native photorespiration. The remaining partial decarboxylation,
carbon-neutral, or carbon-fixing APs continue to show an increased
photosynthetic efficiency relative to native photorespiration, even at
lower rubisco carboxylase:oxygenase ratios (Fig. 5).

Native CO, refixation capacity affects AP benefit

Another factor that needs to be taken into account is that in native
photorespiration, CO, released by glycine decarboxylase activity in
the mitochondria can diffuse out of the cell before it reaches the
chloroplast and is therefore only partly refixed. Plants have evolved
mechanisms to recapture this CO, that would otherwise be lost,
such as placing chloroplasts around the cell periphery (27, 32-35) or
relocating the decarboxylation step to the bundle sheath cells, as in
C3-C4 intermediate photosynthesis (36, 37). The exact amount of
CO; refixation depends on both the plant species and environmen-
tal conditions (32, 37). APs can relocate the site of CO, release from
the mitochondrion to the chloroplast and therefore potentially in-
crease the proportion of refixed CO,.

CO; diffusion is dependent on a series of resistances between the
external and internal airspace and between subcellular organelles
(27, 33-35). These resistances were simplified in our stoichiometric
model to a constraint on the fraction of CO, released in mitochondria
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Fig. 5. Complete decarboxylation pathways require an increased rubisco
carboxylase:oxygenase ratio to achieve an increased photosynthetic energy
efficiency relative to wild-type (WT) photorespiration. Effect of altered rubisco
carboxylase:oxygenase (v:v,) ratio on photosynthetic energy efficiency of alternative
pathways (APs) relative to WT photorespiration at a fixed rubisco carboxylase:oxygenase
ratio of 3:1 (dashed gray line). Simulations were performed using the stoichiometric
model and FBA with the objective set to maximization of GAP production. Photosyn-
thetic energy efficiency was defined as the CO; fixed per photon absorbed.

that can be refixed by chloroplasts (refixation potential), with the re-
mainder assumed to exit the leaf. We modeled the effect of different
CO; refixation potentials in the WT plant on the relative carbon ex-
port of plants expressing APs compared to the WT. We assumed that
relocation of CO; release by the APs to the chloroplast results in com-
plete recapture of CO; released by the APs, therefore representing the
maximum potential benefit. The input of CO, from outside the cell
was fixed to the WT value to represent a CO, diffusion-limited con-
dition and prevent cells from compensating for CO; lost from photo-
respiration or APs by simply importing more CO,. Photon input was
constrained to the WT value representing an energy-limited condi-
tion, and the optimization objective was set to maximization of GAP
production. In general, as the CO, refixation potential of the WT
plant increases, the benefit of an AP that recaptures this otherwise lost
CO; decreases (Fig. 6A). The maximum carbon export increase of
any AP that recaptures otherwise lost CO, is 20% for a rubisco
carboxylase:oxygenase ratio of 3:1 (Fig. 6A). Under the energy-limited
condition modeled here, the APs that are more energetically efficient
than native photorespiration (carbon-fixing, carbon-neutral, and
partial decarboxylation pathways) can all achieve this maximum 20%
benefit (Fig. 6A, all other APs). In contrast, the complete decarbox-
ylation pathways, which are less energy efficient than native photo-
respiration, fixed less CO, than the WT plant at all CO, refixation
potentials (Fig. 6A, dashed orange lines).

Next, we evaluated whether residual flux through the native pho-
torespiratory pathway could be beneficial in combination with an
AP. Native photorespiration potentially loses CO; from the cell

Smith et al., Sci. Adv. 11, eadt9287 (2025) 28 March 2025

by releasing it in the mitochondria, affecting the carbon export. APs
can recapture this CO, by releasing it in the chloroplast but can be
more energetically expensive. Therefore, for the complete decarboxyl-
ation APs, there is a trade-off between the relatively more energy-
efficient native photorespiration and the more carbon-efficient
AP. We therefore repeated the previous analysis but allowed unlimit-
ed flux through native photorespiration and identified the optimal
flux through native photorespiration and the AP under a CO; and
energy limitation.

