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Abstract 
Improving photosynthesis, the fundamental process by which plants convert light energy into chemical energy, is a key area of research 
with great potential for enhancing sustainable agricultural productivity and addressing global food security challenges. This perspective 
delves into the latest advancements and approaches aimed at optimizing photosynthetic efficiency. Our discussion encompasses the 
entire process, beginning with light harvesting and its regulation and progressing through the bottleneck of electron transfer. We then 
delve into the carbon reactions of photosynthesis, focusing on strategies targeting the enzymes of the Calvin–Benson–Bassham (CBB) 
cycle. Additionally, we explore methods to increase carbon dioxide (CO2) concentration near the Rubisco, the enzyme responsible for 
the first step of CBB cycle, drawing inspiration from various photosynthetic organisms, and conclude this section by examining ways 
to enhance CO2 delivery into leaves. Moving beyond individual processes, we discuss two approaches to identifying key targets for 
photosynthesis improvement: systems modeling and the study of natural variation. Finally, we revisit some of the strategies 
mentioned above to provide a holistic view of the improvements, analyzing their impact on nitrogen use efficiency and on canopy 
photosynthesis.
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Introduction
By Roberta Croce
While photosynthesis is fundamental to life on Earth, powering 
the growth of plants and sustaining food chains, its solar energy 
conversion efficiency is surprisingly low, typically below 1% in 
crops. This low efficiency represents a significant opportunity 
for improvement, which is especially relevant in the context of a 
growing global population and pressure on available arable land 
to climate changes, with the consequent increase in agricultural 
demand. While substantial progress has been made in enhancing 
other aspects of crop yield, photosynthesis itself remains a largely 
untapped area for improvement. This is primarily due to the com
plexity of the photosynthetic process, which involves a multitude 
of genes and biochemical pathways. Unlike traits such as disease 
resistance or plant height, which can often be traced to a few key 

genetic changes and can be targeted by traditional breeding, the 

optimization of photosynthesis demands a deep molecular under

standing and precise genetic manipulation. Only recently are the 

tools and knowledge for such interventions becoming available, 

making the direct improvement in photosynthesis a relatively 

new frontier in increasing crop productivity.
Can photosynthesis be improved? Recent proof-of-principle 

experiments have provided compelling evidence that it can. 

These studies have explored various innovative approaches, 

from introducing new biochemical pathways into plant systems 

to genetic modifications aimed at enhancing light-harvesting or 

carbon fixation efficiency. For instance, experiments have suc

cessfully demonstrated the feasibility of engineering plants to 

utilize light or assimilate carbon more efficiently or to bypass pho

torespiratory pathways, thereby boosting overall photosynthetic 
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efficiency (e.g. Simkin et al. 2015; Kromdijk et al. 2016; South et al. 
2019). These ground-breaking experiments show the potential to 
enhance photosynthesis and open new avenues for increasing 
crop productivity.

Why, after billions of years of evolution, are there still so many 
opportunities to enhance photosynthesis? Beyond the common 
understanding that plants evolve mainly for reproduction and 
survival rather than maximizing photosynthesis and productivity, 
there are additional factors. Climate changes, particularly 
changes in atmospheric carbon dioxide (CO2) levels, have made 
the photosynthetic properties of current plants less suited to 
modern environments. Enhancing ribulose 1,5-bisphosphate 
(RuBP) regeneration has been shown to increase photosynthesis 
in C3 plants (Lefebvre et al. 2005; Rosenthal et al. 2011), suggesting 
that the process may not have been fully optimized in response to 
new environmental conditions. Moreover, inefficiencies in some 
photosynthetic enzymes and structures may be evolutionary leg
acies. For example, Rubisco evolved when oxygen (O2) was scarce, 
making differentiation between CO2 and O2 less critical. As O2 be
came prevalent, increasing the CO2 specificity of Rubisco meant 
reducing its catalytic rate, potentially trapping it in a state of 
low specificity and efficiency (Erb and Zarzycki 2018). These fac
tors suggest that contemporary photosynthesis systems, shaped 
by environmental changes and evolutionary history, hold poten
tial for optimization and efficiency gains.

This perspective explores a range of promising strategies for im
proving photosynthetic efficiency. The strategies described here 
are at various stages of development; some have already demon
strated proof of principle, while others are still in the conceptual 
phase, collectively representing the state of the art in this field.

Broadening the spectrum of plants  
to the far-red
By Roberta Croce
Light is the energy source of photosynthesis. However, only visible 
photons in the 400 to 700 nm range, the so-called range of photo
synthetic active radiation, are used to power photosynthesis in 
most organisms, including plants. This limits the use of solar en
ergy to <50% of what reaches the Earth’s surface (Zhu et al. 
2010). For a long time, it has been believed that photons above 
700 nm would not carry enough energy to support efficient water 
oxidation. However, the discovery of cyanobacteria containing pig
ments absorbing in the far-red (FR) spectral region (Miyashita et al. 
1996; Chen et al. 2010) has shown the feasibility of this process. It 
has thus been proposed that expanding the spectrum of plants 
up to 750 nm would lead to a gain of light absorption of around 
20% (Blankenship and Chen 2013), which is a considerable increase 
in the energy available for growth. Making use of FR photons would 
be highly relevant for crops, as plants in the field are close together, 
and the light reaching the lower leaves is almost exclusively FR 
(Fig. 1) and currently cannot be used for photosynthesis, resulting 
in a close-to-zero photosynthetic rate at the bottom of a crop can
opy (Srinivasan et al. 2017). The idea of broadening the absorption 
of crops to the FR is thus considered a promising strategy to im
prove their productivity (Slattery and Ort 2021; Wu et al. 2023).

How can this be achieved? Although this strategy has not yet 
been implemented in plants, its success in cyanobacteria serves 
as an excellent starting point for adapting it to crops. Three 
main factors are crucial for the efficient use of FR light in the first 
steps of photosynthesis: (i) the organism’s capacity to harvest FR 
light, (ii) efficient transport of this energy to the photochemical 

reaction center (RC), and (iii) utilization of this energy for charge 
separation and stabilization of the charge-separated state. See 
Elias et al. (2024b) for a recent review. 

Plants and algae use chlorophyll a (Chl a) and Chl b and carote
noids to harvest light. These pigments strongly absorb blue and 
red light but do not absorb in the FR. Some cyanobacteria, how
ever, can synthesize two additional types of chlorophyll, called d 
and f, which absorb in the FR region of the spectrum (Gan et al. 
2014; Ho et al. 2017). Both these chlorophylls differ from Chl a 
due to the presence of a formyl group in one of the substituents 
of the tetrapyrrole ring. This also means that a single enzyme is 
sufficient to transform the red-absorbing Chl a into the FR absorb
ing Chl d or f. While the enzyme for Chl d synthesis has not yet 
been discovered, the one for Chl f is known (Ho et al. 2016) and 
has been successfully heterologously expressed in cyanobacteria 
strains incapable of FR acclimation, showing that it leads to the 
production of Chl f (Shen et al. 2019b). These pigments then 
need to be coordinated to the photosynthetic proteins to form 
functional pigment–protein complexes. In FR light, alongside the 
Chl f synthase, cyanobacteria express paralogs of some/most pho
tosynthetic proteins involved in pigment binding (Gan et al. 2014). 
These novel proteins have a higher affinity for Chl f in specific sites 
(Gisriel et al. 2021). However, it has already been shown that even 
the canonical photosynthetic proteins, such as the components of 
photosystem I (PSI), can bind Chl f (Tros et al. 2020) and that the 
light-harvesting complexes (LHCs) of plants, which are totally dif
ferent from those of cyanobacteria, can accommodate both Chl d 
(Elias et al. 2021) and Chl f (Elias et al. 2024a).

In addition to the use of Chl d and f, FR light can also be ab
sorbed by red-shifted Chls a. These are present in a small amount 
in PSI, also of plants, where they are called “red-forms”(Croce and 
van Amerongen 2013). The FR absorption spectrum of these pig
ments is due to the strong coupling between two or more Chls a 
(see Slama et al. 2023 for details) which is tuned by the proteins 
that determine the organization of the pigments. Designing FR 
Chl a binding sites can also be a strategy to enhance the FR absorp
tion of plants without the need for additional Chl types.

After light is absorbed, the energy needs to be efficiently delivered 
to the RC for charge separation (see Croce and van Amerongen 2020

Figure 1. Solar spectrum on the top (yellow) and bottom (brown) of a 
crop canopy (adapted from Mirkovic et al. 2017). The absorption spectra 
of three cyanobacteria containing Chl a (black), Chl a and Chl f (red), and 
Chl d (blue) are also shown.
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for more details). This process is made possible by the presence of 
proteins that organize the pigments. The plant photosynthetic units, 
PSI and photosystem II (PSII), are modular assemblies where a set of 
pigment–protein complexes act as an antenna responsible for har
vesting light and transferring the excitation energy to the RC. The ef
ficiency of this process hinges on the rate of energy transfer, as faster 
transfer reduces energy losses. The transfer rate depends on the 
inter-pigment distance, their mutual orientation, the magnitude of 
their excited-state transition dipole moments, and their excited- 
state energy landscapes. With Chl d and f having larger dipole mo
ments than Chl a, and with the organization of the pigments within 
the complexes remaining largely the same in the studied cyanobac
teria complexes (Gisriel et al. 2020, 2023; Hamaguchi et al. 2021), the 
key factor is the excited-state landscape. The substitution of all Chls 
a with FR absorbing Chls, as in the case of the cyanobacterium 
Acaryochloris marina, does not affect the rate of excitation energy 
transfer. On the contrary, integrating a few FR chlorophylls into com
plexes mainly containing Chl a can create local energy traps, slowing 
down the excitation energy transfer rate and reducing efficiency, as 
observed in cyanobacteria (Mascoli et al. 2020). Careful planning of 
the number and position of low-energy pigments is therefore crucial 
to ensure efficient delivery of the absorbed energy to the RC (Mascoli 
et al. 2022). This would also require the design of modified complexes 
where the affinity of Chl d and f is enhanced in specific binding sites.

The presence of low-energy chlorophylls in the RC can influ
ence charge separation efficiency, as these Chls need to perform 
the same function as Chl a, but with less excited-state energy 
(Nürnberg et al. 2018). This can affect the recombination reactions 
and, in principle, even increase the possibility of photodamage. 
The regulation of the midpoint potential of the cofactors in the 
electron transport chain might be an issue (Viola et al. 2022). This 
aspect needs to be carefully studied in cyanobacteria to understand 
how they have overcome possible problems. However, while these 
factors might be critical for PSII, experimental results indicate that 
Chl f-containing PSI still works very efficiently with Chl a in the RC 
(Tros et al. 2021), suggesting that shifting PSI absorption to the FR 
might be easier than in the case of PSII.

Finally, the idea is to implement FR absorption in crops using 
the smart canopy concept, e.g. gradually increasing the absorp
tion of FR photons in the lower part of the canopy (Ort et al. 
2015). This allows for better use of light, as the upper leaves in a 
canopy, typically exposed to full sunlight, would have no advant
age in absorbing FR light. In fact, having low-energy Chls in upper 
canopy leaves could decrease the overall efficiency of charge sep
aration. On the contrary, the absence of FR pigments in the upper 
leaves allows the penetration of FR light to the bottom of the can
opy, where leaves are light-limited and where it will be absorbed 
and used for photosynthesis. To create this absorption gradient 
across the canopy, we can again take inspiration from cyanobac
teria. More and more species are being discovered that can under
go FR acclimation, meaning that these strains have a normal, Chl 
a-based, photosynthesis apparatus when exposed to white light 
and only express the Chl f synthase and paralogues of the photo
synthetic proteins with enhanced ability to bind Chl f upon expo
sure to FR light (Gan et al. 2014; Gisriel et al. 2022). This process is 
controlled by phytochrome, a photoreceptor that senses the red/ 
FR ratio and triggers the expression of FR-related subunits when 
needed (Ho et al. 2017). The same control should then be imple
mented in plants.

In summary, while the utilization of FR light in plant photosyn
thesis remains to be achieved, the expanding understanding of FR 
photosynthesis in cyanobacteria is paving the way for this 
application.

Enhancing the efficacy of photosynthesis 
under field conditions: The case for antenna 
size reduction in crop canopies
By Paolo Pesaresi
In C3 plant canopies, the photosynthetic machinery saturates at 
∼25% of maximum solar flux, and this is one of the main factors 
that constrain productivity in these species (Jansson et al. 2010). 
Plants probably overinvest in light capture and synthesize high 
levels of thylakoid antenna proteins and associated chlorophylls 
because this increases their own fitness by depriving neighboring 
plants of light and nutrients (Freschet et al. 2011). However, since 
this trait is found in elite crops, it constitutes a major drawback for 
monocultures, in which all plants are expected to have the same 
fitness and yield capacity in order to maximize productivity in cul
tivated fields (Slattery and Ort 2021).

Reduction of chlorophyll content in leaves could offer a means to 
mitigate competition for light in monocrop stands, i.e. fields where 
one crop species is grown at a time, since the level and quality of 
the light that reaches leaves in the lower canopy should be higher 
and more uniform, thus boosting overall photosynthetic perform
ance and yields (Blankenship and Chen 2013; Cutolo et al. 2023). 
Indeed, this strategy has been validated in several studies on cyano
bacteria and microalgae (Nakajima and Ueda 1997; Beckmann et al. 
2009; Perrine et al. 2012), although the same approach in higher 
plants has produced discordant results. A decrease in antenna size 
in tobacco (Nicotiana tabacum), for instance, led to an increase of 
about 25% in above-ground biomass accumulation under high- 
density cultivation conditions (Kirst et al. 2017). Similarly, beneficial 
effects were observed in a rice genotype with pale green leaves culti
vated under high-light conditions (Gu et al. 2017a). Conversely, the 
few field studies that have used chlorophyll-deficient soybean 
(Glycine max) mutants showed a marked decrease in leaf mass accu
mulation and grain yield (Slattery et al. 2017; Sakowska et al. 2018; 
Genesio et al. 2020). These results underline the complexity of this 
trait, which is influenced by several factors including the gene/path
way involved, the degree of leaf chlorophyll reduction, the architec
ture of the crop canopy, as well as the environmental and growth 
conditions (Cutolo et al. 2023).

Recently, we have used the chemically induced mutant happy 
under the sun 1 (hus1) to assess the impact of leaf chlorophyll re
duction on biomass accumulation and grain yield in barley 
(Rotasperti et al. 2022). The pale green phenotype of hus1 is due 
to a 50% reduction in the chlorophyll content of leaves, which en
hances the efficiency of the conversion of light energy into chem
ical energy without increasing its susceptibility to photoinhibition 
(Fig. 2). The mutation introduces a premature stop codon in 
HvcpSRP43, which encodes the 43-kDa chloroplast signal recogni
tion particle (cpSRP43) responsible for the delivery of antenna pro
teins to the thylakoid membranes (Klimyuk et al. 1999), and its 
truncation resulted in a decrease in the size of photosystem an
tenna complexes. Furthermore, the HvcpSRP43 protein has been 
shown to efficiently chaperone and stabilize glutamyl-tRNA re
ductase, a rate-limiting enzyme in tetrapyrrole biosynthesis, 
which enables the insertion of LHCs into thylakoids to be coordi
nated with chlorophyll biosynthesis (Wang et al. 2018). The dual 
role of HvcpSRP43 in chloroplasts makes hus1 a rather specific 
mutant, since the reduced antenna size is coupled with a marked 
reduction in the activity of the tetrapyrrole biosynthetic pathway, 
which in turn suppresses the formation of highly toxic tetrapyr
role intermediates and pleiotropic photo-oxidative damage. 
Intriguingly, the hus1 mutant accumulated biomass and grains 
at levels comparable to those observed for the control cultivar 
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Sebastian, when grown under field conditions at standard density. 
These findings demonstrate that, when the selective pressure im
posed by competition for resources in cultivated fields is attenu
ated, crops can indeed decrease their investment in antenna 
proteins and chlorophyll biosynthesis significantly, without detri
mental effects on productivity.

Although cpsrp43 knockout mutants showing the characteristic 
pale green phenotype have also been reported in other species, in
cluding rice (Wang et al. 2016), the hus1 mutant was chosen for 
our investigations because a large set of functional genomics tools 
are available in barley (Rotasperti et al. 2020), making it an opti
mal model crop in which to test the performance of the several 
strategies reported to improve photosynthesis efficiency under 
realistic field conditions (Leister 2023; Smith et al. 2023). For in
stance, the Fast Identification of Nucleotide variants by droplet 
DigITal PCR technology developed by the Carlsberg Research 
Laboratory (Knudsen et al. 2022) provides a novel strategy for 
the rapid identification and isolation of targeted genetic variants 
in the elite spring barley cultivar RGT Planet. Thanks to this meth
od, mutations that confer advantageous phenotypes on old vari
eties with low commercial value that carry several other 
single-nucleotide polymorphisms (SNPs) introduced by chemical 
mutagenesis—as in the case of the hus1 mutant isolated within 
the HorTILLUS population (Szurman-Zubrzycka et al. 2018)—can 

be transferred to commercially competitive varieties without 
the need for multiple, time-consuming (several years) back
crosses. Such an approach will make it possible to translate the 
major gains in biomass and grain yield reported in the last two 
decades as a consequence of the manipulation of photosystem 
antenna size in model species and crops, with tests mostly con
ducted in greenhouses or in small-scale field trials, into yield in
creases on farms. To this end, collaboration with plant breeders, 
agronomists, and crop physiologists is needed to select the most 
appropriate yield-testing protocols, including plot designs that 
avoid edge effects (which can distort yield estimates), definition 
of growing plant densities, and standard parameters to define 
yields (Khaipho-Burch et al. 2023). Such careful field trials will 
also allow us to test other major advantages thought to be associ
ated with the pale green phenotype. Independent studies have 
predicted, for instance, that reductions in chlorophyll content 
should increase the efficiency of nitrogen use (Song et al. 2017; 
Sakowska et al. 2018). Similarly, simulations in soybean predict 
savings of up to 9% of leaf nitrogen upon a 50% reduction in leaf 
chlorophyll content (Walker et al. 2018). Furthermore, the devel
opment of pale green crops and the consequent increase in the 
fraction of reflected light, i.e. increased albedo, have been shown 
to mitigate the effects of heat waves triggered by global climate 
change (Genesio et al. 2021) and improve the efficiency of water 

Figure 2. Phenotypes of the hus1 mutant and control plants grown under field conditions at Azienda Agraria Sperimentale, Stuard (Parma, Italy). A) The 
hus1 mutant and the control Sebastian variety at the tillering stage. B) hus1 plants at the heading stage. Courtesy of Lorenzo Genesio (National Research 
Council, Rome, Italy).
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use by reducing canopy temperature (Drewry et al. 2014). This lat
ter aspect is supported by the finding that certain Syrian barley 
landraces and a few accessions of wild barley (Hordeum vulgare 
spp. spontaneum) in Israel, which are adapted to stable and very 
dry environments, are characterized by pale green leaves (Tardy 
et al. 1998; Watanabe and Nakada 1999; Galkin et al. 2018).

Overall, the time has come to translate photosynthesis research 
into the field, using barley as a model crop that can also exploit 
the availability of large collections of natural genetic diversity 
(Rotasperti et al. 2020). Numerous publicly funded organizations, 
such as the “Genomes to Fields Initiative” and the Consultative 
Group on International Agricultural Research (CGIAR), are con
ducting field trials that could contribute to achieving this goal 
with the medium-term objective of transferring this knowledge 
into other cereals, including wheat, given the high degree of con
servation of the photosynthetic machinery in higher plants.