Under these energy- and CO,-limited conditions, the optimal
flux distribution for the more energy-efficient pathways required
zero flux through photorespiration (Fig. 6B). In contrast, for the less
energy-efficient complete decarboxylation pathways, the optimal
amount of native photorespiratory flux varied with the CO, refix-
ation potential (Fig. 6B). In other words, residual flux though native
photorespiration can compensate for the energy inefficiency of
complete decarboxylation pathways, while the APs act to recapture
otherwise lost CO,. Therefore, some residual photorespiratory flux
can be beneficial in the presence of complete decarboxylation path-
ways, particularly when the CO, refixation potential is low (Fig. 6A,
solid orange lines). The optimal flux through native photorespira-
tion in combination with an AP may vary dynamically with the en-
vironmental conditions, which can affect CO, diffusion and the
refixation potential of the plant. Overall, assuming that ~25% of
CO; is refixed in a WT plant, all AP designs are advantageous when
both CO, and energy are limiting and when operating in combina-
tion with native photorespiration (Fig. 6A, solid lines).

Understanding CO, dynamics requires kinetic modeling
Stoichiometric modeling demonstrated the energetic and stoichio-
metric benefits of the AP designs, how flux through certain APs can
support amino acid biosynthesis, and the potential beneficial effects
of avoiding CO; release in the mitochondria. However, the stoichio-
metric model required fixing the rubisco carboxylase:oxygenase ra-
tio, whereas in vivo, it depends on the concentrations of O, and CO,,
which can vary dynamically. Therefore, to model the effect of varying
CO, diffusion and CO; concentration more accurately, we developed
a kinetic model of photosynthesis to test the different AP designs.

The kinetic model was developed as a system of ordinary differ-
ential equations by combining models of the CBB cycle (38) and
photorespiration (39), as well as a complete description of rubisco
kinetics including carboxylation and oxygenation reactions (40).
CO;, was modeled as a dynamic variable to capture the effect of the
various APs on the CO, concentration in the chloroplast. A fixed
proportion (25%) of CO, released by glycine decarboxylase in the
mitochondria was assumed to diffuse back into the chloroplast (32).
The APs were implemented on top of this WT model and are
grouped by their CO; stoichiometry, with the best-performing vari-
ant of each group shown in the following results. For a complete
description of the model as well as a comparative analysis of inter-
mediate model stages, see section S2.

Carbon-fixing pathways are more efficient at

exporting carbons

We first evaluated the different AP designs under reference condi-
tions of 400-parts per million atmospheric CO; and an illumination
of 700 pmol/m?* s. From this analysis, we calculated the rubisco
carboxylation and oxygenation rates (v. and v, respectively) and
rubisco carboxylase:oxygenase ratio. We further extended the
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Fig. 6. The benefit of an alternative pathway (AP) that recaptures otherwise
lost CO, depends on how effective the wild-type (WT) plant is at already re-
fixing CO; released by photorespiration. (A) Effect of CO, refixation in WT
plants on the relative benefit of APs to carbon fixation calculated using the stoi-
chiometric model and flux balance analysis (FBA). Refixation potential is defined
as the fraction of CO, released from photorespiration in the mitochondria that
could enter the chloroplast rather than leaving the cell. The refixation potential
of a WT cell was fixed between 0 and 100%, and the objective was set to maximi-
zation of GAP production. Rubisco carboxylase:oxygenase activity was con-
strained to 3:1.When simulating the APs, photon and CO, inputs were constrained
to the WT value required to generate GAP at a rate of 1 pmol s~' representing an
energy- and CO,-limited condition. Dashed lines are with flux through native
photorespiration blocked; solid lines are with native photorespiration free to
carry flux. (B) Optimal flux through native photorespiration relative to the AP at
varying CO; refixation potentials. Photon and CO, inputs were constrained as in
(A). 100% means that there is no flux through the AP, and 0% means that the AP
completely replaces photorespiration.
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evaluation by considering export of triose-phosphates and hexoses as
a proxy for plant growth and defined the carbon-use efficiency as the
ratio of carbon export rate relative to the rubisco carboxylase rate.

The carbon-fixing pathways show a reduced rubisco carboxylation
rate (less than 60% of the WT) and slightly increased oxygenation
rate, leading to a reduced rubisco carboxylase:oxygenase ratio relative
to the WT (Fig. 7). The complete decarboxylation APs show the exact
opposite, with a higher carboxylation rate (more than 125% of the WT)
and lower oxygenation rate, leading to a rubisco carboxylase:oxygenase
ratio of more than 175% relative to the WT (Fig. 7). Even if the second-
ary carboxylation steps like glycolyl-CoA carboxylase in the carbon-
fixing TaCo pathway are counted in the total carboxylation rate, this
general trend stays the same, even though, now, the total carbon fixa-
tion of the carbon-fixing APs is less decreased than the carbon-neutral
pathways (Fig. 7, transparent area). Contrastingly, the carbon export
is the highest for the carbon-fixing APs (around 120%) and the lowest
for the complete decarboxylation APs at slightly above 100% (Fig. 7).
This is reflected by the carbon-use efficiency, which is the highest for
the carbon-fixing APs at around 190% and the lowest for the complete
decarboxylation APs at around 80% (Fig. 7). This increase in carbon-
use efficiency in carbon-neutral and carbon-fixing APs is caused by the
fact that they generate intermediates, other than CO,, that can enter
the CBB cycle. By increasing the input of intermediates into the cycle,
more carbon can be withdrawn without requiring additional fixation
of CO; by rubisco. Therefore, carbon-fixing and carbon-neutral alter-
native photorespiratory pathways increase the carbon-use efficiency
of the CBB cycle, resulting in more carbon exported per rubisco car-
boxylase reaction.
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Fig. 7. Steady-state performance indicators of plant metabolism simulated by
the kinetic model for different alternative pathway (AP) designs, grouped by
their CO; stoichiometry. The simulation was performed under reference condi-
tions of 400—parts per million atmospheric CO, and an illumination of 700 pmol/m2
s. Transparent bars signify the addition of secondary carboxylation steps to the
measurement of rubisco carboxylation rate for the carbon-fixing pathways. The dif-
ferent AP designs are grouped by their CO, stoichiometry, and only the pathway
variant with the maximal carbon export of the group is shown.
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APs are most beneficial at low intracellular CO,

The activity and effectiveness of the APs, which we measure as the
improvement of carbon export, depend on the local CO; concentra-
tion in the chloroplast. The velocity at which this local CO, can be
replenished is dependent on the external CO, concentration as well
as the internal transport rate. We systematically evaluated all AP de-
signs for both of these factors. The improvement of carbon export
relative to the WT is the highest for both low CO,-transport rate
(Fig. 8D) and low external CO; concentration (fig. S1), in which the
carbon-fixing pathways perform best (Fig. 8D). These are also the
conditions where the absolute rates of carbon export are reduced

(Fig. 8B). The carbon-fixing APs consistently show the highest im-
provement relative to the WT, closely followed by the carbon-
neutral APs and then by the partial decarboxylation APs (Fig. 8D).
The full decarboxylation APs show the lowest improvement and
perform worse than the WT if the CO,-transport rate is increased
more than 10% (Fig. 8D). The improvement to carbon export di-
minishes for all APs under very high CO; conditions (fig. S1).

High light increases AP benefit
All APs require more energy equivalents than the CBB cycle per car-
bon export and the full decarboxylation pathways even more than
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Fig. 8. Steady-state carbon export of alternative pathways (APs) simulated by the kinetic model depending on photosynthetic photon flux density (PPFD) or
CO, transport rate. Carbon export is shown in both absolute terms (A and B) and relative to the wild-type (WT) under the same conditions (C and D). Three representative
scenarios are highlighted for a well-watered plant in a temperate climate with sufficient light (700 pmol/m2 s) (E); a well-watered plant in temperate climate with low light
(250 pmol/m? s), which is thus energy limited (F); and a hot and dry climate with low water supply and, thus, partially closed stomata (90% of WT CO, transport rate), which
is thus CO, limited (G). The different AP designs are grouped by their CO, stoichiometry (-2, —0.5, 0, and 1), and only the pathway variant with the maximal carbon export

of the group is shown.
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native photorespiration. Therefore, it is important to assess how
much energy supply is necessary such that the benefits of the path-
ways outweigh this energy cost. As natural light conditions can be
continuously fluctuating, the AP performance should be assessed un-
der a variety of light conditions. We did this by systematically scan-
ning the effect of illumination on the carbon export, by simulating
the steady state for each photosynthetic photon flux density (PPFD).