Accelerating nonphotochemical quenching 
kinetics to improve photosynthetic 
efficiency
By Dhruv Patel-Tupper and Krishna K. Niyogi
Photosynthesis needs photoprotection. Excess light can increase the 
lifetime of the singlet excited state of chlorophyll (1Chl*), resulting in 

higher yields of the longer-lived (∼ms) triplet excited state of 
chlorophyll (3Chl*) and photoinhibitory singlet oxygen (1O2*) 
(Niyogi 1999). 3Chl* and 1O2* can be quenched by carotenoids, but 
a ubiquitous first line of defense is the photosystem-scale 
de-excitation of 1Chl* and dissipation of excess absorbed light 
energy as heat—a suite of mechanisms that are measured (and re
ferred to) as nonphotochemical quenching (NPQ) of Chl fluores
cence (Bassi and Dall’Osto 2021).

NPQ comprises several components defined by their relaxation 
kinetics and molecular players. In plants, the rapidly induced, 
energy-dependent quenching (qE) requires the PSII subunit S 
(PsbS), the xanthophyll zeaxanthin (Zea), and a trans-thylakoid 
pH gradient (ΔpH), regulating quenching that is induced and re
laxed on a seconds-to-minutes timescale (Bassi and Dall’Osto 
2021). A slower type of Zea-dependent but ΔpH-independent 
quenching (qZ) operates on the timescale of several minutes 
(Nilkens et al. 2010). Zea is produced by violaxanthin de-epoxidase 
(VDE) and removed by zeaxanthin epoxidase (ZEP) in a xantho
phyll cycle (Yamamoto et al. 1962) (Fig. 3A). The slowest compo
nents of NPQ include photoprotective qH (Malnoë et al. 2018) 
and photoinhibitory qI (Long et al. 1994), which relax on a time
scale of hours. In concert, these highly conserved NPQ mecha
nisms provide the flexibility to cope with light fluctuations at 
varying intensities and timescales to sustain plant fitness.

Figure 3. Engineering NPQ kinetics via VDE, PsbS, and ZEP overexpression. A) Schematic describing the relationships between VDE, PsbS, and ZEP in 
inducing and relaxing qE and qZ via the interconversion of zeaxanthin (Zea) and violaxanthin (Vio). B) Table summarizing differences in published VPZ 
phenotypes in tobacco (Kromdijk et al. 2016), soybean (De Souza et al. 2022), Arabidopsis (Garcia-Molina and Leister 2020), and potato (Lehretz et al. 
2022), based on fluctuating light and field/growth chamber measurements. Triangles describe the directionality of the phenotype relative to wild type 
(WT). Green triangles indicate hypothesized beneficial photosynthetic efficiency phenotypes, maroon triangles indicate potentially deleterious 
phenotypes, and yellow lines describe neutral phenotypes. One asterisk (*) indicates NPQ phenotypes assessed at fluctuations of 500/50 µmol photons 
m−2 s−1 rather than 2,000/200 µmol photons m−2 s−1. Two asterisks (**) indicate phenotypes reported by Küster et al. (2023). Gray box indicates data not 
collected in its respective study.
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Although NPQ protects the photosynthetic apparatus from ex
cess light, it can also compete with and limit photosynthetic effi
ciency, especially in fluctuating light, where modeling has shown 
that slow relaxation of NPQ can limit CO2 assimilation by up to 
30% (Zhu et al. 2004). Light intensity fluctuates by time of day, by 
local shading, and, most dramatically, by the movement of sun
flecks in dense crop canopies (Slattery et al. 2018). Optimizing the 
light-dependent reactions of photosynthesis under dynamic, 
field-relevant light conditions is a rapidly expanding field with sig
nificant agronomic potential (Long et al. 2022; Leister 2023).

A transgenic approach to accelerate the relaxation of NPQ by 
overexpression of VDE, PsbS, and ZEP (hereafter VPZ, Fig. 3A) in
creased N. tabacum biomass by ∼15% (Kromdijk et al. 2016) and elite 
soybean seed yield by ∼20% (De Souza et al. 2022) in small-scale field 
trials. Although large-scale, multi-location field trials are still 
needed (Khaipho-Burch et al. 2023), these results point to NPQ as 
a novel potential target for crop improvement. However, the VPZ 
approach did not increase biomass in Arabidopsis (Arabidopsis thali
ana; Garcia-Molina and Leister 2020) or yield in potato (Solanum 
tuberosum; Lehretz et al. 2022) under greenhouse and simulated 
fluctuating light conditions.

Here, we consider possible explanations for the varying VPZ re
sults in different plants. Modeling suggests that the stoichiometries 
of the three proteins are critical (Zaks et al. 2012; De Souza et al. 
2022), and thus, it may be necessary to optimize VPZ construct ex
pression for each species depending on native qE and qZ capacities. 
Plant species with slower NPQ relaxation time constants (τ) and cul
tivars with higher yield potential may benefit the most from VPZ en
gineering efforts. Beyond species-specific factors, the literature to 
date suggests several key phenotypes that may be necessary to 
achieve greater photosynthetic efficiency by optimizing NPQ.

In all published VPZ studies (tobacco, soybean, Arabidopsis, and 
potato), transformants exhibited faster NPQ relaxation than wild 
type (WT), when normalized to high-light-acclimated NPQ. 
However, only in tobacco and two soybean lines (YZ-26-1C and 
ND-18-44) was faster relaxation also associated with the mainte
nance of WT high-light NPQ capacity. In other words, maximum 
NPQ in high light was also increased in VPZ soybean, Arabidopsis, 
and potato lines, which, except for soybean, was associated with de
creased biomass relative to WT. The actual magnitude of residual 
NPQ in low light decreased only in tobacco, YZ-26-1C soybean, 
and Arabidopsis lines. Importantly, tobacco, soybean, and 
Arabidopsis lines showed increases in the low-light effective quan
tum yield of PSII (ΦPSII) (Fig. 3B).

While less residual NPQ and higher ΦPSII under fluctuating 
light are likely strong indicators of improved NPQ kinetics, it is ap
parent that these traits are not sufficient for increased biomass. 
Rigorous phenotyping that couple gas exchange measurements 
of CO2 assimilation with Chl fluorescence under field-relevant 
conditions is necessary to demonstrate the impact of faster NPQ 
kinetics, for example, using 2,000/200 µmol photons m−2 s−1 fluc
tuating light assays that maximize fold changes in NPQ while rep
licating light fluctuations experienced in crop canopies (Slattery 
et al. 2018; Long et al. 2022). Measuring diurnal de-epoxidation 
states of the xanthophyll cycle (Kromdijk et al. 2016; De Souza 
et al. 2022) or the rate of re-epoxidation following HL-to-LL transi
tions (Küster et al. 2023) may be additional useful proxies for mit
igation of the more slowly relaxing qZ component of NPQ. A recent 
analysis of ZEP-overexpressing lines of the stramenopile alga 
Nannochloropsis (Perin et al. 2023) indicates that for some species, 
there may also be room to reduce overall NPQ capacity while ac
celerating NPQ relaxation, highlighting the importance of 
species-specific phenotypic interrogation.

Natural variation in NPQ may provide nontransgenic avenues 
to breed for faster NPQ kinetics and higher photosynthetic effi
ciency. Genome-wide association studies for NPQ have previously 
revealed diversity in NPQ across rice subspecies and Arabidopsis 
ecotypes (Kasajima et al. 2011; Rungrat et al. 2019). Notably, 
both studies identified their strongest effect quantitative trait lo
cus within the cis-regulatory regions upstream of the PSBS gene, 
suggesting NPQ as a trait that is subject to selection. Cowling 
et al. (2022) measured gas exchange and chlorophyll fluorescence 
phenotypes across 155 African rice accessions and found that 
shoot biomass was negatively correlated with NPQ induction ca
pacity and positively correlated with NPQ relaxation rate, consis
tent with transgenic VPZ phenotypes associated with changes in 
biomass (Fig. 3B).

Several studies in soybean and maize (Zea mays) have identified 
potential loci for breeding for improved photosynthetic efficiency, 
using 41 nested association mapping soybean population parents 
(Wang et al. 2020), 751 diverse maize accessions (Sahay et al. 
2023), and 320 multi-parent advanced generation inter-cross maize 
lines (Ferguson et al. 2023) across multiple years. However, in soy
bean, there appeared to be little quantitative variation in NPQ re
laxation, with photosynthetic differences across lines primarily 
attributed to differences in Rubisco activation (Wang et al. 2020). 
Similarly, both maize studies did not resolve robust quantitative 
variation in residual low-light NPQ specifically, although differen
ces across putative quantitative trait loci in NPQ capacity and 
maintenance of ΦPSII suggest that there may be diverse avenues 
for fine-tuning light-harvesting efficiency (Ferguson et al. 2023; 
Sahay et al. 2023). However, crop germplasm screens have not 
yet revealed differences in NPQ relaxation that are comparable to 
those in transgenic VPZ plants. Such results could suggest that 
there are tradeoffs associated with faster NPQ, or more simply, 
that faster NPQ relaxation has not been selected for in these crops.

Further efforts to improve NPQ kinetics should include acceler
ating recovery from the slowly reversible types of NPQ, qH, and qI. 
Nuclear expression of psbA, encoding the D1 subunit of PSII, to 
minimize qI associated with heat stress is one such approach 
with demonstrated success across several species (Chen et al. 
2020). Additionally, we see tremendous potential in the use of 
gene editing of endogenous VPZ and other NPQ-related genes in 
crops to achieve desired NPQ phenotypes (Patel-Tupper et al. 
2024). Fine-tuning of VPZ expression and testing diverse VPZ or
thologues may be other avenues to bring NPQ-based improve
ments in photosynthesis closer to their theoretical potential.

Increasing abundance of the cytochrome b6f 
complex to accelerate electron transport rate
By Maria Ermakova
Chloroplast electron transport rate is a primary factor limiting pho
tosynthesis. Classical steady-state quantitative models predict the 
rate of leaf photosynthesis over a range of intercellular CO2 partial 
pressures by considering which biochemical reactions are limiting 
in certain conditions. In the Farquhar–von Caemmerer–Berry mod
el of C3 photosynthesis, carbon metabolism (CO2 availability, 
Rubisco function) limits assimilation at nonsaturating CO2 and 
electron transport limits assimilation under saturating light and 
saturating CO2 (intercellular CO2 partial pressure above 500 µbar; 
Farquhar et al. 1980). Based on the model, at current atmospheric 
CO2 partial pressure (420 ppm, roughly corresponding to 200 µbar 
intercellular CO2) C3 photosynthesis is primarily limited by the 
CO2 supply to Rubisco, but this limitation is anticipated to 
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transition to electron transport when atmospheric CO2 exceeds 
600 ppm. In the biochemical model of C4 photosynthesis, electron 
transport, Rubisco function, and regeneration of RuBP and 
phosphoenolpyruvate potentially co-limit assimilation under 
saturating light and saturating CO2 (intercellular CO2 partial 
pressure above 150 µbar; von Caemmerer and Furbank 1999; von 
Caemmerer 2000). The vast difference in the saturating levels of 
CO2 between the two photosynthetic pathways is due to the 
metabolic C4 cycle of C4 photosynthesis acting as a carbon- 
concentrating mechanism. The C4 cycle operates across two cell 
types, mesophyll and bundle sheath cells (BSCs), and increases 
CO2 partial pressure in BSCs, where Rubisco resides, allowing 
Rubisco to work at maximum carboxylation rate. Crop models 
based on these metabolic models of photosynthesis predict yield 
increases for crops engineered with enhanced electron transport 
capacity up to 5.2% for wheat and 14.3% for maize (Harbinson 
and Yin 2023; Wu et al. 2023).

Early experiments on plants with genetically reduced electron 
transport components identified the thylakoid cytochrome (Cyt) 
b6f complex as the key regulator of the electron transport rate 
(Price et al. 1995, 1998; Yamori et al. 2011). The complex catalyzes 
plastoquinone oxidation, considered the slowest reaction of elec
tron transport, and combines it with the translocation of protons 
across the thylakoid membrane, establishing the proton motive 
force for ATP generation (Tikhonov 2014). A low luminal pH makes 
proton translocation more difficult and therefore slows down Cyt 
b6f activity—a phenomenon known as photosynthetic control. 

Photosynthetic control via Cyt b6f plays an important role in pho
toprotection by limiting electron flow to PSI and thereby matching 
the output of the light reactions with the rates of ATP or NADPH 
consumption by carbon metabolism (Malone et al. 2021). 
Photosynthetic control therefore represents one molecular mech
anism coordinating electron transport and carbon metabolism- 
related limitations of photosynthesis (Johnson and Berry 2021).

Since Cyt b6f was identified as a bottleneck of electron trans
port, efforts have focused on alleviating this limitation. In higher 
plants, the complex is comprised of seven essential subunits, of 
which Rieske FeS and PetM are nuclear-encoded (Schöttler et al. 
2015). Enhancing the content of the Rieske FeS subunit through 
overexpression of the petC gene has been established as a method 
for increasing the abundance and activity of Cyt b6f in both C3 and 
C4 plants (Simkin et al. 2017b; Ermakova et al. 2019; Heyno et al. 
2022). The increased abundance of the complex in transgenic 
plants has been confirmed through immunodetection of multiple 
subunits of the complex in leaves and of the whole complex in iso
lated thylakoids. Elevated Cyt f activity has also been detected in 
thylakoid membranes isolated from leaves of plants overexpress
ing Rieske FeS.

Increasing abundance of Cyt b6f in the model C3 and C4 plants, 
A. thaliana and Setaria viridis, results in faster electron transport 
rates through PSI and PSII. Furthermore, in line with the models’ 
predictions, a boost of electron transport capacity enables ele
vated CO2 assimilation rates in both model species (Fig. 4). 
These results confirm that Cyt b6f is a bottleneck of electron 

Figure 4. Increasing abundance of Cyt b6f to accelerate electron transport and enhance the rate of C3 and C4 photosynthesis: models’ predictions and 
results from plants overexpressing Rieske FeS subunit of Cyt b6f (Rieske-OE). Models’ predictions schematically depict simulations obtained with the C3 

photosynthesis model of Farquhar et al. (1980) and C4 photosynthesis model of von Caemmerer and Furbank (1999). Schematic representations of 
Rieske-OE results are based on studies conducted in model C3 plant A. thaliana (Simkin et al. 2017b), model C4 plant S. viridis (Ermakova et al. 2019), 
model C3 crop N. tabacum Petit Havana (Heyno et al. 2022), and model C4 crop S. bicolor Tx430 (Ermakova et al. 2023). In model plants, in line with the 
models’ predictions, Rieske-OE stimulates steady-state electron transport, which results in increased CO2 assimilation rates at high light and 
nonlimiting CO2. In model crops, Rieske-OE provides transient increases of electron transport, which result in enhanced CO2 assimilation rate only in 
the C4 plant.
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transport and that electron transport limits the rate of C3 and C4 

photosynthesis at saturating light and saturating CO2. After 
genetically engineering plants with increased Cyt b6f content 
was identified as a promising route to improve photosynthesis, 
overexpression of Rieske FeS has been tested in model C3 and C4 

crops, tobacco (N. tabacum cv. Petit Havana) and sorghum 
(Sorghum bicolor Tx430) (Fig. 4). No differences in steady-state 
CO2 assimilation rates and only transient increases of electron 
transport rate (seen as a faster re-oxidation of plastoquinone in 
the QA binding site of PSII upon increases of irradiance) are de
tected in tobacco with enhanced Cyt b6f abundance (Heyno et al. 
2022). While in sorghum, increasing Cyt b6f content does not affect 
the steady-state rates of electron transport and CO2 assimilation, 
it does speed up the induction of photosynthesis, a process of 
light-induced activation of photosynthesis after a long period of 
darkness, and stimulates biomass and grain yield in glasshouse 
conditions (Ermakova et al. 2023). Overall, results of Rieske FeS 
overexpression in model crops suggest that the steady-state elec
tron transport rate is no longer limited primarily by Cyt b6f.

The photosynthesis rate has undergone significant improvement 
during crop domestication and early breeding (Huang et al. 2022; 
Theeuwen et al. 2022). Therefore, it is conceivable that artificial 
selection of the biggest plants with the greatest yield may have un
knowingly increased Rieske FeS content and improved the steady- 
state electron transport capacity in crops. However, overexpression 
of Rieske FeS in sorghum has still offered higher yield though tran
sient increases of CO2 assimilation, highlighting the necessity of 
studying limitations of crop photosynthesis in dynamic light envi
ronments (Kaiser et al. 2017; Long et al. 2022). Looking forward, it 
is also essential to gain a better understanding of electron transport 
processes, especially in C4 plants, where electron transport chains 
of mesophyll and bundle sheath chloroplasts, distinct in their com
position and outputs, cooperatively support seamless operation of 
biochemical pathways across the two cell types (Munekage 2016; 
Ermakova et al. 2021b). Cyt b6f is the first major bottleneck of elec
tron transport to be successfully alleviated using genetic engineering, 
demonstrating the viability of this approach for crop improvement. 
Developing models with more detailed and mechanistic description 
of electron transport will be instrumental for identifying new targets 
for optimizing electron transport to boost productivity of crops 
(Johnson et al. 2021; Bellasio and Ermakova 2022).

Improving the Calvin–Benson–Bassham 
cycle
By Christine A. Raines
The Calvin–Benson–Bassham (CBB) cycle evolved over 2 billion 
years ago (Rasmussen et al. 2008) and is arguably the most impor
tant pathway on earth, capturing CO2 from the atmosphere and 
converting it into organic molecules that are used directly for 
the synthesis of isoprenoids, sucrose, starch, phenylpropanoids, 
thiamine, and nucleotides providing the basis for life on our plan
et. The CBB cycle is the primary biochemical pathway for the fix
ation of atmospheric CO2 in over 85% of plants, named C3 species, 
as the first stable product of this cycle is a three-carbon 
compound, glycerate 3-phosphate (Geiger and Servaites 1994; 
Sharkey 2019). In the 70 years since the CBB cycle was elucidated, 
it has been shown to be highly conserved across nature from cya
nobacteria to the largest of land plants. The CBB cycle involves 11 
enzymes and has three stages: carboxylation carried out by 
Rubisco, reduction, and RuBP regeneration (Fig. 5). Under light- 
saturating and CO2-limiting conditions, Rubisco activity is the 

major determinant of the efficiency of carbon fixation via the 
CBB cycle. However, as atmospheric CO2 levels rise and the light 
intensity decreases, this balance shifts, such that both the reduc
tive and regenerative phases of the CBB cycle that catalyze the 
synthesis of the CO2 acceptor molecule RuBP become limiting. 
Improving photosynthesis has been identified as a target to in
crease crop yield based on theory, modeling, and empirical studies 
(Zhu et al. 2010; Simkin et al. 2019; Makino 2021; Raines 2022).

The complexity of the genetics and the biochemistry has made 
the Rubisco enzyme a challenging target for manipulation. 
Nevertheless, major efforts to improve photosynthesis have fo
cused on improving Rubisco activity through both direct and indi
rect approaches. Direct approaches include protein engineering, 
directed evolution, natural variation screening, and manipulation 
of expression in transgenic plants (Parry et al. 2012; Yoon et al. 
2020; Makino 2021; Gionfriddo et al. 2024). The introduction of 
CO2-concentrating mechanisms (CCMs) from algae and cyanobac
teria and engineered synthetic pathways to bypass photosynthesis 
are indirect approaches being taken and are showing some promise 
(e.g. South et al. 2019; Shen et al. 2019a). This section will focus on 
reactions in the CBB cycle other than Rubisco; see the section below 
by Carmo-Silva for a discussion of Rubisco.