Here, we found that all APs show the highest increase in carbon
export relative to native photorespiration under high-light conditions,
with the carbon-fixing APs showing the highest increase in carbon ex-
port at 125% relative to the WT (Fig. 8C). The second-best option is
carbon-neutral pathways, which, under low-light conditions, out-
perform the carbon-fixing pathways (Fig. 8C, illumination below
400 pmol). The complete decarboxylation pathways show a beneficial
effect for medium- and high-light conditions compared to the WT but
are disadvantageous under low-light conditions compared to the other
APs (Fig. 8C). These results demonstrate that under medium- to high-
light conditions, the benefits of all APs outweigh the increased direct
energy cost, while at low light, the increased energy demand outweighs
the benefits for the complete decarboxylation APs.

Environmental conditions require different AP designs

The previous results highlight that depending on the environmental
conditions, which will affect CO, diffusion and light intensity, dif-
ferent APs should be used to maximize carbon export. We predicted
the carbon export improvement of different APs for three distinct
scenarios. The first one is a normal scenario, which corresponds to a
well-watered plant in a temperate climate with sufficient light. The
next one is a scenario with a well-watered plant in temperate climate
but low light, which is thus energy limited. For this, we used an il-
lumination of 250 pmol/m? s. The last one is a scenario of a hot and
dry climate and high light, with partially closed stomata, which is
thus CO; limited. This is represented by lowering the carbon trans-
port rate to 90% of the WT.

In both the normal and CO,-limited scenarios, the carbon-fixing
APs show the highest carbon export (Fig. 8, E and G). Under energy-
limiting conditions, carbon-fixing and carbon-neutral APs show
similar carbon export (Fig. 8F). In all cases, complete decarboxyl-
ation pathways show the lowest carbon export, with a negative effect
under energy-limited conditions, a slightly positive effect under
normal conditions, and a positive effect under CO,-limited condi-
tions (Fig. 8, E to G). Thus, in most scenarios, the carbon-fixing APs
are the preferred choice, while under energy-limited conditions, the
carbon-neutral APs might be more beneficial.

DISCUSSION

Using various mathematical models of plant metabolism, we have
comprehensively identified and assessed the mechanisms by which
APs can enhance carbon assimilation and growth. To understand
how environmental conditions and plant physiology can affect
pathway benefits, we also quantitatively assessed the effects of
light intensity and CO, availability on the different APs. We show
that carbon-fixing APs, such as the TaCo pathway, have the great-
est potential benefit over a range of conditions and could provide
an increase in carbon export from photosynthesis of more than
20%. Because of the initial exponential growth phase of plants,
such a percentage could generate substantial gains in biomass
over time (41).

Smith et al., Sci. Adv. 11, eadt9287 (2025) 28 March 2025

APs use distinct mechanisms to improve growth

Our work showed that APs to photorespiration can provide bene-
fits to plants via five different mechanisms (Fig. 9): (i) an energy
efficiency benefit by metabolizing the 2PG produced by the rubis-
co oxygenase reaction in a way that uses less ATP and reducing
power compared to native photorespiration; (ii) a biosynthetic
energy efficiency benefit if intermediates of the AP can be used
for biosynthetic reactions; (iii) recapture of CO; that could other-
wise diffuse from the cell; (iv) an increased CO, concentration at
the site of rubisco in the chloroplasts caused by altered CO, dif-
fusion within the cell; and (v) increased carbon-use efficiency of
the CBB cycle caused by an additional input of CBB cycle inter-
mediates, which enables more carbon to be exported per rubisco
carboxylase reaction. As CO, diffusion differs depending on cell
morphology and leaf physiology, these CO,-related benefits can
be different in different plant species. Thus, next to simply clear-
ing the 2PG produced by the rubisco oxygenase reaction, alter-
native photorespiratory pathways can have broad effects on the
plant in terms of energetics, biosynthesis, and CO, dynamics and
these must be considered at the system level to evaluate the effec-
tiveness of any pathway.