In the 1990s, antisense technology demonstrated that Rubisco 
did not have total control over CO2 assimilation under all condi
tions and identified sedoheptulose 1,7-bisphosphatase (SBPase), 
fructose 1,6-bisphosphate aldolase (FBPA), and transketolase 
(TK) as promising targets for the improvement in photosynthesis 
(Stitt and Schulze 1994; Raines 2003). Based on these studies, a 
transgenic overexpression approach has shown that increasing 
the levels of SBPase can improve photosynthesis and growth in al
gae and a number of plant species including: tobacco (in the field 
and greenhouse), wheat, and Arabidopsis; in contrast, no positive 
effect was observed in rice (Lefebvre et al. 2005; Simkin et al. 2015; 
Driever et al. 2017; Suzuki et al. 2019). Furthermore, tomato plants 
with increased SBPase activity were found to be more chilling tol
erant with increased photosynthetic capacity (Ding et al. 2017). 
Overexpression of FBPA in tobacco also resulted in positive effects 
on photosynthesis and biomass (Uematsu et al. 2012; Simkin et al. 
2015), and in tomato, an increase in seed weight in both optimal 
and suboptimal temperatures was observed (Cai et al. 2022). 
Introduction of the bifunctional cyanobacterial CBB cycle enzyme 
SBPase/FBPase into tobacco plants, lettuce, and soybean (in ele
vated CO2) has also resulted in improved CO2 assimilation and 
growth (Miyagawa et al. 2001; Tamoi et al. 2006; Kohler et al. 
2017; Lopez-Calcagno et al. 2020).

Improvements in RuBP regeneration have also been realized 
through the introduction of additional proteins that function outside 
of the CBB cycle. Examples of this approach include combining ex
pression of SBPase and FBPA with either ictB (a cyanobacterial mem
brane protein of unknown function previously shown to improve 
CO2 assimilation) or the H subunit of glycine decarboxylase (GDC) 
system (shown to increase CO2 fixation possibly through stimulating 
the photorespiratory cycle and reducing the negative impact of inter
mediates on the CBB cycle) in tobacco, which resulted in a further 
improvement in photosynthesis and growth over single-gene 
manipulations (Simkin et al. 2015, 2017a). Overexpression of either 
the endogenous SBPase enzyme or the bifunctional cyanobacterial 
SBPase/FBPase, together with the algal Cyt C6 protein, not only 
improved photosynthesis and yield but also increased water use 
efficiency when grown under field conditions (Lopez-Calcagno 
et al. 2020). A more recent example is the co-overexpression of 
SBPase with cytosolic FBPase in tobacco plants, resulting in improve
ments in biomass, plant height, stem diameter, and pod weight 
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(Li et al. 2022), but in contrast co-overexpression of Rubisco with 
SBPase in rice did not result in an improvement in photosynthesis 
(Suzuki et al. 2019). Enhanced photosynthetic capacity was observed 
in plants in which the expression of a group of CBB cycle genes (FBA1, 
RCA1, FBP5, and PGK1) in response to higher levels of the 
Brassinazole resistant 1 transcription factor was increased (Yin 
et al. 2022). This result suggests that simultaneous overexpression 
of these enzymes may stimulate the CBB cycle.

Importantly as atmospheric CO2 rises, theoretical models predict 
that the limitation of carbon assimilation shifts from Rubisco to 
RuBP regeneration (Long et al. 2004). Therefore, modifications that 
improve RuBP regeneration are predicted to stimulate photosynthe
sis and yield under elevated atmospheric CO2. This is supported 
by experimental evidence using plants grown in free-air CO2 

enrichment (FACE) facilities; when grown at 585 ppm CO2, transgenic 
tobacco plants overexpressing SBPase have greater yield increases at 
elevated CO2 (Rosenthal et al. 2011). When both CO2 and temperature 
are manipulated, transgenic overexpression of cyanobacterial 
bifunctional FBPA/SBPase in soybean protects against temperature- 
induced yield loss under elevated CO2 (Kohler et al. 2017). These 
results indicate that improving RuBP regeneration is one approach 
that could be used to mitigate the effects of climate change on yield, 
and also demonstrate the importance of testing manipulations 
in food crops under future climate conditions (Raines 2022).

Advances in kinetic flux and multi-scale modeling have pro
vided novel predictions on how to further enhance the CBB cycle, 
and the application of rapid high-throughput and iterative ap
proaches will be essential to identify the best candidates to 
achieve improvements to photosynthesis (Benes et al. 2020; 
Clapero et al. 2024). Synthetic biology may provide a route to build 
a completely synthetic, more efficient CO2 fixation pathway to op
erate in parallel with the endogenous cycle (Erb and Zarzycki 
2016; Löwe and Kremling 2021) or to introduce improved enzymes 
to operate within the existing cycle. At the same time, new ap
proaches enabling the identification of genetic factors and mech
anisms involved in regulating the expression of CBB cycle genes 
will underpin the application of gene editing technologies to mod
ify this pathway.

Remarkable, integrated, and complex: paths 
to improving Rubisco in crops
By Elizabete Carmo-Silva
Rubisco is imperfect yet unique and remarkable (Badger and 
Sharwood 2023). It catalyzes a rather complex set of reactions dur
ing the carboxylation of RuBP and can react with O2 rather than 
CO2, leading to oxygenation of the sugar phosphate substrate. It 
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Figure 5. The CBB cycle. Energy in the form of ATP and NADPH (dashed lines) needed to drive the CBB cycle is produced in the thylakoid membrane 
located electron transport chain. The first step in the CBB cycle is carboxylation (green arrow) catalyzed by Rubisco resulting in the formation of 3-PGA. 
The next two reactions form the reductive phase (purple arrows) and are catalyzed by phosphoglycerate kinase, forming glycerate 1,3-bisphosphate 
(BPGA) using ATP and glyceraldehyde 3-phosphate dehydrogenase which forms glyceraldehyde-3-phosphate (GAP) consuming NADPH. Triose 
phosphate isomerase (TPI) catalyzes the production of dihydroxyacetone phosphate and together with GAP enters the regenerative phase of the cycle 
(black arrows) catalyzed by fructose 1,6-bisphosphate/sedoheptulose 1,7-bisphosphate aldolase (FBPA), forming sedoheptulose 1,7-bisphosphate 
(S1,7-BP) and fructose 1,6-bisphosphate (F1,6-BP). SBPase and fructose 1,6-bisphosphatase (FBPase) then produce sedoheptulose 7-phosphate (S7-P) 
and fructose 6-phosphate (F6-P) which are converted to 5C compounds in reactions catalyzed by TK, ribose 5-P isomerase (RPI), and ribulose 
5-phosphate epimerase (RPE) resulting in the formation ribulose 5-P (Ru5P). The final step in the cycle is catalyzed by ribulose 5-phosphate kinase 
producing the CO2 acceptor molecule RuBP. The products of the CBB cycle are exported to several biosynthetic pathways for the biosynthesis of 
isoprenoids, starch, sucrose, shikimate, thiamine, and nucleotides. Rubisco has a competing oxygenase reaction, which results in the formation of 
2-phosphoglycerate which enters the photorespiratory pathway (red arrows) (adapted from Raines 2003).
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is the only carboxylase that uses substrates and products that are 
part of central plant metabolism and that is compatible with the 
CBB cycle (reviewed by Prywes et al. 2023b). Consequently, 
Rubisco is responsible for assimilating carbon from atmospheric 
CO2 into sugars, thereby enabling life on Earth. Rubisco’s imper
fections have been a research subject and a target for improve
ment since its discovery (Sharkey 2023). Because the enzyme 
carboxylates RuBP at relatively slow rates, plants invest large 
amounts of resources (especially nitrogen and carbon skeletons) 
into making Rubisco in sufficiently high abundance in the leaves 
of crop plants to support adequate rates of photosynthetic CO2 as
similation and plant growth (Carmo-Silva et al. 2015). The biogen
esis of Rubisco, consisting of synthesis and assembly into the 
hexadecameric L8S8 form present in plants, is itself dependent 
on several ancillary proteins (Bracher et al. 2017), adding further 
demand on agricultural inputs and impacting resource use effi
ciency. Thus, while adequate abundance of Rubisco is a necessary 
consideration in strategies aimed at improving photosynthesis, it 
needs to be balanced with ensuring efficient use of resources to be 
compatible with sustainable agricultural practices.

Rubisco catalytic diversity investigations led to the suggestion 
that tradeoffs associated with the complex reaction mechanism 
limit the scope for Rubisco improvement (Tcherkez et al. 2006; 
Savir et al. 2010). A recent phylogenetic analysis demonstrated 
that, despite being among the 1% slowest evolving enzymes, the 
continual evolution of Rubisco was associated with improved cat
alytic efficiency and with greater leaf-level CO2 assimilation and 
photosynthetic nitrogen use efficiency (NUE) in C3 plants 
(Bouvier et al. 2024). Excitingly, a deep mutational scan using a 
Rubisco-dependent Escherichia coli strain revealed that several 
highly conserved residues of the loop 6, which folds over the cata
lytic site and is involved in substrate binding and catalysis, can be 
mutated without impacting catalysis, suggesting it is possible to 
target combinations of these residues for future Rubisco engineer
ing efforts (Prywes et al. 2023a).

Rubisco catalytic sites are located at the interface between two 
large subunits (RbcL), and thus, RbcL has been considered the main 
source of catalytic diversity and the primary target for engineering 
efforts (Sharwood 2017). However, despite being far from the cata
lytic site, just a few changes in the Rubisco small subunit (RbcS) se
quence can alter Rubisco catalytic properties (Lin et al. 2022). The 
role of RbcS in determining the abundance of Rubisco in leaves and 
adjusting catalytic efficiency has been recently reviewed by Mao 
et al. (2023) who highlighted the rise of RbcS as a target for improve
ment that is increasingly tractable as engineering approaches be
come more robust and widely applicable. Replacement of a crop 
plant Rubisco by a superior version such as that found in rhodo
phytes (Oh et al. 2023b) is exciting yet challenging given the need 
to express adequate levels of RbcS, RbcL, and compatible ancillary 
proteins. A more straightforward solution might be the use of fast- 
developing gene editing technologies to mutate specific residues 
required for enhanced catalysis, when we know what these are.

While the abundance and catalytic properties of Rubisco deter
mine the maximum rate of carboxylation for a given leaf, the ac
tivity of Rubisco in crops is regulated by interaction with Rubisco 
activase (Rca), posttranslational modifications, and the chloro
plast stroma environment, which can change rapidly in response 
to dynamic environmental conditions surrounding the leaf 
(Amaral et al. 2024). Under fluctuating light conditions, for exam
ple, photochemical, biochemical (including Rubisco regulation), 
and/or diffusional limitations can affect the efficiency of photo
synthesis depending on the duration, frequency, and intensity of 
shade and full sun periods (Long et al. 2022).

Rca is a molecular chaperone that couples ATP hydrolysis with 
conformational remodeling of inhibited Rubisco catalytic sites, re
leasing sugar phosphate derivatives that occur naturally and bind 
tightly and unproductively to the enzyme (Bhat et al. 2017b; 
Mueller-Cajar 2017). Rca is itself regulated by the redox status, 
ATP, and Mg2+ availability in the chloroplast stroma, and some Rca 
isoforms activate Rubisco more efficiently under fluctuating light 
(Carmo-Silva and Salvucci 2013). The chaperone is thermolabile, 
and its ability to restore Rubisco activity is impacted at moderately 
high temperatures. Progress in understanding the mechanism of 
Rubisco activation by Rca (Hazra et al. 2015; Bhat et al. 2017a; 
Flecken et al. 2020) and identification of more thermostable and 
more efficient Rca isoforms suggest that improvement in Rubisco 
regulation to maximize carboxylation in current and future warmer 
climates is possible (Qu et al. 2023; Sparrow-Muñoz et al. 2023; 
Amaral et al. 2024). Significant unknowns exist in our understanding 
of Rubisco regulation by Rca, PTMs, and the chloroplast environment 
(Amaral et al. 2024) and the role of sugar phosphate derivatives and 
their phosphatases (Orr et al. 2023). Addressing these will aid identi
fication of successful strategies for improving Rubisco, for sustain
ably increasing crop productivity and climate resilience.

Importantly, to maximize impact, any approach to improve 
photosynthesis should be considered holistically, and stacking of 
improvements in various reactions and sub-processes of photosyn
thesis will be required to ensure that other processes do not become 
limiting. For example, chloroplast electron transport is also sensitive 
to heat stress and has been shown to co-limit photosynthesis along
side Rubisco activation (Scafaro et al. 2023). Optimizing Rubisco ac
tivity in crop plants requires consideration of Rubisco abundance, 
Rubisco catalytic properties, and regulation of its activity (Fig. 6A), 
as well as how Rubisco activity interacts and is coordinated with oth
er plant processes (Fig. 6B). The interaction with the regeneration of 
RuBP in the CBB cycle is most obvious, but abundance and properties 
of Rubisco should take into consideration integration with central 
and specialized metabolism, as well as the specific crop canopy ar
chitecture, the needs of the leaves at various canopy layers through
out crop development, and the remobilization of N and C skeletons 
stored in Rubisco into the crop product to be harvested.

Introducing CCMs into plants
By Alistair J. McCormick
The growth of many photosynthetic organisms, including most 
crops, is limited by the slow rate of CO2 assimilation by Rubisco 
and competition with O2 at the active site resulting in energeti
cally wasteful photorespiration (Bauwe 2023). In response to the 
shortcomings of Rubisco, nearly every photosynthetic clade has 
evolved CCMs to supply Rubisco with concentrated CO2 and pref
erentially drive CO2 assimilation over photorespiration. CCMs can 
be broadly divided into two categories based on biophysical or bi
ochemical processes. Biochemical CCMs initially capture CO2 as 
an organic metabolite before re-conversion to CO2 near Rubisco 
and include eukaryotic species that perform C4, C2, and crassula
cean acid metabolism (CAM) photosynthesis (Lundgren 2020; 
Schiller and Bräutigam 2021; Furbank et al. 2023). Biophysical 
CCMs channel or actively pump in inorganic carbon (Ci, i.e. CO2 

and HCO3
−) to increase the intracellular Ci pool and include pro

karyotic autotrophs, eukaryotic algae, hornworts, and seagrasses 
(Capó-Bauçà et al. 2022; He et al. 2023; Lafferty et al. 2023; Nguyen 
et al. 2023). All cyanobacteria and some chemoautotrophic bacteria 
sequester Rubisco within proteinaceous shells called carboxysomes, 
while almost all algae and some hornworts condense Rubisco into a 
micro-compartment called the pyrenoid. Both carboxysomes and 
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pyrenoids are supplied with HCO3
− that is rapidly dehydrated by lo

calized carbonic anhydrase (CA) activity to facilitate CO2 enrichment 
at the active sites of Rubisco.

The introduction of biochemical or biophysical CCMs into C3 

crops is considered a high-risk high-gain engineering strategy to 
enhance crop yields and resilience (Fig. 7). Models have estimated 
that the theoretical gains in source leaf photosynthetic efficiency 
range from 30% to 60%, some of the largest improvements pre
dicted for an engineering approach (Long et al. 2019). Although 
the levels of translation of such improvements into productivity 
are debated, for example, the importance of also considering 
sink demand to take full advantage of source enhancements 
(Paul 2021), a recent conservative model has predicted an 8% 
increase in wheat yields, specifically for successful introduction 
of the cyanobacterial CCM (Wu et al. 2023). Nevertheless, 
re-constituting any functional CCM in a C3 plant remains a 

complex endeavor, and engineering each CCM type is beset by 
specific challenges. In general, advances in our mechanistic 
understanding of different CCMs have proceeded in parallel 
with ongoing engineering efforts in a design build test learn 
(DBTL)-like cycle.

Research efforts to introduce biochemical CCMs into C3 plants 
have largely concentrated on engineering the C4 pathway. The C4 

pathway is estimated to increase CO2 levels around Rubisco up to 
10-fold above ambient (von Caemmerer and Furbank 2016), which 
provides C4 crops (e.g. maize and sugarcane) with increased photo
synthetic efficiencies, growth rates, and in some cases higher water 
use efficiencies compared to C3 crops. Much of this work has been 
driven by the C4 rice project (Furbank et al. 2023), which has focused 
on introducing the specialized anatomical and biochemical traits of 
the model C4 crop maize into rice. Thus, C4 engineers have faced two 
complex challenges: construction of a “Kranz-like” C4 leaf anatomy 

Figure 6. Improving Rubisco activity in crops. A) The activity of Rubisco in a crop leaf can be enhanced by increasing the enzyme abundance, improving 
its catalytic properties, or optimizing its regulation. Increasing the abundance of Rubisco requires more nitrogen and carbon allocation to Rubisco; 
some versions of Rubisco show faster rates of carboxylation or higher specificity for CO2 over O2; regulation of the enzyme activity can be enhanced by 
optimizing the interaction with Rca and ensuring the chloroplast stroma environment is favorable for carboxylation. B) To achieve Rubisco-driven crop 
yield improvements requires consideration of the whole plant. The canopy of the crop will determine which strategy is most promising to improve 
Rubisco and obtain increased yields and climate resilience. Coordination between photosynthetic sub-processes as well as a productive integration 
with central and specialized metabolism, plant development, and environmental responses is essential to ensure efficient and sustainable agricultural 
crop production in present and future climates. A, Rca; C, carbon; N, nitrogen; R, Rubisco; Sugar-P, sugar phosphate derivative.

Figure 7. Overview of the requirements for introducing biophysical CCMs into plants. A) Engineering a functional pyrenoid-based CCM condensate into 
a MC chloroplast requires condensation of Rubisco with a linker protein, such as EPYC1 in Chlamydomonas, into a pyrenoid-like matrix (shown as a 
green sphere) that is traversed by thylakoid membranes containing a specialized lumenal carbonic anhydrase (CAH3, shown in blue) and 
bestrophin-like bicarbonate (HCO3

−) channels on the thylakoid membrane (BST1-3, shown in orange). The addition of a diffusion barrier (e.g. a starch 
sheath shown in yellow) and an algal HCO3

− channel on the chloroplast envelope (LCIA, shown in red) are predicted to increase the efficiency of CO2 

capture by Rubisco. B) A functional carboxysome-based CCM requires the correct assembly of carboxysome shells that encapsulate cyanobacterial 
Rubisco and a specialized carboxysomal CA (shown as green hexagons), and active bicarbonate (HCO3

−) transporters (such as SbtA and/or BicA, shown 
in dark blue) on the chloroplast envelope that elevate stromal HCO3

− concentrations. Chloroplast stromal CA must be removed to prevent the loss of 
accumulated HCO3

−.
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with reduced vein spacing and increased organization between 
mesophyll and BSCs, and biochemical re-regulation for appropriate 
levels of cell-specific protein expression, for example, sequestration 
of Rubisco in the bundle sheath chloroplasts. Although the factors 
involved in the development of the Kranz anatomy are still not fully 
understood, advances in engineering biology have led to exciting 
progress in reconstituting C4 biochemistry in rice. This includes 
the generation and application of leaf cell-specific expression sys
tems, such that several key C4 proteins can now be co-expressed 
and appropriately localized in rice from a single construct 
(Ermakova et al. 2021a). Attention is now also being expanded to 
the engineering potential of CAM and C2 pathways (Lundgren 
2020; Schiller and Bräutigam 2021). The CAM pathway could 
facilitate increased drought tolerance, while C2 engineering offers 
some of the benefits of the C4 pathway with fewer anatomical 
modifications.

The most efficient biophysical CCMs are carboxysome-based 
CCMs (cCCMs) and pyrenoid-based CCMs (pCCMs), which can en
hance CO2 concentrations around Rubisco by up to 1,000-fold and 
40-fold, respectively (Price et al. 2013; Fei et al. 2022). Biophysical 
CCMs also function within a single cell, so transfer to C3 leaf meso
phyll cells may be potentially simpler compared to introducing the 
C4 pathway. cCCMs have been consistently predicted to increase 
yield gains in C3 crops (Nguyen et al. 2023), in part because cyano
bacteria have the fastest known form I Rubiscos, with carboxylation 
turnover rates (kcat) up to five times higher than C3 species (Ang et al. 
2023). To date, good progress has been made in understanding the 
components involved in carboxysome assembly and in reconstruct
ing α- and β-carboxysomes in plants (Borden and Savage 2022; 
Blikstad et al. 2023). Recently, Chen et al. (2023) reconstructed 
the α-carboxysome from the chemoautotroph Halothiobacillus 
neapolitanus in tobacco chloroplasts, which contained active heterol
ogous Rubisco and CA enzymes. However, functional cCCMs in bac
teria still require active uptake of HCO3

− and CA activity restricted to 
carboxysome (Price et al. 2013). Thus, testing whether carboxy
somes can enhance growth in plants will require the removal of na
tive chloroplastic CA activity and the introduction of functional 
HCO3

− transporters on the chloroplast envelope. Although the latter 
remains a long-standing challenge, new screening tools to test the 
functionality of active HCO3

− transporters and channels in planta 
could help to make progress in this area (Förster et al. 2023).

pCCMs are exclusively found in eukaryotes and are likely the 
most globally abundant CCM type. Pyrenoids are much larger 
than carboxysomes and characterized by highly diverse morpholo
gies (Barrett et al. 2021), suggesting that there are many ways to 
achieve pyrenoid formation. The pCCM is best understood in the 
model alga Chlamydomonas reinhardtii, whose pyrenoid is character
ized by three architectural features: a liquid-like phase-separated 
matrix of condensed Rubisco, pyrenoid tubules derived from thyla
koid membranes that traverse the matrix to supply Ci, and a sheath 
of starch around the matrix that acts as a CO2 diffusion barrier (Ang 
et al. 2023; He et al. 2023). Modeling predicts that building a func
tional Chlamydomonas pCCM in a C3 plant chloroplast could in
crease CO2 assimilation rates by up to 3-fold (Fei et al. 2022). 
pCCMs do not offer the high carboxylation efficiencies of cCCMs 
but might be more readily plant-compatible based on the appropri
ate localization of pCCM components thus far expressed (Adler et al. 
2022). Furthermore, pCCMs do not require the removal of chloro
plastic CA activity and do not need active HCO3

− transport, at least 
at ambient CO2 levels (Fei et al. 2022). To date, Rubisco condensation 
into a “proto-pyrenoid” matrix has been achieved in Arabidopsis 
(Atkinson et al. 2020), with work ongoing to reconstitute the two re
maining architectural features. Excitingly, recent work in diatoms 

and hornworts shows that a variety of solutions may exist to 
achieve a functional pCCM in plants (Lafferty et al. 2023; Nam 
et al. 2023; Oh et al. 2023a), for example, by employing a pyrenoid 
protein shell instead of a starch sheath. Future work could involve 
creative synthetic strategies that draw from aspects of all CCMs, 
such as prokaryotic HCO3

− transporters coupled to pyrenoids, or a bi
ochemical C4 pathway localized within a single mesophyll cell (MC) 
where decarboxylation occurs in a modified chloroplastic carboxy
some rather than the BS.

C3-to-C4 transition and its potential for 
improving photosynthesis
By Andreas P.M. Weber
In this section, we aim to provide a concise overview of photorespi
ration as a limitation on photosynthetic efficiency, the evolution of 
C4 photosynthesis via C3–C4 intermediates as an adaptation to low 
atmospheric CO2 conditions, and efforts to introduce C4 photosyn
thesis and bypasses of photorespiration into C3 plants as a means 
to increase photosynthetic efficiency. The efficiency of light energy 
conversion to biomass in C3 plant photosynthesis is limited by the 
rate of the oxygenation reaction of Rubisco. In the oxygenation reac
tion, the acceptor molecule of the CBB cycle, RuBP, is oxidized, not 
carboxylated, and one of the resulting metabolites, 2-phosphogly
colate (2PG), must be rapidly removed and recycled to 3-phospho
glycerate (3PGA) in a complex pathway called photorespiration 
(Bauwe 2023; Broncano et al. 2023). The recycling of two molecules 
of 2PG to 3PGA releases one molecule each of ammonium and CO2. 
It also consumes ATP and redox energy (Fig. 8). Walker et al. (2016)
estimated that photorespiration reduces the yield of major C3 crops 
by 30% or more. Thus, suppression of photorespiration has great po
tential to increase crop yield (Eisenhut et al. 2019).

Over the past 20 My, more than 65 dicotyledonous and monoco
tyledonous plant lineages have independently and convergently 
evolved a more efficient form of photosynthesis called C4 photo
synthesis (Sage et al. 2012). The frequent evolution of C4 is thought 
to have been triggered by a decline in atmospheric CO2 concentra
tions from >1,000 ppm to about 350 ppm (Sage et al. 2018). The de
crease in CO2 was accompanied by a drying of the atmosphere and 
consequently increasing aridity in many parts of the world. Warm 
temperatures, reduced water availability, and lower atmospheric 
CO2 are conditions under which the oxygenation reaction of 
Rubisco is promoted and photosynthetic efficiency decreases.

C4 plants have a biochemical CO2 concentration mechanism that 
increases the CO2 concentration at the Rubisco site, thereby reduc
ing the rate of photorespiration (Leegood 2002). The biochemical 
CO2 pump is supported by a characteristic leaf anatomy called 
the Kranz anatomy (Sedelnikova et al. 2018). Kranz anatomy is char
acterized by the formation of two concentric layers of photosyn
thetic cell types around the leaf vasculature. The inner ring, 
adjacent to the vasculature, consists of BSCs, which have a large 
cross-sectional area and are densely filled with chloroplasts con
taining Rubisco and operating the CBB cycle. BSCs usually perform 
predominantly cyclic photosynthetic electron transport and have 
low activity of PSII and hence linear electron transport. The outer 
ring consists of mesophyll cells, which are always associated with 
BSCs and face the leaf air space. Mesophyll cells typically contain 
fewer chloroplasts than BSCs, and they contain little or no 
Rubisco. MC chloroplasts are capable of linear photosynthetic elec
tron transport. The vascular-bundle sheath-mesophyll (V-BSC-M) 
cell cluster is the basic unit of a C4 leaf and is repeated, resulting 
in a repeating V-BSC-M-M-BSC-V pattern throughout the leaf.
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Mesophyll cells serve as the first carbon-fixing cells. CO2 from 
the leaf airspace enters the MC and is converted to HCO3

− by CA. 
HCO3

− reacts with phosphoenolpyruvate, catalyzed by phosphoenol
pyruvate carboxylase (PEPC), to form the C4 acid oxaloacetate 
(OAA). OAA is further converted to malate and/or aspartate, which 
diffuses along their concentration gradient to the BSCs. In the BSCs, 
malate and/or aspartate is decarboxylated by one of three decar
boxylating enzymes (or a combination thereof; Fig. 1B). These are 
mitochondrial NAD-malic enzyme (NAD-ME), chloroplastic 
NADP-malic enzyme (NADP-ME), and PEP carboxykinase (PEPCK). 

The predominant pathway of decarboxylation defines the C4 

subtype (NAD-ME, NADP-ME, or PEPCK), although it is controver
sial whether PEPCK is a distinct subtype or a complementary 
pathway to either NAD-ME or NADP-ME (Wang et al. 2014a). 
The C4 carbon pump raises the CO2 concentration in BSCs to 
>1,000 ppm, which suppresses the oxygenation reaction of 
Rubisco to low levels. However, we emphasize that photorespi
ration is essential in C4 plants, as indicated by the lethal pheno
type of mutants in the C4 photorespiratory pathway (Zelitch 
et al. 2009; Levey et al. 2019).
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Figure 8. Schematic representation of C3, C4, and C3–C4 intermediate photosynthesis. A) C3 photosynthesis and photorespiration. Both mesophyll (M) 
and BSCs contain a fully functional photorespiratory pathway. B) C4 photosynthesis. The process of photosynthetic carbon assimilation is divided into 
two cell types, M and BSCs. M cells act as carbon pumps that increase the CO2 concentration in BSCs. In BSCs, the CBB cycle operates under elevated CO2 

concentration, which reduces the rate of photorespiration [photorespiratory (PR) pathway not shown; the distribution of the PR pathway between cell 
types in C4 is likely equivalent to C3–C4 intermediate photosynthesis, as shown in Fig. 1C]. C) C3–C4 intermediate photosynthesis. Photorespiration is 
shared between M and BSCs, with mitochondrial glycine decarboxylation restricted to the BSCs. Glycine decarboxylation in BSCs locally increases the 
CO2 concentration and allows for a more efficient carbon assimilation in this cell type. Please note that many details, cofactors, and pathway 
intermediates are not shown for clarity. Clp, chloroplast; Gly, glycine; Glyc, glycolate; HP, hydroxypyruvate; Mito, mitochondrion Perox, Peroxisome; 
Pyr, pyruvate; Rubisco, ribulose 1,5-bisphosphate carboxylase/oxygenase; RuBP, ribulose 1,5-bisphosphate; Ser, serine; TP, triose phosphates.
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Based on physiological, anatomical, and biochemical data, as 
well as computational modeling, it has been proposed that C4 pho
tosynthesis has gradually evolved from the ancestral C3 state 
through C3–C4 intermediate states (Sage et al. 2018; Schlüter and 
Weber 2020). The basic concept is that the photorespiratory path
way loses cell autonomy and is instead split between mesophyll 
and BSCs (Hylton et al. 1988; Sage et al. 2014). The CO2 (and ammo
nia) liberation step of photorespiration, catalyzed by GDC in the 
mitochondria, ceases to function in mesophyll cells and is re
stricted to BSCs (Hylton et al. 1988; Rawsthorne et al. 1988). 
Glycine decarboxylation in BSCs locally increases the CO2 concen
tration in this cell type, thereby increasing the efficiency of 
Rubisco in BSC chloroplasts.

It has been estimated that under conditions that promote high 
rates of photorespiration (high temperature, low leaf-internal CO2 

concentration due to, e.g. low stomatal conductance), CO2 accumu
lates in BSCs at two to three times the level in the mesophyll (Bauwe 
et al. 1987; Keerberg et al. 2014). Glycine decarboxylation by GDC 
also releases ammonia, which must be refixed to avoid ammonia 
toxicity and returned to mesophyll cells to maintain nitrogen bal
ance. It has been proposed that carbon skeletons for ammonia shut
tling are provided by mesophyll cells in the form of malate, forming 
a low-level C4 metabolic cycle (Mallmann et al. 2014). In this scenar
io, malate is oxidized to OAA by NADP-malate dehydrogenase. OAA 
is subsequently transaminated to aspartate, and aspartate is then 
transported back to the mesophyll cells. Additionally, a portion of 
the malate can undergo decarboxylation, forming pyruvate, which 
can be transaminated into alanine, providing an alternative nitro
gen transport mechanism to the mesophyll cells. Both malate oxi
dation via NADP-MDH and oxidative decarboxylation through 
NAD(P)-ME are facilitated by a predominantly oxidized NAD(P) 
pool (Bräutigam et al. 2018). If PSII activity is lost from BSCs, it would 
lead to an increase in the oxidized plastid NADP+ pool. This, in turn, 
would further promote the evolution toward a full C4 carbon 
fixation.

Many staple crops, such as rice and wheat, use C3 photosynthe
sis. Given the high efficiency of C4 photosynthesis, it has been pro
posed that conversion of these crops to C4 would result in large 
yield gains (Hibberd et al. 2008). Indeed, the analysis of a rice new 
plant type (Sheehy et al. 2001) with large panicles and a low number 
of tillers showed a grain formation efficiency of only 42%, i.e. a sub
stantial number of juvenile spikelets were not converted into ma
ture, filled spikelets. This finding indicated that rice yield is not 
limited by sink size, but rather by source strength, i.e. the capacity 
of leaves to produce and export photo-assimilates (Sheehy et al. 
2001). Based on these data, it was estimated that rice yield could 
be doubled if source strength was increased appropriately. To en
hance the source strength, the conversion of rice into a C4 plant 
was proposed as a strategic approach, with the potential to increase 
yield by 50%. This proposition has gained support through FACE ex
periments. When elite rice varieties were cultivated in FACE condi
tions with 200 ppm CO2 concentrations higher than the ambient 
levels, they produced 13% more grain yield (Zhang et al. 2013). 
This suggests that improving photosynthesis and thus source 
strength directly contributes to higher yields in rice.

Significant progress has been made in advancing C4 photosyn
thesis in rice (Ermakova et al. 2020). Activation of photosynthetic 
organelles in the rice BS was achieved by constitutive expression 
of the maize transcription factors GOLDEN2 or GOLDEN2- 
LIKE (Wang et al. 2017). Furthermore, five minimal C4 cycle genes 
(NADP-ME, PEPC, PPDK, MDH, and CA) were successfully expressed 
in rice from a single construct (Ermakova et al. 2021a). The respec
tive gene products were found to be expressed in the correct cell 

types and subcellular compartments. [13C]–CO2 labeling showed 
that some of the labeled carbon is directed through PEPC to malate 
and aspartate. Rapid labeling of citrate indicated movement of the 
introduced label toward the tricarboxylic acid (TCA) cycle, while 
no label was detectable in CBB cycle intermediates. The absence 
of [13C] label in the CBB intermediates indicates that either labeled 
malate does not enter the plastid stroma or that there is little ma
late decarboxylation via plastidic NADP-ME (Ermakova et al. 
2021a). These results suggest that expression of the core C4 meta
bolic enzymes alone is unlikely to be sufficient to establish a func
tional C4 cycle. Further development of C4 rice will likely require 
the co-expression of organellar metabolite transporters, some of 
which are unknown. Additionally, it is crucial to prevent the diver
sion of recently fixed carbon into the TCA cycle, and it may be nec
essary to inhibit photosynthetic linear electron transport in BSCs to 
achieve the oxidized NADP+ pool required for decarboxylation by 
NADP-ME (Bräutigam et al. 2018). Recently, a single promoter 
TALE system has been reported for tissue-specific expression of 
multiple transgenes in rice (Danila et al. 2022). In this system, a sin
gle cell-specific promoter drives the expression of a synthetic de
signer transcription activator-like effector that can bind to 
synthetic TALE-activated promoters (Brückner et al. 2015). This 
means that multiple genes can be expressed from a single cell- 
specific promoter in the desired cell type. This technological ad
vance overcomes previous limitations associated with the limited 
choice of cell-specific promoters for transgene expression in rice 
and will facilitate transgene stacking, which is critical given the sub
stantial number of transgenes required to implement the trait.

Efforts to establish C4 photosynthesis (or any other C3 crop) are 
ongoing and showing significant progress. In the meantime, other 
approaches to increase photosynthetic carbon gain in rice and 
other crops have been explored (Smith et al. 2023). The introduc
tion of synthetic bypasses to photorespiration in rice has been as
sociated with yield increases of up to 15%, which is close to what 
has been observed in FACE experiments (Shen et al. 2019a). 
Furthermore, it may be sufficient to install a basic C3–C4 inter
mediate photorespiratory carbon pump in rice, as metabolic mod
eling suggests that C3–C4 intermediate photosynthesis increases 
carbon gain over a wider range of environmental conditions 
than C4, which is most advantageous under high-light and high- 
temperature conditions (Bellasio and Farquhar 2019).

Manipulating stomatal features to improve 
photosynthesis and water use efficiency
By Tracy Lawson
Gaseous exchange between the leaf interior and the external at
mosphere is determined by stomatal conductance (gs), and there
fore, stomatal regulatory mechanisms play a pivotal role in 
determining the rates of photosynthetic carbon assimilation (A) 
and the loss of water through transpiration. Both of these physiolog
ical processes hold paramount significance for overall plant per
formance, productivity, and yield. The importance of CO2 uptake 
for photosynthesis is self-evident; however, water loss is equally vi
tal for evaporative cooling and the maintenance of optimal leaf 
temperature to facilitate photosynthesis (Long et al. 2022), as well 
as transpiration driving uptake of essential nutrients from the soil 
to the aerial parts of the plant. The regulation of stomatal aperture, 
which balances CO2 uptake and water loss, is thus fundamental in 
determining plant water use efficiency, determined as A/E or intrin
sic water use efficiency (Wi) when assessed directly as a function of 
gs, (A/gs) (Lawson et al. 2010). The significant impact stomata have 
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on photosynthetic processes has led to increasing recognition of 
their potential as valuable targets for manipulation, to enhance 
crop performance, as well as to develop future crops that can 
tolerate the challenges posed by climate change (Matthew and 
Lawson 2019).

Stomatal conductance is the product of both anatomical fea
tures and biochemical factors, providing several research avenues 
for exploitation and manipulation for improved performance. 
Manipulation of stomatal density (SD) through changes in expres
sion of key genes in the stomatal development and/or patterning 
pathways has clearly illustrated their potential to either increase 
the rate of carbon assimilation through removing stomatal limita
tion (Tanaka et al. 2013; Buckley et al. 2020) or enhance the water 
use efficiency (Wi; Bertolino et al. 2019). Although there are various 
approaches to manipulating stomatal numbers (Bertolino et al. 
2019), genes within the epidermal patterning factor (EPF) and epi
dermal patterning factor-like (EPFL) family have been a particular 
focus (Harrison et al. 2020). Overexpression of EPF1 and 2 has dem
onstrated that a reduction in SD (and conductance) resulted in im
proved drought tolerance and increased water use efficiency 
(Bertolino et al. 2019; Leakey et al. 2019). However, decreased sto
matal conductance usually lowers the rate of carbon assimilation; 
therefore, it is intriguing that reducing SD (by between 46% and 
58%) in the key C3 crops, rice and wheat (Caine et al. 2019; Dunn 
et al. 2019) did not impose any diffusional constraints on carbon as
similation. Overexpressing EPFL9/STOMAGEN increases SD leading 
to a greater conductance associated with enhanced A (Tanaka et al. 
2013; Sakoda et al. 2020), highlighting the impact of diffusional con
straints on carbon assimilation (Lawson et al. 2012). However, it is 
important to note that while augmenting SD to increase stomatal 
conductance may appear promising for removing diffusional con
straints (Sakoda et al. 2020), increased water loss erodes water 
use efficiency (Lawson and Blatt 2014). Furthermore, high SD has 
been linked to stomatal clustering and impaired stomatal kinetics, 
resulting in reduced stomatal conductance and rates of carbon as
similation (Dow et al. 2014). These effects are attributed to reduc
tions in critical ion channels necessary for guard cell (GC) 

osmoregulation and pore opening, such as reduced K+ channel ac
tivity (Papanatsiou et al. 2016). Therefore, while the manipulation 
of SD presents a promising avenue for modifying stomata conduc
tance, it is becoming evident that future endeavors should adopt a 
more holistic approach that considers both anatomical aspects and 
functional attributes such as stomatal kinetics (Fig. 9).

The close correlation between the rate of carbon assimilation 
and stomatal conductance (under steady-state conditions) is well 
established (Wong et al. 1979); however, it is not always constant 
(Lawson and Morison 2004), and under dynamic conditions, stoma
tal responses to changing environmental conditions are an order of 
magnitude slower than the rate of carbon assimilation, leading to a 
temporal disconnect between these two processes (Lawson and 
Blatt 2014). Slow stomatal opening has been reported to reduce car
bon assimilation by ca. 10% across a range of species, while slow 
closure leads to unnecessary water loss that can erode water use 
efficiency by up to 50% (McAusland et al. 2016). Significant species 
and cultivar differences in the kinetic responses of stomata that 
depend on anatomy and biochemistry have been demonstrated 
(McAusland et al. 2016). This research has led to increasing interest 
in the rapidity of stomatal conductance and GC regulation as novel 
targets for improving carbon assimilation and water use efficiency 
(Lawson and Vialet-Chabrand 2019). Recently, Papanatsiou et al. 
(2019) used optogenetics to enhance solute fluxes in GCs, acceler
ating stomatal opening and closing, and verifying that enhancing 
stomatal kinetics improved water use efficiency with no carbon 
penalty. Engineering ion channels involved in K+ fluxes in the 
GCs has further demonstrated the potential to increase the kinetic 
responses of stomatal conductance and improve water use effi
ciency (Horaruang et al. 2022). GC metabolism also holds the prom
ise of offering numerous innovative targets for manipulating both 
the rapidity of stomatal responses and the coordination between 
carbon assimilation and stomatal conductance (see review by 
Lemonnier and Lawson 2023).