Benefits of APs depend on environmental conditions

The environmental conditions a plant grows in, such as light inten-
sity, temperature, and water availability, can affect the benefit of
the different mechanisms that APs use. Under low-light condi-
tions, when energy is limiting, the energy efficiency of APs be-
comes critical to their effectiveness (10, 42). Our models showed
that APs that are more energy efficient than native photorespira-
tion will offer greater benefits in low light, which is experimentally
supported by growth enhancement in Arabidopsis expressing the
Kebeish pathway and grown under low-light and short-day condi-
tions (14). In contrast, complete decarboxylation pathways, which
are less energy efficient than native photorespiration, are predicted
to show no benefits under these low-light conditions. Under high-
light conditions, energy efficiency no longer offers an advantage,
and the pathways’ effects on CO, diffusion and fixation become
more important. Our analyses predict all pathways to perform best
under high-light conditions (Fig. 8, A and C), suggesting that ben-
efits from altered CO, diffusion have the biggest potential to in-
crease plant growth. This finding is also supported experimentally
with complete decarboxylation pathways including South AP3,
Shen, and Wang all showing increased benefits under high-light
conditions (5, 15, 20). Overall, the APs provide the greatest benefit
over native photorespiration under high-light and CO,-limiting
conditions, with certain pathways also able to provide benefits un-
der low-light conditions.

The benefits of APs are comparable to those predicted for C3-C4
intermediate or C4 metabolism (43). The conditions that favor
these naturally evolved mechanisms are also those we identified
as beneficial for the APs. However, from a metabolic engineering
perspective, the APs described here offer advantages over intro-
ducing C3-C4 or C4 metabolism into a C3 plant, as they can require
as few as three genes compared to the >15 genetic modifications
potentially needed to support the biochemistry, leaf anatomy, and
intercellular transport of C3-C4 or C4 photosynthesis. Therefore,
APs offer a more easily implementable solution to the same prob-
lems that C3-C4 intermediate and C4 photosynthesis has evolved
to address.
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Applying insights to previous results

By applying the insight we have gained, we can now try to better explain
previous experimental observations. For example, complete decarboxyl-
ation pathways such as the Maier/South AP2, South AP3, and Shen by-
passes experimentally showed growth benefits, but the molecular basis for
these benefits was less clear, as previous computational analysis based on
a kinetic model describing carbon fixation and subcellular CO, conduc-
tance did not predict an enhanced rate of photosynthesis (10). Here, we
quantitatively demonstrate that complete decarboxylation pathways can
enhance photosynthesis by increasing the CO, concentration in the chlo-
roplast and, subsequently, the rubisco carboxylase:oxygenase ratio, as well
as by recapturing otherwise lost CO,. These effects are consistent with
experimental measurements of unchanged or decreased CO, compensa-
tion points in engineered plants expressing these pathways (15, 19, 20, 44).
Furthermore, for complete decarboxylation and some partial decarboxyl-
ation pathways, we demonstrated additional increases in energy efficien-
cy in cells synthesizing amino acids for biomass synthesis or phloem
exudate that has not previously been identified. Thus, through our work,
we can now better explain the reasons why, in previous studies, a particu-
lar AP has generated benefits.

Some aspects of APs require future investigation
Yet, despite improving our understanding of alternative photorespi-
ratory pathways, a number of experimental observations remain
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unexplained. For example, the South AP3 pathway expressed in to-
bacco shows increased CO; assimilation even at very high intracel-
lular CO; (15). Decarboxylation pathways reduce rubisco oxygenase
activity by increasing the local CO, concentration at increased ener-
getic costs. At very high intracellular CO,, this mechanism cannot
offer any additional benefit, as the CO; concentration in the chloro-
plast should already be high. The mechanism of the benefit of the
South AP3 pathway even at high CO, remains unexplained and may
relate to the reported beneficial effects of expressing glycolate dehy-
drogenase alone, which could affect the efficiency of photosynthetic
electron transport (14, 45-47). In addition, our models predicted
that partial decarboxylation pathways should outperform full decar-
boxylation pathways across conditions. However, comparison of the
partial decarboxylation South AP1 and the complete decarboxyl-
ation South AP3 expressed in tobacco in greenhouse trials showed
greater yield increases in the AP3 pathway (15). In this context, it is
important to realize that our model predictions reflect best-case sce-
narios, requiring optimal expression and kinetics of the pathway
enzymes. While a discrepancy between our model predictions and
experimental implementations of APs could point to shortcomings
in our models, an alternative explanation for the discrepancy could
be that an engineered plant might not yet have optimal enzyme ex-
pression levels. Thus, such a discrepancy might also indicate poten-
tial for further improvements of plant performance.
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Outlook