Smaller stomata have been proposed to have faster kinetics 
(Drake et al. 2013), most likely facilitated by the greater surface 
area to volume ratio enabling more rapid solute and water 

Figure 9. Schematic diagrams. A) Illustrating kinetic responses of A and gs to a change in light intensity from low (gray shading) to high intensity (white 
area). Stomatal responses (blue line) are an order of magnitude slower than A (red line). The shaded green area represents lost CO2 due to diffusional 
constraints of slow stomatal opening, while the blue shading represents unnecessary water loss as a result of slow stomatal closure. B) Illustrating 
known mechanisms that increase the rapidity of gs responses, including smaller stomata (top), dumbbell-shaped GC (middle), and manipulation of ion 
transport between GC and SC, at both the plasma membrane and the tonoplast (bottom).
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exchange between GCs and the surrounding cells (Hetherington 
and Woodward 2003). However, to date little is known about the ge
netic regulation of stomatal size, and no key targets have been 
identified for manipulation. Stomatal size has been linked to sto
mata density, with smaller stomata associated with higher density 
(Drake et al. 2013); therefore, it may not be possible to manipulate 
size independently of density. The shape of the GCs and cells that 
surround them (called subsidiary cells) also influence the speeds at 
which stomata open and close (Franks and Farquhar 2007). Raissig 
et al. (2017) confirmed the importance of subsidiary cells in 
Brachypodium distachyon mutants lacking these cells, which resulted 
in slower kinetics and reduced stomatal conductance. These find
ings have opened up subsidiary cell metabolism and transport as a 
potential new avenue of research to explore novel targets for in
creasing stomata kinetics (Gray et al. 2020) (Fig. 9).

While the scope of this perspective may not encompass all recent 
advancements, it is worth noting that numerous exciting develop
ments in stomatal research could provide new opportunities to im
prove crop performance in a changing climate. Nonfoliar stomatal 
behavior is gaining increasing attention due to the significant im
pact on photosynthesis and crop yield (especially during periods 
of plant stress). Additionally, current work has demonstrated con
siderable water loss associated with these nonfoliar tissues, provid
ing possible new targets to improve whole-plant water use (Lawson 
and Milliken 2022). While most research primarily concentrates on 
leaf-level stomatal responses, recent studies have unveiled differ
ences in stomatal kinetics between the adaxial and abaxial stomata 
(Wall et al. 2022). This discovery opens up the potential to independ
ently manipulate these two surfaces, if the genes responsible for the 
stomatal patterning on each surface can be elucidated. However, if 
we are to exploit the potential targets highlighted in this perspective 
we need a greater understanding of GC signal transduction path
ways, metabolism, and the mechanisms that coordinate carbon as
similation and stomatal conductance.

Natural variation in intrinsic yield potential
By Jeremy Harbinson
The model of Z-scheme oxygenic photosynthesis, with the CBB 
cycle fixing CO2, is the dominant photosynthetic process of the 
biosphere, and as such, it provides most of the energy and bio
mass that supports life on Earth. The consistent use of a 
Z-scheme CBB cycle photosynthetic engine means that there is lit
tle variation in the basic physiological and biochemical mecha
nisms of photosynthesis. However, since the colonization of 
land by the embryophytes in the late Ordovician (Clarke et al. 
2011), this basic mechanism has been adapted by evolution to 
face the challenges of photosynthesizing optimally in the diverse 
environmental niches found in the terrestrial biome.

Photosynthesis is a complex process that depends on the coop
erative activity of many processes so it can be tuned or optimized 
along many dimensions, for example, resource use efficiencies 
such as for light, water, and mineral nutrients, responses to tem
perature, leaf architecture, and longevity, tolerance to abiotic 
stress, recovery from stress, etc. These axes for adaptation are in
dividually complex; for example, light can vary in myriad ways 
(e.g. intensity, spectrum, periodicity, fluctuations over differing 
time scales) during the life of a leaf or plant. This has resulted in 
the evolution of variation in photosynthetic traits (e.g. Björkman 
and Holmgren 1963; Flood et al. 2011; Yamori et al. 2014; Faralli 
and Lawson 2020). Taking the maximum rate of photosynthetic 
CO2 fixation per unit leaf area (Pmax, units μmol m−2 s−1) as an 

example, for a plant using the C3 photosynthesis mechanism it 
has been estimated that Pmax should be about 55 μmol m−2 s−1 at 
an irradiance of 2,000 μmol m−2 s−1 (Nobel 1991). Some C3 plants 
(e.g. desert winter annuals) achieve a slightly higher Pmax [60 to 
65 μmol m−2 s−1 for Chylismia (formerly Camissonia) claviformis 
(Mooney et al. 1976) and Palifoxia linearis (Werk et al. 1983)]. In con
trast, a typical C3 crop plant will have a Pmax of 20 to 30 μmol m−2 

s−1 (Nobel 1991), deciduous forest tree species a Pmax of about 
10 μmol m−2 s−1, while for permanently shaded rainforest under
story species, Pmax is 1 to 5 μmol m−2 s−1.

Despite the variation for photosynthesis observed in natural 
systems, it has been argued that photosynthesis in crop plants can
not be improved because it has already been optimized by natural 
selection and evolution. This argument is, however, only partly 
correct because plants in nature do not experience the same pres
sures as plants in agriculture. The wide diversity of photosynthetic 
properties found in nature, including among the wild ancestors of 
crop plants, in broad terms is expected to represent different opti
ma for photosynthesis adapted to different naturally occurring 
niches. These niches are, however, often limiting in various ways, 
for example, in water and nutrients (such as nitrogen and phos
phate), and plants in nature usually experience strong competition 
from their neighbors (Theeuwen et al. 2022). In agriculture, how
ever, competition with noncrop plant species is usually eliminated 
(or largely so), nutrients and water are often supplied, and attack 
from pests and diseases are managed, so far as possible, especially 
in intensive agriculture and protected horticulture. These agricul
tural environments do not have any perfectly natural analogs, so 
evolution will not have optimized photosynthesis for agriculture, 
and it can therefore still be improved in crop plants. In principle, 
therefore, photosynthesis is no different to those other plant prop
erties that have been improved by domestication and breeding, de
spite their having been previously optimized by evolution in the 
wild ancestors of our crop plants. In the past, however, breeding 
for improved photosynthesis has occurred only to a limited extent, 
owing to the difficulty of phenotyping for photosynthesis alongside 
the complexity of the process (Theeuwen et al. 2022).

Variation in photosynthetic properties of land plants is a valua
ble resource in terms of understanding the operation and limita
tions of photosynthesis and finding photosynthetic syndromes 
or traits that could potentially be used to improve crop plant pho
tosynthesis. The contribution that natural variation can make to 
understanding and improving photosynthesis can be divided 
into the following five broad categories: 

1. The limits to the adaptability of plant photosynthesis to ex
treme habitats and environments.

2. Trait variation within or across species that facilitates the 
physiological analysis of traits and the identification of their 
underlying mechanisms.

3. The co-occurrence of subtraits that reveal syndromes of evo
lutionary adaptation of photosynthesis.

4. Physiological models or templates that serve as options for 
improving photosynthesis.

5. Sources of genetic (or allelic) variation that can be used to 
breed (including by means of novel plant breeding techni
ques) for improved photosynthesis.

In addition to providing a way to extend our knowledge of the op
eration and regulation of photosynthesis and the limits reached by 
evolutionary refinement of the process, the occurrence of natural 
variation of photosynthesis implies there must be an underlying 
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genetic underpinning. If we can unravel this genetic basis of varia
tion for photosynthetic traits we can begin to systematically breed 
for improved photosynthetic traits. The importance of linking varia
tion in photosynthesis (i.e. phenotypic variation) to genetics is para
mount whether or not novel plant breeding techniques or 
conventional breeding is used to genetically improve a plant. The 
problem is that while the genes for the headline components of pho
tosynthesis (e.g. the subunits of PSII or PSI) are well known, the ge
netic basis of variation in many key photosynthetic properties is 
poorly understood, even when the physiology of that variation 
is well known. For example, the maximum rate of photosynthesis 
is correlated with numerous changes in the protein, lipid, and 
cofactor composition of the leaf, alongside anatomical differences 
(e.g. Osmond et al. 1980; Schulze and Chapin 1987; van Bel and 
Gamalei 1992; Brodribb et al. 2007; Taylor et al. 2022). Higher rates 
of photosynthesis are, for example, correlated with greater activ
ities of Cyt b6f complex or Rubisco, but this increase in activity is 
largely achieved by there being more of these components per 
unit area and not by there being super Cyt b6f or Rubisco (i.e. com
plexes with substantially higher specific activity; e.g. Osmond et al. 
1980; Makino et al. 1997; Schöttler et al. 2015; Miller et al. 2017). The 
genetic basis for how an increased amount of these complexes per 
unit area of leaf is achieved is poorly understood despite phenotypic 
variation in Pmax being widely studied and encountered. The same 
can be said of other photosynthetic traits (or subtraits). This does 
not mean, however, that no natural variation exists for genes coding 
for the headline components of photosynthesis—such variation 
does exist (e.g. Prins et al. 2016; Prinzenberg et al. 2020) and can po
tentially be exploited.

If there is variation for a trait within a species, or a pool of species, 
that can be hybridized to give rise to genetically segregating off
spring, then it is possible to correlate phenotypic variation with ge
nomic variation using a mapping population and by this means 
identify genomic regions—QTL—within which a gene or genes that 
are causal for phenotypic variation are located (e.g. Harbinson 
et al. 2012; Theeuwen et al. 2022). Mapping populations can be con
structed in various ways (Theeuwen et al. 2022), but critically they 
need to contain variation for the trait under investigation. The indi
viduals comprising the population (typically 100 and often many 
more, depending on the nature of the population) must also be ge
nomically mapped using markers (commonly SNPs) that essentially 
serve to describe the variation of the genome. If there is both genomic 
and phenotypic variation, these can be correlated and regions of ge
nomic variation that are associated with phenotypic variation iden
tified. A critical requirement is that of phenotyping; photosynthesis 
is strongly affected by the environment and is, in any case, difficult to 
measure rapidly and on the large scale needed to adequately pheno
type a large population. This can be achieved by the large-scale use of 
portable gas analyzers or by using robotic chlorophyll fluorescence- 
based imaging systems (e.g. Flood et al. 2016). Comparing marker- 
assisted breeding and genomic selection on the one hand with 
genetic modification and gene editing on the other hand, the latter 
requires the identification of genes whose variation results in pheno
typic difference, while the former can be carried out knowing only 
the association between phenotypic variation and variation in ge
nomic markers (e.g. single-nucleotide markers or SNPs)—an 
approach that is widely used in commercial plant breeding [see 
Theeuwen et al. (2022) for a summary of QTLs and their use].

Improving photosynthesis is still a largely unexplored strategy for 
enhancing crop productivity, offering a means to expand crop im
provement possibilities while sustaining yields. Even considering 
only the land plants (the embryophytes), photosynthesis has a 
wide range of properties many of which vary not only from species 

to species, but within a species. In some cases, these properties and 
their variation are not well explored. This natural variation for 
photosynthesis is, nonetheless, a valuable resource for improving 
crop photosynthetic properties, providing us with physiological 
templates and genetic resources with which we can improve crop 
photosynthesis using either conventional or novel plant breeding 
techniques. To make best use of this resource, we need to better 
understand the limitations on photosynthesis in the field and im
prove the tools needed for identifying phenotypic variation for photo
synthesis. We also need better tools for identifying the causal genes 
underlying photosynthetic variation and, finally, develop strategies 
for applying these discoveries in crop improvement programs.

Modeling photosynthesis
By Xin-Guang Zhu
Engineering canopy photosynthesis, instead of leaf photosynthe
sis, is required to improve crop yield potential. Canopy photosyn
thesis is an integral of photosynthetic CO2 uptake rates for all 
leaves in a canopy, including those at the top, which usually re
ceive high irradiance, and those in the lower layers, which usually 
receive low irradiance (Zhu et al. 2012). Earlier wheat breeding pro
grams suggest that cultivars with a higher light-saturated rate of 
leaf photosynthesis are usually associated with a lower leaf area 
index, which consequently negates the positive impact of enhanc
ing leaf photosynthetic rate (Evans and Dunstone 1970). Therefore, 
identifying engineering targets that can increase canopy photosyn
thesis becomes crucial to achieving the desired goal of increasing 
photosynthesis for greater yields.

Canopy photosynthesis is controlled by both the microclimate 
parameters inside a canopy, such as CO2, light, temperature, and 
humidity, and the photosynthetic properties of all leaves in a can
opy. Although canopy photosynthesis can be measured with cano
py chambers (Song et al. 2016), the development of accurate 
canopy photosynthesis models is needed for the precise dissection 
of the main players and regulatory factors. Various models have 
been developed, often based on 3D structural modeling and energy 
balance approaches and which differ in their levels of detail in can
opy architecture and microclimate heterogeneity (dePury and 
Farquhar 1997; Song et al. 2017; Liu et al. 2021). These models 
have been used to identify key architectural parameters, such as 
optimal leaf area index and ideal leaf angle to enhance canopy 
photosynthesis (Song et al. 2013; Liu et al. 2021).

Besides microclimate, another factor controlling canopy photo
synthesis is leaf photosynthetic rate, which shows large variation 
among species and between cultivars of the same species (van 
Bezouw et al. 2019). This variation is mainly attributed to differen
ces in photosynthetic properties, e.g. Rubisco content, Rubisco acti
vation state, CBB cycle enzyme activities, the abundance of electron 
transfer chain components, mesophyll and stomatal conductance 
(Long et al. 2015), and leaf anatomical features (Giuliani et al. 
2013). To enable the precise dissection of factors controlling leaf 
photosynthetic rate, 3D reaction–diffusion models of leaf photosyn
thesis have been developed that effectively couple leaf anatomical 
features, CO2 diffusion processes, and light distribution inside a 
leaf (Xiao et al. 2016, 2022; Xiao and Zhu 2017). These models indi
cate that leaf biophysical and biochemical properties associated 
with photosynthesis play a dominant role in determining photosyn
thetic rates, while leaf anatomy makes a relatively minor contribu
tion (Xiao et al. 2022).

There is a long history of modeling photosynthetic systems to 
identify critical proteins and enzymes and their biochemical and 
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biophysical properties that control photosynthetic efficiency. 
Several modeling approaches have been used, e.g. systems of 
ordinary differential equations to model photosynthesis-related 
metabolic processes (Zhu et al. 2007, 2013), reaction–diffusion 
models to simulate the gas diffusion and the coupled reaction proc
esses in a MC or leaf (Tholen and Zhu 2011; Tholen et al. 2012; Xiao 
and Zhu 2017), and ray-tracing algorithms to simulate light distribu
tion inside a leaf (Xiao et al. 2016) (Fig. 10). Systems models of photo
synthesis for C3, C4, and CAM leaves have been developed (Zhu et al. 
2013; Wang et al. 2014b, 2023), as well as models simulating stomatal 
conductance (Buckley et al. 2003) and NPQ dynamics (Zaks et al. 
2012).

Analyses with these systems models have generated tremen
dous insight into strategies for engineering photosynthesis. For 
example, a dynamic system model of canopy photosynthesis 
showed that faster recovery from photoprotective states improves 
canopy photosynthesis (Zhu et al. 2004), which in turn results in 
increased biomass production in both soybean and tobacco 
(Kromdijk et al. 2016; De Souza et al. 2022). Systems models of 
photorespiratory bypass suggest that decreased expression of 
PLGG1, a glycolate/glycerate transporter (Pick et al. 2013), results 
in an increased benefit of photorespiratory bypass and further in
creased photosynthetic CO2 uptake rate (Xin et al. 2015), which 
was later experimentally confirmed in tobacco (South et al. 
2019) and rice (Shen et al. 2019a). Analysis with a systems model 
of C3 photosynthesis suggested that simultaneous overexpression 
of SBPase and FBPase results in increased photosynthesis, which 
was again later demonstrated in wheat (Zhu et al. 2007; Simkin 
et al. 2017a). Modeling together with field experiments has estab
lished a suite of engineering options that can be used to overcome 
limitations on photosynthesis. These options are discussed indi
vidually in the earlier sections. Here, we summarize them from 
the angle of access to substrates of photosynthesis, i.e. CO2 and 
light, and limitations due to the inefficiency of proteins or en
zymes involved in photosynthesis (Fig. 10B).

Although there are successes of current models in guiding 
photosynthesis engineering, the suggested strategies do not always 
deliver the predicted increase in photosynthesis and biomass, as 
in the case of increasing the NPQ relaxation in Arabidopsis 
(Garcia-Molina and Leister 2020) and potato (Lehretz et al. 2022), 
or increasing the expression of SBPase in rice (Feng et al. 2007). 
One potential reason is that factors limiting photosynthesis might 
shift to different processes under different environments or in 

different species. For example, under high light, Rubisco has higher 
control over photosynthetic CO2 uptake, while under low light, com
ponents of the electron transfer chain exert higher control (Raines 
2022); as a result, engineering a particular enzyme may not neces
sarily increase photosynthesis for a particular crop under a 
particular condition. However, this does not nullify the possibility 
that a particular step limits photosynthetic rates under other condi
tions, which therefore calls for field studies to test whether a partic
ular engineering option will work for a particular plant or a 
particular cultivar. In some sense, once the original concept that a 
particular protein is limiting photosynthesis in model plant species 
is established, private enterprises might be better positioned to take 
the lead in systematically testing its application in different crops 
under different conditions through large-scale field testing.

It is worth pointing out that while the use of the systems model 
of photosynthesis has shown promise in guiding photosynthesis 
engineering for higher efficiency, this area of study is in its in
fancy. Great opportunities lay ahead to develop more advanced 
models to guide future engineering and design for higher photo
synthetic efficiency. First, current models need to include a de
scription of the acclimation of photosynthesis (e.g. expression, 
assembly, and degradation of proteins) to various environmental 
factors such as light, humidity, and temperature as well as inter
nal factors like sink capacities. For example, a recent study shows 
that the ATP required for PSII repair processes is on average 4.6% 
of that used for photosynthetic carbon assimilation (Yi et al. 2022). 
Moreover, studies show that increasing the synthesis of the D1 
protein, which has a high turnover rate (Li et al. 2018), enhances 
high photosynthetic rates (Chen et al. 2020). Second, the complete 
redesign of photosynthetic CO2 fixation and carbon metabolism 
has the potential to dramatically improve photosynthetic effi
ciency (Bar-Even et al. 2010; Trudeau et al. 2018). Third, systems 
modeling of excitation energy transfer and electron transfer proc
esses need to incorporate the spatial organization of photosyn
thetic proteins and pigment–protein complexes in the thylakoid 
membrane. This information is crucial not only for understanding 
the principles underlying the high photosynthetic efficiency but 
also for identifying targets to optimize plants for even higher effi
ciency. Finally, the enzymes or proteins predicted as limiting fac
tors by systems modeling can be directly correlated with sequence 
variations and molecular dynamics simulations to identify 
optimal genomic editing strategies for photosynthesis-related 
genes. With the rapid increase in computational power and the 

Figure 10. Systems approach to identify options to engineer photosynthesis for higher efficiency. A) Multi-scale models of photosynthesis. Models for 
photosynthesis at different organismal scales spanning from organelle, cell, leaf, up to canopy scales, have been developed. These models are used to 
define the architectural, anatomical, biophysical, and biochemical parameters controlling photosynthetic efficiency. B) Options to engineering 
photosynthesis for greater efficiency, divided into three categories: (i) increase the delivery of CO2, (ii) optimize light distribution across a canopy, and 
(iii) manipulate photosynthetic machinery.
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expanding capacity of photosynthesis models, we are entering an 
era of rational design not only for designing new pathways but 
also new proteins to significantly enhance the efficiency of crops.

Smart canopy for enhanced crop yield and 
NUE
By Young B. Cho and Donald R. Ort
In the dense monoculture system of current row crop agriculture, 
low-light use efficiency at the top of the crop canopy and limited 
light availability within the canopy conspire to limit carbon 
gain. The notion of a “smart canopy” concept was proposed for op
timizing canopy photosynthesis (Ort et al. 2015). Proposed strat
egies for improving photosynthesis at the canopy level could 
benefit from considering a smart canopy concept in the context 
of optimization of nitrogen (N) distribution within the canopy 
and to provide promising target genes and enabling technologies.

Studies in optimization theory suggested that maximizing cano
py photosynthesis requires N distribution proportional to the light 
availability within the canopy (Field 1983; Anten et al. 1995). Leaf 
N decreases gradually from the top to the bottom of the canopy, 
which is a crucial adaptation to declining light availability within 
the canopy (Hirose 2005; Pons 2016). The vertical distributions of 
light and N within canopies are described using the extinction coef
ficients for light (KL) and N (KN) (Hirose and Werger 1987). Canopy 
photosynthesis can be maximized by the optimal gradient of N 
and light (i.e. KN/KL = 1) within canopies (Anten et al. 1995). A meta- 
analysis of canopy N distribution has revealed that the KN/KL for 
most plant species is approximately 0.5 (Hikosaka et al. 2016), im
plying that improving canopy photosynthesis can be achieved by ei
ther reducing KL (more uniform light distribution) or increasing KN 

(less uniform N distribution) [see Niinemets (2023) for more details]. 
More than half of the leaf N is invested in the photosynthetic appa
ratus (Evans 1989), suggesting that “smart” regulation of photosyn
thetic apparatus within a canopy will mediate optimizing N 
distribution.

Various strategies have been proposed to enhance leaf and can
opy photosynthesis, with many of them having been tested in field 
experiments. Evans and Clarke (2019) assessed the N costs of 
these strategies. For example, engineering Rubisco and ATP syn
thase was expected to have a high N cost, as they account for a sig
nificant portion of the N budget of the leaf (20% and 8%, 
respectively). On the other hand, overexpressing enzymes such 
as Cyt b6f, Psbs-VDE-ZEP, SBPase, and FBP aldolase incurred a me
dium N cost (Evans and Clarke 2019). The concept of a “smart can
opy” can minimize the N cost by overexpressing rate-limiting 
enzymes only at the top of the canopy where sufficient light is 
available while repressing N investments in the enzymes where 
light is limited. This smart canopy strategy aims to maximize 
canopy-level photosynthesis while optimizing N distribution 
within the canopy. Interestingly, Evans and Clarke (2019) pointed 
out that one of the strategies for improving photosynthesis can 
save N, rather than incur additional N costs: reducing the light- 
capturing machinery such as chlorophyll and antenna proteins. 
Ort et al. (2015) proposed the smart canopy has more RCs and few
er antenna proteins at the top of the canopy, with the reverse ar
rangement in the lower canopy.

For agricultural purposes, crop plants overinvest in light capture 
while underinvesting in light utilization to optimize canopy carbon 
gain. Studies on low-chlorophyll crops have shown that many 
plants invest excessively in the production of chlorophyll and its 
associated LHC (Li et al. 2013; Gu et al. 2017b; Kirst et al. 2017; 

Slattery et al. 2017; Sakowska et al. 2018; Cho et al. 2023). One signifi
cant evolutionary advantage of overinvesting N in light capture is 
that it confers a selective advantage by shading potential competi
tors (Zhang et al. 1999). Even when a leaf is light-saturated and can
not utilize additional light, intercepting more light prevents 
potential competitors from receiving and benefiting from it; plants 
even produce more leaves than necessary to capture light 
(Srinivasan et al. 2017). Another benefit may be that many crops 
evolved under conditions of limited N, and thus, it is adaptive to se
quester N whenever it is available, storing it in proteins like Rubisco 
to conserve this typically scarce resource (Denison et al. 2003). 
However, this N investment strategy is suboptimal for densely 
planted agricultural monocultures (Loomis 1993; Denison et al. 
2003), where the main goal is to maximize net primary productivity 
in the field. A decrease of light capture, rather than an increase, to 
achieve improved light distribution in the canopy would benefit 
NUE and perhaps overall canopy photosynthesis (Ort et al. 2011).

Theory suggests an increase in total canopy photosynthesis if N 
saved by reducing leaf chlorophyll content was optimally reallo
cated to photosynthetic capacity that matched increased light 
levels within the reduced chlorophyll canopy (Song et al. 2017; 
Zhou et al. 2023). Experimental verification is needed to assess 
the impacts of these modifications on leaf and canopy photosyn
thesis. Theoretically, a 50% reduction in leaf chlorophyll and LHC 
could result in 7% to 9% savings in leaf N without negatively af
fecting canopy photosynthesis (Walker et al. 2018). The saved N 
from the reduction of chlorophyll could be utilized for the overex
pression of rate-limiting enzymes in the CBB cycle, such as 
Rubisco, FBP aldolase, and SBPase (Zhu et al. 2007). Proposed strat
egies include different N investment approaches at various cano
py levels, allocating N from lower to upper canopy leaves. Beyond 
the predicted advantages of re-investing saved N in increased 
photosynthetic capacity, Cho et al. (2023) demonstrated that re
ducing canopy chlorophyll levels in tobacco by up to 50% did 
not compromise carbon assimilation but increased seed N con
centration by 7%, indicating that saved N from reducing chloro
phyll and LHCs may be redirected toward seed N.

Multigene constructs, overexpressing a suite of rate-limiting en
zymes such as Rubisco, SBPase, and FBP aldolase at the top of the 
canopy while downregulating overinvested enzymes in the lower 
canopy, will better optimize N distribution and improve canopy 
photosynthesis. These constructs should be regulated by distinct 
promoters customized for specific canopy heights. Perhaps the ratio 
of red/far-red (R/FR) light serves as a reasonable inducer, especially 
as the R/FR ratio decreases with canopy height. With the advent of 
optogenetics, blue light- and FR light-inducible gene expression sys
tems have been tested in microorganisms (Gligorovski et al. 2023; 
Liu et al. 2023). However, these systems have not yet been tested 
in plants. The red light-inducible promoter has been implemented 
in a plant system, but it was found to turn off gene expression under 
white light (Ochoa-Fernandez et al. 2020), rendering it unsuitable 
for the intended purpose. Therefore, a canopy height-specific gene 
expression system should be further investigated under actual can
opy conditions, preferably in field experiments.

The redistribution of the investment of N from light capture to 
photosynthetic capacity is a legitimate opportunity to improve 
light use efficiency and canopy carbon gain for the dense canopies 
of current row crop agriculture. Candidate targets for N savings 
and reinvestment have been identified and highlighted in this 
brief overview. The next critical steps involve adapting gene regu
lation and the validation of these predictions in target crop species 
in field experiments and ultimately in multi-location field trials to 
assess impacts on crop yield.
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Outlook
In this perspective, we have discussed key targets and methodolo
gies designed to enhance photosynthetic efficiency, highlighting 
their significant potential for crop yield improvement. The next crit
ical step is the integration of these approaches. By combining strat
egies such as optimizing Rubisco efficiency, boosting electron 
transport, introducing novel pigments and refining canopy struc
tures, and improving stomatal regulation and photosynthetic re
sponses to environmental fluctuations, we can harness their 
collective potential. Importantly, this integration must take into ac
count the complex interplay of synergistic and antagonistic effects 
among these modifications to maximize their benefits for agricul
tural productivity. The combination of these strategies should 
then aim not only at stacking improvements but also at ensuring 
real benefits in terms of plant resilience and productivity in diverse 
farming conditions. This means not just mixing different improve
ments but also understanding how they work together in field con
ditions—how they affect plant growth, sink–source relationships, 
and the response to environmental stresses, and when and how 
photosynthesis limits crop productivity. This requires extending 
the focus beyond enhancing photosynthetic efficiency, incorporat
ing traits that increase resilience to abiotic and biotic stresses, im
prove water use efficiency and NUE, and decrease the yield gap 
under fluctuating environmental conditions. Importantly, improv
ing primary production creates flexibility in crop plant design. The 
increased carbon could be used to increase yield or, for example, 
it could be allocated, without a decrease in yield, to increased root 
biomass to improve agricultural sustainability by improving nu
trient or water capture or by increasing soil organic carbon. The 
goal is to create crops that are more productive but also better 
suited to the diverse environments they grow in, directly addressing 
the pressing demands of global food security.
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Bhat JY, Miličić G, Thieulin-Pardo G, Bracher A, Maxwell A, Ciniawsky 

S, Mueller-Cajar O, Engen JR, Hartl FU, Wendler P, et al. 

Mechanism of enzyme repair by the AAA+ chaperone Rubisco ac

tivase. Mol Cell. 2017a:67(5):744–756. https://doi.org/10.1016/j. 

molcel.2017.07.004
Bhat JY, Thieulin-Pardo G, Hartl FU, Hayer-Hartl M. Rubisco acti

vases: AAA+ chaperones adapted to enzyme repair. Front Mol 

Biosci. 2017b:4:20. https://doi.org/10.3389/fmolb.2017.00020
Björkman O, Holmgren P. Adaptability of the photosynthetic appara

tus to light intensity in ecotypes from exposed and shaded habi

tats. Physiol Plant. 1963:16(4):889–914. https://doi.org/10.1111/j. 

1399-3054.1963.tb08366.x
Blankenship RE, Chen M. Spectral expansion and antenna reduction 

can enhance photosynthesis for energy production. Curr Opin 

Chem Biol. 2013:17(3):457–461. https://doi.org/10.1016/j.cbpa.2013. 

03.031
Blikstad C, Dugan EJ, Laughlin TG, Turnšek JB, Liu MD, Shoemaker 

SR, Vogiatzi N, Remis JP, Savage DF. Identification of a carbonic 

anhydrase–Rubisco complex within the alpha-carboxysome. 

Proc Natl Acad Sci U S A. 2023:120(43):e2308600120. https://doi. 

org/10.1073/pnas.2308600120
Borden J, Savage D. New discoveries expand possibilities for carbox

ysome engineering. Curr Opin Microbiol. 2022:61:58–66. https://doi. 

org/10.1016/j.mib.2021.03.002

Bouvier JW, Emms DM, Kelly S. Rubisco is evolving for improved cat
alytic efficiency and CO2 assimilation in plants. Proc Natl Acad Sci 
U S A. 2024:121(11):e2321050121. https://doi.org/10.1073/pnas. 
2321050121

Bracher A, Whitney SM, Hartl FU, Hayer-Hartl M. Biogenesis and met
abolic maintenance of Rubisco. Ann Rev Plant Biol. 2017:68(1): 

29–60. https://doi.org/10.1146/annurev-arplant-043015-111633
Bräutigam A, Schlüter U, Lundgren M, Flachbart S, Ebenhöh O, 

Schönknecht G, Christin P, Bleuler S, Droz J, Osborne C, et al. 
Biochemical mechanisms driving rapid fluxes in C4 photosynthe
sis. bioRxiv 387431. https://doi.org/10.1101/387431, 9 August 
2018, preprint: not peer reviewed

Brodribb TJ, Feild TS, Jordan GJ. Leaf maximum photosynthetic rate 

and venation are linked by hydraulics. Plant Physiol. 2007:144(4): 
1890–1898. https://doi.org/10.1104/pp.107.101352

Broncano LS, Pukacz KR, Reichel-Deland V, Schlüter U, Triesch S, 
Weber APM. Photorespiration is the solution, not the problem. J 
Plant Physiol. 2023:282:153928. https://doi.org/10.1016/j.jplph. 
2023.153928

Brückner K, Schäfer P, Weber E, Grützner R, Marillonnet S, Tissier A. A 

library of synthetic transcription activator-like effector-activated 
promoters for coordinated orthogonal gene expression in plants. 
Plant J. 2015:82(4):707–716. https://doi.org/10.1111/tpj.12843

Buckley CR, Caine RS, Gray JE. Pores for thought: can genetic manip
ulation of stomatal density protect future rice yields? Front Plant 
Sci. 2020:10:1783. https://doi.org/10.3389/fpls.2019.01783

Buckley TN, Mott KA, Farquhar GD. A hydromechanical and biochem

ical model of stomatal conductance. Plant Cell Environ. 2003:26(10): 
1767–1785. https://doi.org/10.1046/j.1365-3040.2003.01094.x

Cai BB, Ning Y, Li Q, Li QY, Ai XZ. Effects of the chloroplast 
fructose-1,6-bisphosphate aldolase gene on growth and low- 
temperature tolerance of tomato. Int J Mol Sci. 2022:23(2): 
728–742. https://doi.org/10.3390/ijms23020728

Caine RS, Yin X, Sloan J, Harrison EL, Mohammed U, Fulton T, Biswal 

AK, Dionora J, Chater CC, Coe RA, et al. Rice with reduced stoma
tal density conserves water and has improved drought tolerance 
under future climate conditions. New Phytol. 2019:221(1):371–384. 
https://doi.org/10.1111/nph.15344

Capó-Bauçà S, Iñiguez C, Aguiló-Nicolau P, Galmés J. Correlative adap
tation between Rubisco and CO2-concentrating mechanisms in 

seagrasses. Nat Plants. 2022:8(6):706–716. https://doi.org/10.1038/ 
s41477-022-01171-5

Carmo-Silva AE, Salvucci ME. The regulatory properties of Rubisco ac
tivase differ among species and affect photosynthetic induction 
during light transitions. Plant Physiol. 2013:161(4):1645–1655. 
https://doi.org/10.1104/pp.112.213348

Carmo-Silva E, Scales JC, Madgwick PJ, Parry MA. Optimizing Rubisco 

and its regulation for greater resource use efficiency. Plant Cell 
Environ. 2015:38(9):1817–1832. https://doi.org/10.1111/pce.12425

Chen J-H, Chen S-T, He N-Y, Wang Q-L, Zhao Y, Gao W, Guo F-Q. 
Nuclear-encoded synthesis of the D1 subunit of photosystem II 
increases photosynthetic efficiency and crop yield. Nat Plants. 
2020:6(5):570–580. https://doi.org/10.1038/s41477-020-0629-z

Chen T, Hojka M, Davey P, Sun Y, Dykes GF, Zhou F, Lawson T, Nixon 

PJ, Lin Y, Liu L-N. Engineering alpha-carboxysomes into plant 
chloroplasts to support autotrophic photosynthesis. Nat Commun. 
2023:14(1):2118. https://doi.org/10.1038/s41467-023-37490-0

Chen M, Schliep M, Willows RD, Cai ZL, Neilan BA, Scheer H. A red- 
shifted chlorophyll. Science. 2010:329(5997):1318–1319. https:// 
doi.org/10.1126/science.1191127

Cho YB, Boyd RA, Ren Y, Lee M-S, Jones SI, Ruiz-Vera UM, McGrath 

JM, Masters MD, Ort DR. Reducing chlorophyll level in seed filling 
stages results in higher seed nitrogen without impacting canopy 

3964 | The Plant Cell, 2024, Vol. 36, No. 10

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/36/10/3944/7664346 by Elisa Luz user on 17 O

ctober 2024

https://doi.org/10.1093/jxb/erac458
https://doi.org/10.1093/jxb/erac458
https://doi.org/10.1073/pnas.0907176107
https://doi.org/10.1016/j.bbamcr.2021.118949
https://doi.org/10.1146/annurev-arplant-071720-015522
https://doi.org/10.1016/j.jplph.2022.153899
https://doi.org/10.1007/BF00394590
https://doi.org/10.1007/BF00394590
https://doi.org/10.1016/j.jbiotec.2009.02.015
https://doi.org/10.1016/j.jbiotec.2009.02.015
https://doi.org/10.1111/tpj.15915
https://doi.org/10.1111/nph.15787
https://doi.org/10.1111/tpj.14722
https://doi.org/10.1111/tpj.14722
https://doi.org/10.3389/fpls.2019.00225
https://doi.org/10.1016/j.molcel.2017.07.004
https://doi.org/10.1016/j.molcel.2017.07.004
https://doi.org/10.3389/fmolb.2017.00020
https://doi.org/10.1111/j.1399-3054.1963.tb08366.x
https://doi.org/10.1111/j.1399-3054.1963.tb08366.x
https://doi.org/10.1016/j.cbpa.2013.03.031
https://doi.org/10.1016/j.cbpa.2013.03.031
https://doi.org/10.1073/pnas.2308600120
https://doi.org/10.1073/pnas.2308600120
https://doi.org/10.1016/j.mib.2021.03.002
https://doi.org/10.1016/j.mib.2021.03.002
https://doi.org/10.1073/pnas.2321050121
https://doi.org/10.1073/pnas.2321050121
https://doi.org/10.1146/annurev-arplant-043015-111633
https://doi.org/10.1101/387431
https://doi.org/10.1104/pp.107.101352
https://doi.org/10.1016/j.jplph.2023.153928
https://doi.org/10.1016/j.jplph.2023.153928
https://doi.org/10.1111/tpj.12843
https://doi.org/10.3389/fpls.2019.01783
https://doi.org/10.1046/j.1365-3040.2003.01094.x
https://doi.org/10.3390/ijms23020728
https://doi.org/10.1111/nph.15344
https://doi.org/10.1038/s41477-022-01171-5
https://doi.org/10.1038/s41477-022-01171-5
https://doi.org/10.1104/pp.112.213348
https://doi.org/10.1111/pce.12425
https://doi.org/10.1038/s41477-020-0629-z
https://doi.org/10.1038/s41467-023-37490-0
https://doi.org/10.1126/science.1191127
https://doi.org/10.1126/science.1191127


carbon assimilation. Plant Cell Environ. 2023:47(1):1–16. https:// 

doi.org/10.1111/pce.14737
Clapero V, Stitt M, Arrivault S. Natural variation in the metabolism of 

the Calvin–Benson cycle. Semin Cell Dev Biol. 2024;155(Pt A):23–36. 

https://doi.org/10.1016/j.semcdb.2023.02.015
Clarke JT, Warnock RCM, Donoghue PCJ. Establishing a time-scale for 

plant evolution. New Phytol. 2011:192(1):266–301. https://doi.org/ 

10.1111/j.1469-8137.2011.03794.x
Cowling SB, Treeintong P, Ferguson J, Soltani H, Swarup R, Mayes S, 

Murchie EH. Out of Africa: characterizing the natural variation in 

dynamic photosynthetic traits in a diverse population of African 

rice (Oryza glaberrima). J Exp Bot. 2022:73(10):3283–3298. https:// 

doi.org/10.1093/jxb/erab459
Croce R, van Amerongen H. Light-harvesting in photosystem I. 

Photosynth Res. 2013:116(2–3):153–166. https://doi.org/10.1007/ 

s11120-013-9838-x

Croce R, van Amerongen H. Light harvesting in oxygenic photosyn

thesis: structural biology meets spectroscopy. Science. 2020:369

(6506):eaay2058. https://doi.org/10.1126/science.aay2058
Cutolo EA, Guardini Z, Dall’Osto L, Bassi R. A paler shade of green: 

engineering cellular chlorophyll content to enhance photosyn

thesis in crowded environments. New Phytol. 2023:239(5): 

1567–1583. https://doi.org/10.1111/nph.19064
Danila F, Schreiber T, Ermakova M, Hua L, Vlad D, Lo S-F, Chen Y-S, 

Lambret-Frotte J, Hermanns AS, Athmer B, et al. A single 

promoter-TALE system for tissue-specific and tuneable expression 

of multiple genes in rice. Plant Biotechnol J. 2022:20(9):1786–1806. 

https://doi.org/10.1111/pbi.13864
Denison RF, Kiers ET, West SA. Darwinian agriculture: when can hu

mans find solutions beyond the reach of natural selection? Q Rev 

Biol. 2003:78(2):145–168. https://doi.org/10.1086/374951
dePury DGG, Farquhar GD. Simple scaling of photosynthesis from 

leaves to canopies without the errors of big-leaf models. Plant 

Cell Environ. 1997:20(5):537–557. https://doi.org/10.1111/j.1365- 

3040.1997.00094.x

De Souza AP, Burgess SJ, Doran L, Hansen J, Manukyan L, Maryn N, 

Gotarkar D, Leonelli L, Niyogi KK, Long SP. Soybean photosynthe

sis and crop yield are improved by accelerating recovery from 

photoprotection. Science. 2022:377(6608):851–854. https://doi.org/ 

10.1126/science.adc9831
Ding F, Wang M, Zhang S. Overexpression of a Calvin cycle enzyme 

SBPase improves tolerance to chilling-induced oxidative stress 

in tomato plants. Sci Hortic. 2017:214:27–33. https://doi.org/10. 