With this work, we have improved our mechanistic understanding
of how alternative photorespiratory pathways can enhance carbon
assimilation and growth and used this to predict that the carbon-
fixing TaCo pathway represents the best option for increasing crop
yields over a range of conditions. In the future, crops, or specific
cultivars, should be screened to identify those with limitations in
CO;, refixation capacity or CO; diffusion that make them most like-
ly to benefit from engineering with APs to native photorespiration.
The models presented here could also be used to evaluate or develop
new AP designs that may further increase yield gains, e.g., by target-
ing specific growth scenarios, such as the juvenile or adult growth
stages, or specific crop species. With the ability to more rationally
engineer alternative photorespiratory pathways into suitable crops
and identify their optimal growing conditions, our work will hope-
fully contribute to realizing the maximum impact of alternative
photorespiratory pathways for improving crop yields.

MATERIALS AND METHODS

Stoichiometric model

A stoichiometric model of core plant metabolism based on an
Arabidopsis leaf, PlantCoreMetabolism_v3, was curated starting from
a previously described model [PlantCoreMetabolism_v1_2; (22)].
The model is available in SBML format as an XML file in (48) and
https://gitlab.com/gain4crops/2024-paper. Python 3, COBRApy
(49), and the CPLEX solver were used for flux balance analysis (FBA)
optimizations. Output fluxes to phloem exudate were defined from
Arabidopsis phloem composition (29). Output fluxes to biomass
were defined as described in the AraGEM model (30). Net ATP de-
mands were calculated by quantifying the flux through both plastidic
and mitochondrial ATP synthases. As the model is autotrophic, all
ATP must ultimately be generated by either plastidic ATP synthase or
by mitochondrial ATP synthase using NADH generated in the plastid.
To calculate the reductant demand, the flux through proton pumping
mitochondrial NADH-dehydrogenase (which is used for generating
ATP) was subtracted from the flux through plastidic ferredoxin-
NADP reductase. All codes required to reproduce the results are
available in (48) and at https://gitlab.com/gain4crops/2024-paper as
Jupyter notebook files.

Kinetic model

The ordinary differential equation model was built mainly using two
previously published models of the CBB cycle (38, 50) and photores-
piration (39) and developed using Python-based software model-
base (51). Rubisco kinetics including carboxylation and oxygenation
reactions were described on the basis of the rate equation from
Witzel et al. (40). Energy metabolites, ATP, and NADPH were im-
plemented as dynamic variables as in (52), and their production was
modeled using a simplified light-dependent reaction with an addi-
tional quenching reaction to account for the different ATP and
NADPH demands of the system. Thioredoxin-based redox regula-
tion of CBB cycle enzymes was linked to the energy status of the
model via an NADPH thioredoxin reductase reaction based on the
description by Saadat et al. (53). CO, was modeled dynamically with
CO,; input from the atmosphere described with a diffusion equation.
As refixation of respired and photorespired CO, was shown to
range between 24 and 38% in wheat and rice (32), a static CO; refix-
ation of 25% from mitochondrial glycine decarboxylation was
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assumed with the remaining CO; lost to the atmosphere. For APs
that relocate CO, to the chloroplast, we assumed that 100% of this
could potentially be refixed. Ammonia was also modeled as a dy-
namic variable along with ammonium assimilation into glutamate
and the associated energy costs. The model was built in a stepwise
manner, with each iteration being compared to the previous one to
ensure that the changes made were valid (see section S2 for a com-
plete description). The final model was used as a reference point,
called WT, and the APs were implemented on top of this model.
Native photorespiration was deactivated in the presence of the APs
by setting the Vi, of the first native photorespiratory enzyme that
was not used by the respective AP to zero. The AP designs were
grouped by their CO; stoichiometry, and the best-performing path-
way of each group is shown in the Results. All codes required to re-
produce the results are available in (48) and at https://gitlab.com/
gaindcrops/2024-paper.
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