1016/j.scienta.2016.11.010
Dow GJ, Berry JA, Bergmann DC. The physiological importance of de

velopmental mechanisms that enforce proper stomatal spacing 

in a Rabidopsis thaliana. New Phytol. 2014:201(4):1205–1217. https:// 

doi.org/10.1111/nph.12586
Drake PL, Froend RH, Franks PJ. Smaller, faster stomata: scaling of 

stomatal size, rate of response, and stomatal conductance. J 

Exp Bot. 2013:64(2):495–505. https://doi.org/10.1093/jxb/ers347
Drewry DT, Kumar P, Long SP. Simultaneous improvement in produc

tivity, water use, and albedo through crop structural modification. 

Glob Chang Biol. 2014:20(6):1955–1967. https://doi.org/10.1111/gcb. 

12567
Driever SM, Simkin AJ, Alotaibi S, Fisk SJ, Madgwick PJ, Sparks CA, 

Jones HD, Lawson T, Parry MAJ, Raines CA. Increased SBPase ac

tivity improves photosynthesis and grain yield in wheat grown in 

greenhouse conditions. Philos Trans R Soc Lond B Biol Sci. 2017:372

(1730):20160384. https://doi.org/10.1098/rstb.2016.0384
Dunn J, Hunt L, Afsharinafar M, Meselmani MA, Mitchell A, Howells 

R, Wallington E, Fleming AJ, Gray JE. Reduced stomatal density in 

bread wheat leads to increased water-use efficiency. J Exp Bot. 

2019:70(18):4737–4748. https://doi.org/10.1093/jxb/erz248
Eisenhut M, Roell M, Weber APM. Mechanistic understanding of pho

torespiration paves the way to a new green revolution. New Phytol. 

2019:223(4):1762–1769. https://doi.org/10.1111/nph.15872
Elias E, Brache K, Schäfers J, Croce R. Coloring outside the lines: ex

ploiting pigment-protein synergy for far-red absorption in plant 

light-harvesting complexes. J Am Chem Soc. 2024a:146(5): 

3508–3520. https://doi.org/10.1021/jacs.3c13373
Elias E, Liguori N, Saga Y, Schafers J, Croce R. Harvesting far-red light 

with plant antenna complexes incorporating chlorophyll d. 

Biomacromolecules. 2021:22(8):3313–3322. https://doi.org/10.1021/ 

acs.biomac.1c00435
Elias E, Oliver TJ, Croce R. Oxygenic photosynthesis in far-red light: 

strategies and mechanisms. Annu Rev Phys Chem. 2024b:75. 

https://doi.org/10.1146/annurev-physchem-090722-125847
Erb TJ, Zarzycki J. Biochemical and synthetic biology approaches to 

improve photosynthetic CO2-fixation. Curr Opin Chem Biol. 

2016:34:72–79. https://doi.org/10.1016/j.cbpa.2016.06.026
Erb TJ, Zarzycki J. A short history of RubisCO: the rise and fall of 

Nature’s predominant CO2 fixing enzyme. Curr Opinl Biotechnol. 

2018:49:100–107. https://doi.org/10.1016/j.copbio.2017.07.017
Ermakova M, Arrivault S, Giuliani R, Danila F, Alonso-Cantabrana H, 

Vlad D, Ishihara H, Feil R, Guenther M, Borghi GL, et al. 

Installation of C4 photosynthetic pathway enzymes in rice using 

a single construct. Plant Biotechnol J. 2021a:19(3):575–588. https:// 

doi.org/10.1111/pbi.13487
Ermakova M, Bellasio C, Fitzpatrick D, Furbank R, Mamedov F, Von 

Caemmerer S. Upregulation of bundle sheath electron transport 

capacity under limiting light in C4 Setaria viridis. Plant J. 

2021b:106(5):1443–1454. https://doi.org/10.1111/tpj.15247
Ermakova M, Danila FR, Furbank RT, Caemmerer S. On the road to C4 

rice: advances and perspectives. Plant J. 2020:101(4):940–950. 

https://doi.org/10.1111/tpj.14562
Ermakova M, Lopez-Calcagno PE, Raines CA, Furbank RT, Von 

Caemmerer S. Overexpression of the Rieske FeS protein of the 

Cytochrome b6f complex increases C4 photosynthesis in Setaria 

viridis. Commun Biol. 2019:2(1):314 https://doi.org/10.1038/s42003- 

019-0561-9
Ermakova M, Woodford R, Taylor Z, Furbank RT, Belide S, Von 

Caemmerer S. Faster induction of photosynthesis increases bio

mass and grain yield in glasshouse-grown transgenic Sorghum 

bicolor overexpressing Rieske FeS. Plant Biotechnol J. 2023:21(6): 

1206–1216. https://doi.org/10.1111/pbi.14030
Evans JR. Photosynthesis and nitrogen relationships in leaves of C3 

plants. Oecologia. 1989:78(1):9–19. https://doi.org/10.1007/BF00377192
Evans JR, Clarke VC. The nitrogen cost of photosynthesis. J Exp Bot. 

2019:70(1):7–15. https://doi.org/10.1093/jxb/ery366
Evans LT, Dunstone RL. Some physiological aspects of evolution in 

wheat. Aust J Biol Sci. 1970:23(4):725–741. https://doi.org/10.1071/ 

BI9700725
Faralli M, Lawson T. Natural genetic variation in photosynthesis: an 

untapped resource to increase crop yield potential. Plant J. 

2020:101(3):518–528. https://doi.org/10.1111/tpj.14568
Farquhar GD, von Caemmerer S, Berry JA. A biochemical-model of 

photosynthetic CO2 assimilation in leaves of C3 species. Planta. 

1980:149(1):78–90. https://doi.org/10.1007/BF00386231

Fei C, Wilson AT, Mangan NM, Wingreen NS, Jonikas MC. Modelling 

the pyrenoid-based CO2-concentrating mechanism provides in

sights into its operating principles and a roadmap for its engi

neering into crops. Nat Plants. 2022:8(5):583–595. https://doi.org/ 

10.1038/s41477-022-01153-7

Croce et al. | 3965
D

ow
nloaded from

 https://academ
ic.oup.com

/plcell/article/36/10/3944/7664346 by Elisa Luz user on 17 O
ctober 2024

https://doi.org/10.1111/pce.14737
https://doi.org/10.1111/pce.14737
https://doi.org/10.1016/j.semcdb.2023.02.015
https://doi.org/10.1111/j.1469-8137.2011.03794.x
https://doi.org/10.1111/j.1469-8137.2011.03794.x
https://doi.org/10.1093/jxb/erab459
https://doi.org/10.1093/jxb/erab459
https://doi.org/10.1007/s11120-013-9838-x
https://doi.org/10.1007/s11120-013-9838-x
https://doi.org/10.1126/science.aay2058
https://doi.org/10.1111/nph.19064
https://doi.org/10.1111/pbi.13864
https://doi.org/10.1086/374951
https://doi.org/10.1111/j.1365-3040.1997.00094.x
https://doi.org/10.1111/j.1365-3040.1997.00094.x
https://doi.org/10.1126/science.adc9831
https://doi.org/10.1126/science.adc9831
https://doi.org/10.1016/j.scienta.2016.11.010
https://doi.org/10.1016/j.scienta.2016.11.010
https://doi.org/10.1111/nph.12586
https://doi.org/10.1111/nph.12586
https://doi.org/10.1093/jxb/ers347
https://doi.org/10.1111/gcb.12567
https://doi.org/10.1111/gcb.12567
https://doi.org/10.1098/rstb.2016.0384
https://doi.org/10.1093/jxb/erz248
https://doi.org/10.1111/nph.15872
https://doi.org/10.1021/jacs.3c13373
https://doi.org/10.1021/acs.biomac.1c00435
https://doi.org/10.1021/acs.biomac.1c00435
https://doi.org/10.1146/annurev-physchem-090722-125847
https://doi.org/10.1016/j.cbpa.2016.06.026
https://doi.org/10.1016/j.copbio.2017.07.017
https://doi.org/10.1111/pbi.13487
https://doi.org/10.1111/pbi.13487
https://doi.org/10.1111/tpj.15247
https://doi.org/10.1111/tpj.14562
https://doi.org/10.1038/s42003-019-0561-9
https://doi.org/10.1038/s42003-019-0561-9
https://doi.org/10.1111/pbi.14030
https://doi.org/10.1007/BF00377192
https://doi.org/10.1093/jxb/ery366
https://doi.org/10.1071/BI9700725
https://doi.org/10.1071/BI9700725
https://doi.org/10.1111/tpj.14568
https://doi.org/10.1007/BF00386231
https://doi.org/10.1038/s41477-022-01153-7
https://doi.org/10.1038/s41477-022-01153-7


Feng L, Wang K, Li Y, Tan Y, Kong J, Li H, Zhu Y. Overexpression of 
SBPase enhances photosynthesis against high temperature stress 
in transgenic rice plants. Plant Cell Rep. 2007:26(9):1635–1646. 
https://doi.org/10.1007/s00299-006-0299-y

Ferguson JN, Caproni L, Walter J, Shaw K, Thein MS, Mager S, Taylor 
G, Cackett L, Mathan J, Vath RL, et al. The genetic basis of dynam

ic non-photochemical quenching and photosystem II efficiency 
in fluctuating light reveals novel molecular targets for maize 
(Zea mays) improvement. bioRxiv: 565118. https://doi.org/10. 
1101/2023.11.01.565118, 2 November 2023, preprint: not peer 
reviewed

Field C. Allocating leaf nitrogen for the maximization of carbon gain: 

leaf age as a control on the allocation program. Oecologia. 
1983:56(2–3):341–347. https://doi.org/10.1007/BF00379710

Flecken M, Wang H, Popilka L, Hartl FU, Bracher A, Hayer-Hartl M. 
Dual functions of a Rubisco activase in metabolic repair and re
cruitment to carboxysomes. Cell. 2020:183(2):457–473. https:// 
doi.org/10.1016/j.cell.2020.09.010

Flood PJ, Harbinson J, Aarts MGM. Natural genetic variation in plant 

photosynthesis. Trends Plant Sci. 2011:16(6):327–335. https://doi. 
org/10.1016/j.tplants.2011.02.005

Flood PJ, Kruijer W, Schnabel SK, van der Schoor R, Jalink H, Snel JFH, 
Harbinson J, Aarts MGM. Phenomics for photosynthesis, growth 
and reflectance in Arabidopsis thaliana reveals circadian and 
long-term fluctuations in heritability. Plant Methods. 2016:12(1): 

14. https://doi.org/10.1186/s13007-016-0113-y

Förster B, Rourke LM, Weerasooriya HN, Pabuayon ICM, Rolland V, Au 
EK, Bala S, Bajsa-Hirschel J, Kaines S, Kasili RW. The Chlamydomonas 
reinhardtii chloroplast envelope protein LCIA transports bicarbon
ate in planta. J Exp Bot. 2023:74(12):3651–3666. https://doi.org/10. 
1093/jxb/erad116

Franks PJ, Farquhar GD. The mechanical diversity of stomata and its 

significance in gas-exchange control. Plant Physiol. 2007:143(1): 
78–87. https://doi.org/10.1104/pp.106.089367

Freschet GT, Dias ATC, Ackerly DD, Aerts R, van Bodegom PM, 
Cornwell WK, Dong M, Kurokawa H, Liu G, Onipchenko VG, 
et al. Global to community scale differences in the prevalence 
of convergent over divergent leaf trait distributions in plant as

semblages. Glob Ecol Biogeogr. 2011:20(5):755–765. https://doi.org/ 
10.1111/j.1466-8238.2011.00651.x

Furbank R, Kelly S, von Caemmerer S. Photosynthesis and food se
curity: the evolving story of C4 rice. Photosynth Res. 2023;158(2): 
121–130. https://doi.org/10.1007/s11120-023-01014-0

Galkin E, Dalal A, Evenko A, Fridman E, Kan I, Wallach R, Moshelion 
M. Risk-management strategies and transpiration rates of wild 

barley in uncertain environments. Physiol Plant. 2018:164(4): 
412–428. https://doi.org/10.1111/ppl.12814

Gan F, Zhang S, Rockwell NC, Martin SS, Lagarias JC, Bryant DA. 
Extensive remodeling of a cyanobacterial photosynthetic appara
tus in far-red light. Science. 2014:345(6202):1312–1317. https://doi. 
org/10.1126/science.1256963

Garcia-Molina A, Leister D. Accelerated relaxation of photoprotec

tion impairs biomass accumulation in Arabidopsis. Nat Plants. 
2020:6(1):9–12. https://doi.org/10.1038/s41477-019-0572-z

Geiger DR, Servaites JC. Diurnal regulation of photosynthetic carbon 
metabolism in C3 plants. Ann Rev Plant Physiol. 1994:45(1):235–256. 
https://doi.org/10.1146/annurev.pp.45.060194.001315

Genesio L, Bassi R, Miglietta F. Plants with less chlorophyll: a global 
change perspective. Glob Chang Biol. 2021:27(5):959–967. https:// 

doi.org/10.1111/gcb.15470
Genesio L, Bright RM, Alberti G, Peressotti A, Delle Vedove G, Incerti 

G, Toscano P, Rinaldi M, Muller O, Miglietta F. A chlorophyll- 
deficient, highly reflective soybean mutant: radiative forcing 

and yield gaps. Environ Res Lett. 2020:15(7):074014. https://doi. 
org/10.1088/1748-9326/ab865e

Gionfriddo M, Rhodes T, Whitney S. Perspectives on improving crop 
Rubisco by directed evolution. Semin Cell Dev Biol. 2024;155(Pt A): 
37–47. https://doi.org/10.1016/j.semcdb.2023.04.003

Gisriel CJ, Cardona T, Bryant DA, Brudvig GW. Molecular evolution of 
far-red light-acclimated photosystem II. Microorganisms. 2022:10(7): 

1270 https://doi.org/10.3390/microorganisms10071270
Gisriel CJ, Huang HL, Reiss KM, Flesher DA, Batista VS, Bryant DA, 

Brudvig GW, Wang J. Quantitative assessment of chlorophyll types 
in cryo-EM maps of photosystem I acclimated to far-red light. BBA 
Adv. 2021:1:100019. https://doi.org/10.1016/j.bbadva.2021.100019

Gisriel CJ, Shen G, Flesher DA, Kurashov V, Golbeck JH, Brudvig GW, 
Amin M, Bryant DA. Structure of a dimeric photosystem II complex 

from a cyanobacterium acclimated to far-red light. J Biol Chem. 
2023:299(1):102815. https://doi.org/10.1016/j.jbc.2022.102815

Gisriel C, Shen G, Kurashov V, Ho MY, Zhang S, Williams D, Golbeck JH, 
Fromme P, Bryant DA. The structure of Photosystem I acclimated 
to far-red light illuminates an ecologically important acclimation 
process in photosynthesis. Sci Adv. 2020:6(6):eaay6415. https:// 

doi.org/10.1126/sciadv.aay6415
Giuliani R, Koteyeva N, Voznesenskaya E, Evans MA, Cousins AB, 

Edwards GE. Coordination of leaf photosynthesis, transpiration, 
and structural traits in rice and wild relatives (Genus Oryza). 
Plant Physiol. 2013:162(3):1632–1651. https://doi.org/10.1104/pp. 
113.217497

Gligorovski V, Sadeghi A, Rahi SJ. Multidimensional characterization 

of inducible promoters and a highly light-sensitive LOV- 
transcription factor. Nat Commun. 2023:14(1):3810. https://doi. 
org/10.1038/s41467-023-38959-8

Gray A, Liu L, Facette M. Flanking support: how subsidiary cells con
tribute to stomatal form and function. Front Plant Sci. 2020:11:881. 
https://doi.org/10.3389/fpls.2020.00881

Gu J, Zhou Z, Li Z, Chen Y, Wang Z, Zhang H. Rice (Oryza sativa L.) with 

reduced chlorophyll content exhibit higher photosynthetic rate 
and efficiency, improved canopy light distribution, and greater 
yields than normally pigmented plants. Field Crops Res. 
2017b:200:58–70. https://doi.org/10.1016/j.fcr.2016.10.008

Gu J, Zhou Z, Li Z, Chen Y, Wang Z, Zhang H, Yang J. Photosynthetic 
properties and potentials for improvement of photosynthesis in 

pale green leaf rice under high light conditions. Front Plant Sci. 
2017a:8:1082. https://doi.org/10.3389/fpls.2017.01082

Hamaguchi T, Kawakami K, Shinzawa-Itoh K, Inoue-Kashino N, Itoh S, 
Ifuku K, Yamashita E, Maeda K, Yonekura K, Kashino Y. Structure 
of the far-red light utilizing photosystem I of Acaryochloris marina. 
Nat Commun. 2021:12(1):2333. https://doi.org/10.1038/s41467-021- 

22502-8
Harbinson J, Prinzenberg AE, Kruijer W, Aarts MGM. High throughput 

screening with chlorophyll fluorescence imaging and its use in 
crop improvement. Curr Opin Biotechnol. 2012:23(2):221–226. 
https://doi.org/10.1016/j.copbio.2011.10.006

Harbinson J, Yin X. Modelling the impact of improved photosynthetic 
properties on crop performance in Europe. Food Energy Secur. 

2023:12(1):e402. https://doi.org/10.1002/fes3.402

Harrison EL, Arce Cubas L, Gray JE, Hepworth C. The influence of sto
matal morphology and distribution on photosynthetic gas ex
change. Plant J. 2020:101(4):768–779. https://doi.org/10.1111/tpj. 
14560

Hazra S, Henderson JN, Liles K, Hilton MT, Wachter RM. Regulation of 
ribulose-1, 5-bisphosphate carboxylase/oxygenase (rubisco) acti

vase: product inhibition, cooperativity, and magnesium activation. 
J Biol Chem. 2015:290(40):24222–24236. https://doi.org/10.1074/jbc. 
M115.651745

3966 | The Plant Cell, 2024, Vol. 36, No. 10

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/36/10/3944/7664346 by Elisa Luz user on 17 O

ctober 2024

https://doi.org/10.1007/s00299-006-0299-y
https://doi.org/10.1101/2023.11.01.565118
https://doi.org/10.1101/2023.11.01.565118
https://doi.org/10.1007/BF00379710
https://doi.org/10.1016/j.cell.2020.09.010
https://doi.org/10.1016/j.cell.2020.09.010
https://doi.org/10.1016/j.tplants.2011.02.005
https://doi.org/10.1016/j.tplants.2011.02.005
https://doi.org/10.1186/s13007-016-0113-y
https://doi.org/10.1093/jxb/erad116
https://doi.org/10.1093/jxb/erad116
https://doi.org/10.1104/pp.106.089367
https://doi.org/10.1111/j.1466-8238.2011.00651.x
https://doi.org/10.1111/j.1466-8238.2011.00651.x
https://doi.org/10.1007/s11120-023-01014-0
https://doi.org/10.1111/ppl.12814
https://doi.org/10.1126/science.1256963
https://doi.org/10.1126/science.1256963
https://doi.org/10.1038/s41477-019-0572-z
https://doi.org/10.1146/annurev.pp.45.060194.001315
https://doi.org/10.1111/gcb.15470
https://doi.org/10.1111/gcb.15470
https://doi.org/10.1088/1748-9326/ab865e
https://doi.org/10.1088/1748-9326/ab865e
https://doi.org/10.1016/j.semcdb.2023.04.003
https://doi.org/10.3390/microorganisms10071270
https://doi.org/10.1016/j.bbadva.2021.100019
https://doi.org/10.1016/j.jbc.2022.102815
https://doi.org/10.1126/sciadv.aay6415
https://doi.org/10.1126/sciadv.aay6415
https://doi.org/10.1104/pp.113.217497
https://doi.org/10.1104/pp.113.217497
https://doi.org/10.1038/s41467-023-38959-8
https://doi.org/10.1038/s41467-023-38959-8
https://doi.org/10.3389/fpls.2020.00881
https://doi.org/10.1016/j.fcr.2016.10.008
https://doi.org/10.3389/fpls.2017.01082
https://doi.org/10.1038/s41467-021-22502-8
https://doi.org/10.1038/s41467-021-22502-8
https://doi.org/10.1016/j.copbio.2011.10.006
https://doi.org/10.1002/fes3.402
https://doi.org/10.1111/tpj.14560
https://doi.org/10.1111/tpj.14560
https://doi.org/10.1074/jbc.M115.651745
https://doi.org/10.1074/jbc.M115.651745


He S, Crans VL, Jonikas MC. The pyrenoid: the eukaryotic 

CO2-concentrating organelle. Plant Cell. 2023:35(9):3236–3259. 

https://doi.org/10.1093/plcell/koad157
Hetherington AM, Woodward FI. The role of stomata in sensing and 

driving environmental change. Nature. 2003:424(6951):901–908. 

https://doi.org/10.1038/nature01843
Heyno E, Ermakova M, Lopez-Calcagno PE, Woodford R, Brown KL, 

Matthews JSA, Osmond B, Raines C, Von Caemmerer S. Rieske 

FeS overexpression in tobacco provides increased abundance 

and activity of cytochrome b6f. Physiol Plant. 2022;174(6):e13803. 

https://doi.org/10.1111/ppl.13803

Hibberd JM, Sheehy JE, Langdale JA. Using C4 photosynthesis to in

crease the yield of rice-rationale and feasibility. Curr Opin Plant 

Biol. 2008:11(2):228–231. https://doi.org/10.1016/j.pbi.2007.11.002
Hikosaka K, Anten NP, Borjigidai A, Kamiyama C, Sakai H, Hasegawa 

T, Oikawa S, Iio A, Watanabe M, Koike T, et al. A meta-analysis of 

leaf nitrogen distribution within plant canopies. Ann Bot. 

2016:118(2):239–247. https://doi.org/10.1093/aob/mcw099
Hirose T. Development of the Monsi–Saeki theory on canopy struc

ture and function. Ann Bot. 2005:95(3):483–494. https://doi.org/ 

10.1093/aob/mci047
Hirose T, Werger MJA. Maximizing daily canopy photosynthesis with 

respect to the leaf nitrogen allocation pattern in the canopy. 

Oecologia. 1987:72(4):520–526. https://doi.org/10.1007/BF00378977
Ho MY, Shen G, Canniffe DP, Zhao C, Bryant DA. Light-dependent 

chlorophyll f synthase is a highly divergent paralog of PsbA of 

photosystem II. Science. 2016:353(6302):aaf9178. https://doi.org/ 

10.1126/science.aaf9178
Ho MY, Soulier NT, Canniffe DP, Shen G, Bryant DA. Light regulation of 

pigment and photosystem biosynthesis in cyanobacteria. Curr Opin 

Plant Biol. 2017:37:24–33. https://doi.org/10.1016/j.pbi.2017.03.006

Horaruang W, Klejchová M, Carroll W, Silva-Alvim FA, Waghmare S, 

Papanatsiou M, Amtmann A, Hills A, Alvim JC, Blatt MR, et al. 

Engineering a K+ channel ‘sensory antenna’enhances stomatal ki

netics, water use efficiency and photosynthesis. Nat Plants. 2022:8

(11):1262–1274. https://doi.org/10.1038/s41477-022-01255-2
Huang G, Peng S, Li Y. Variation of photosynthesis during plant evo

lution and domestication: implications for improving crop photo

synthesis. J Exp Bot. 2022:73(14):4886–4896. https://doi.org/10. 

1093/jxb/erac169
Hylton CM, Rawsthorne S, Smith AM, Jones DA, Woolhouse HW. 

Glycine decarboxylase is confined to the bundle-sheath cells of 

leaves of C3–C4 intermediate species. Planta. 1988:175(4):452–459. 

https://doi.org/10.1007/BF00393064
Jansson C, Wullschleger SD, Kalluri UC, Tuskan GA. 

Phytosequestration: carbon biosequestration by plants and the 

prospects of genetic engineering. Bioscience. 2010:60(9):685–696. 

https://doi.org/10.1525/bio.2010.60.9.6
Johnson JE, Berry JA. The role of cytochrome b6f in the control of 

steady-state photosynthesis: a conceptual and quantitative mod

el. Photosynth Res. 2021:148(3):101–136. https://doi.org/10.1007/ 

s11120-021-00840-4
Johnson JE, Field CB, Berry J. The limiting factors and regulatory proc

esses that control the environmental responses of C3, C3–C4 inter

mediate, and C4 photosynthesis. Oecologia. 2021:197(4):841–866. 

https://doi.org/10.1007/s00442-021-05062-y
Kaiser E, Morales A, Harbinson J. Fluctuating light takes crop photo

synthesis on a rollercoaster ride. Plant Physiol. 2017:176(2): 

977–989. https://doi.org/10.1104/pp.17.01250
Kasajima I, Ebana K, Yamamoto T, Takahara K, Yano M, 

Kawai-Yamada M, Uchimiya H. Molecular distinction in genetic 

regulation of nonphotochemical quenching in rice. Proc Natl Acad 

Sci U S A. 2011:108(33):13835–13840. https://doi.org/10.1073/pnas. 

1104809108
Keerberg O, Pärnik T, Ivanova H, Bassüner B, Bauwe H. C2 photosyn

thesis generates about 3-fold elevated leaf CO2 levels in the C3–C4 

intermediate species Flaveria pubescens. J Exp Bot. 2014:65(13): 

3649–3656. https://doi.org/10.1093/jxb/eru239
Khaipho-Burch M, Cooper M, Crossa J, de Leon N, Holland J, Lewis R, 

McCouch S, Murray SC, Rabbi I, Ronald P, et al. Genetic modification 

can improve crop yields—but stop overselling it. Nature. 2023:621

(7979):470–473. https://doi.org/10.1038/d41586-023-02895-w
Kirst H, Gabilly ST, Niyogi KK, Lemaux PG, Melis A. Photosynthetic 

antenna engineering to improve crop yields. Planta. 2017:245(5): 

1009–1020. https://doi.org/10.1007/s00425-017-2659-y
Klimyuk VI, Persello-Cartieaux F, Havaux M, Contard-David P, 

Schuenemann D, Meiherhoff K, Gouet P, Jones JD, Hoffman NE, 

Nussaume L. A chromodomain protein encoded by the 

Arabidopsis CAO gene is a plant-specific component of the chloro

plast signal recognition particle pathway that is involved in LHCP 

targeting. Plant Cell. 1999:11(1):87–99. https://doi.org/10.1105/tpc. 

11.1.87
Knudsen S, Wendt T, Dockter C, Thomsen HC, Rasmussen M, 

Jørgensen ME, Lu Q, Voss C, Murozuka E, Østerberg JT, et al. 

FIND-IT: accelerated trait development for a green evolution. Sci 

Adv. 2022:8(34):eabq2266. https://doi.org/10.1126/sciadv.abq2266
Kohler IH, Ruiz-Vera UM, VanLoocke A, Thomey ML, Clemente T, 

Long SP, Ort DR, Bernacchi CJ. Expression of cyanobacterial 

FBP/SBPase in soybean prevents yield depression under future 

climate conditions. J Exp Bot. 2017:68(3):715–726. https://doi.org/ 

10.1093/jxb/erw435
Kromdijk J, Glowacka K, Leonelli L, Gabilly ST, Iwai M, Niyogi KK, 

Long SP. Improving photosynthesis and crop productivity by ac

celerating recovery from photoprotection. Science. 2016:354

(6314):857–862. https://doi.org/10.1126/science.aai8878
Küster L, Lücke R, Brabender C, Bethmann S, Jahns P. The amount of 

zeaxanthin epoxidase but not the amount of violaxanthin 

de-epoxidase is a critical determinant of zeaxanthin accumulation 

in Arabidopsis thaliana and Nicotiana tabacum. Plant Cell Physiol. 

2023:64(10):1220–1230. https://doi.org/10.1093/pcp/pcad091
Lafferty DJ, Robison TA, Gunadi A, Gunn LH, Van Eck J, Li F-W. 

Biolistics-mediated transformation of hornworts and its applica

tion to study pyrenoid protein localization. bioRxiv 563637. 

https://doi.org/10.1101/2023.10.23.563637, 26 October 2023, pre

print: not peer reviewed
Lawson T, Blatt M. Stomatal size, speed and responsiveness impact 

on photosynthesis and water use efficiency. Plant Physiol. 

2014:164(4):1556–1570. https://doi.org/10.1104/pp.114.237107
Lawson T, Kramer DM, Raines CA. Improving yield by exploiting 

mechanisms underlying natural variation of photosynthesis. 

Curr Opin Biotechnol. 2012:23(2):215–220. https://doi.org/10.1016/j. 

copbio.2011.12.012
Lawson T, Milliken AL. Photosynthesis—beyond the leaf. New Phytol. 

2022:238(1):55–56. https://doi.org/10.1111/nph.18671
Lawson T, Morison JIL. Stomatal function and physiology. In: 

Hemsley AR, Poole I, editors. The evolution of plant physiology: 

from whole plants to ecosystem. Cambridge: Elsevier Academic 

Press; 2004. p. 217–242.
Lawson T, Vialet-Chabrand S. Speedy stomata, photosynthesis and 

plant water use efficiency. New Phytol. 2019:221(1):93–98. 

https://doi.org/10.1111/nph.15330
Lawson T, vonCaemmerer S, Baroli I. Photosynthesis and stomatal be

haviour. Prog Bot. 2010:72:265–304. https://doi.org/10.1007/978- 

3-642-13145-5_11

Croce et al. | 3967
D

ow
nloaded from

 https://academ
ic.oup.com

/plcell/article/36/10/3944/7664346 by Elisa Luz user on 17 O
ctober 2024

https://doi.org/10.1093/plcell/koad157
https://doi.org/10.1038/nature01843
https://doi.org/10.1111/ppl.13803
https://doi.org/10.1016/j.pbi.2007.11.002
https://doi.org/10.1093/aob/mcw099
https://doi.org/10.1093/aob/mci047
https://doi.org/10.1093/aob/mci047
https://doi.org/10.1007/BF00378977
https://doi.org/10.1126/science.aaf9178
https://doi.org/10.1126/science.aaf9178
https://doi.org/10.1016/j.pbi.2017.03.006
https://doi.org/10.1038/s41477-022-01255-2
https://doi.org/10.1093/jxb/erac169
https://doi.org/10.1093/jxb/erac169
https://doi.org/10.1007/BF00393064
https://doi.org/10.1525/bio.2010.60.9.6
https://doi.org/10.1007/s11120-021-00840-4
https://doi.org/10.1007/s11120-021-00840-4
https://doi.org/10.1007/s00442-021-05062-y
https://doi.org/10.1104/pp.17.01250
https://doi.org/10.1073/pnas.1104809108
https://doi.org/10.1073/pnas.1104809108
https://doi.org/10.1093/jxb/eru239
https://doi.org/10.1038/d41586-023-02895-w
https://doi.org/10.1007/s00425-017-2659-y
https://doi.org/10.1105/tpc.11.1.87
https://doi.org/10.1105/tpc.11.1.87
https://doi.org/10.1126/sciadv.abq2266
https://doi.org/10.1093/jxb/erw435
https://doi.org/10.1093/jxb/erw435
https://doi.org/10.1126/science.aai8878
https://doi.org/10.1093/pcp/pcad091
https://doi.org/10.1101/2023.10.23.563637
https://doi.org/10.1104/pp.114.237107
https://doi.org/10.1016/j.copbio.2011.12.012
https://doi.org/10.1016/j.copbio.2011.12.012
https://doi.org/10.1111/nph.18671
https://doi.org/10.1111/nph.15330
https://doi.org/


Leakey ADB, Ferguson JN, Pignon CP, Wu A, Jin Z, Hammer GL, Lobell 
DB. Water use efficiency as a constraint and target for improving 
the resilience and productivity of C3 and C4 crops. Annu Rev Plant 
Biol 2019:70(1):781–808. https://doi.org/10.1146/annurev-arplant- 
042817-040305

Leegood RC. C4 photosynthesis: principles of CO2 concentration and 

prospects for its introduction into C3 plants. J Exp Bot. 2002:53
(369):581–590. https://doi.org/10.1093/jexbot/53.369.581

Lefebvre S, Lawson T, Fryer M, Zakhleniuk OV, Lloyd JC, Raines CA. 
Increased sedoheptulose-1,7-bisphosphatase activity in trans
genic tobacco plants stimulates photosynthesis and growth 
from an early stage in development. Plant Physiol. 2005:138(1): 

451–460. https://doi.org/10.1104/pp.104.055046
Lehretz GG, Schneider A, Leister D, Sonnewald U. High non- 

photochemical quenching of VPZ transgenic potato plants limits 
CO2 assimilation under high light conditions and reduces tuber 
yield under fluctuating light. J Integr Plant Biol. 2022:64(9): 
1821–1832. https://doi.org/10.1111/jipb.13320

Leister D. Enhancing the light reactions of photosynthesis: strat

egies, controversies, and perspectives. Mol Plant. 2023:16(1):4–22. 
https://doi.org/10.1016/j.molp.2022.08.005

Lemonnier P, Lawson T. Calvin cycle and guard cell metabolism im
pact stomatal function. Semin Cell Dev Biol. 2023:155:59–70.

Levey M, Timm S, Mettler-Altmann T, Borghi GL, Koczor M, Arrivault 
S, Weber AP, Bauwe H, Gowik U, Westhoff P. Efficient 2-phospho
glycolate degradation is required to maintain carbon assimilation 

and allocation in the C4 plant Flaveria bidentis. J Exp Bot. 2019:70(2): 
575–587. https://doi.org/10.1093/jxb/ery370

Li L, Aro EM, Millar AH. Mechanisms of photodamage and protein 
turnover in photoinhibition. Trends Plant Sci. 2018:23(8):667–676. 
https://doi.org/10.1016/j.tplants.2018.05.004

Li Y-Y, Guo L-N, Liang C-Z, Meng Z-G, Tahira S, Guo S-D, Zhang R. 
Overexpression of Brassica napus cytosolic fructose-1,6- 

bisphosphatase and sedoheptulose-1,7-bisphosphatase genes sig
nificantly enhanced tobacco growth and biomass. J Integr Agric. 
2022:21(1):49–59. https://doi.org/10.1016/S2095-3119(20)63438-4

Li Y, Ren B, Gao L, Ding L, Jiang D, Xu X, Shen Q, Guo S. Less chlorophyll 
does not necessarily restrain light capture ability and photosynthe
sis in a chlorophyll-deficient rice mutant. J Agron Crop Sci. 

2013:199(1):49–56. https://doi.org/10.1111/j.1439-037X.2012.00519.x
Lin MT, Salihovic H, Clark FK, Hanson MR. Improving the efficiency of 

Rubisco by resurrecting its ancestors in the family Solanaceae. Sci 
Adv. 2022:8(15):eabm6871. https://doi.org/10.1126/sciadv.abm6871

Liu F, Song Q, Zhao J, Mao L, Bu H, Hu Y, Zhu XG. Canopy occupation 
volume as an indicator of canopy photosynthetic capacity. New 
Phytol. 2021:232(2):941–956. https://doi.org/10.1111/nph.17611

Long SP, Ainsworth EA, Leakey ADB, Nosberger J, Ort DR. Rising 

atmospheric carbon dioxide: plants FACE the future. Annu Rev 
Plant Biol. 2004:55:591–628. https://doi.org/10.1146/annurev.arplant. 
55.031903.141610

Long S, Burgess S, Causton I. Redesigning crop photosynthesis. In: 
Zeigler R, editor. Sustaining Global Food Security: The Nexus of 
Science and Policy Book. Australia: CISCO; 2019. p. 131–141.

Long SP, Humphries S, Falkowski PG. Photoinhibition of photosyn

thesis in nature. Annu Rev Plant Biol. 1994:45(1):633–662. https:// 
doi.org/10.1146/annurev.pp.45.060194.003221

Long SP, Marshall AM, Zhu XG. Engineering crop photosynthesis and 
yield potential to meet global food demand of 2050. Cell. 
2015:161(1):56–66. https://doi.org/10.1016/j.cell.2015.03.019

Long SP, Taylor SH, Burgess SJ, Carmo-Silva E, Lawson T, De Souza AP, 
Leonelli L, Wang Y. Into the shadows and back into sunlight: pho

tosynthesis in fluctuating light. Annu Rev Plant Biol. 2022:73(1): 
617–648. https://doi.org/10.1146/annurev-arplant-070221-024745

Loomis RS. Optimization theory and crop improvement. Int Crop 

Sci. 1993:I:583–588. https://doi.org10.2135/1993.internationalcrop 

science.c92
Lopez-Calcagno PE, Brown KL, Simkin AJ, Fisk SJ, Vialet-Chabrand S, 

Lawson T, Raines CA. Stimulating photosynthetic processes in

creases productivity and water-use efficiency in the field. Nat 

Plants. 2020:6(8):1054. https://doi.org/10.1038/s41477-020-0740-1
Löwe H, Kremling A. In-depth computational analysis of natural and 

artificial carbon fixation pathways. Biodes Res. 2021:2021:9898316. 

https://doi.org/10.34133/2021/9898316
Lundgren MR. C2 photosynthesis: a promising route towards crop 

improvement? New Phytol. 2020:228(6):1734–1740. https://doi. 

org/10.1111/nph.16494
Makino A. Photosynthesis improvement for enhancing productivity 

in rice. Soil Sci Plant Nutr. 2021:67(5):513–519. https://doi.org/10. 

1080/00380768.2021.1966290
Makino A, Sato T, Nakano H, Mae T. Leaf photosynthesis, plant growth 

and nitrogen allocation in rice under different irradiances. Planta. 

1997:203(3):390–398. https://doi.org/10.1007/s004250050205

Mallmann J, Heckmann D, Bräutigam A, Lercher MJ, Weber APM, 

Westhoff P, Gowik U. The role of photorespiration during the evo

lution of C4 photosynthesis in the genus Flaveria. Elife. 2014:3: 

e02478. https://doi.org/10.7554/eLife.02478
Malnoë A, Schultink A, Shahrasbi S, Rumeau D, Havaux M, Niyogi 

KK. The plastid lipocalin LCNP is required for sustained photo

protective energy dissipation in Arabidopsis. Plant Cell. 

2018:30(1):196–208. https://doi.org/10.1105/tpc.17.00536
Malone LA, Proctor MS, Hitchcock A, Hunter CN, Johnson MP. 

Cytochrome b6f—Orchestrator of photosynthetic electron trans

fer. Biochim Biophys Acta. 2021:1862(5):148380. https://doi.org/10. 

1016/j.bbabio.2021.148380
Mao Y, Catherall E, Díaz-Ramos A, Greiff GR, Azinas S, Gunn L, 

McCormick AJ. The small subunit of Rubisco and its potential 

as an engineering target. J Exp Bot. 2023:74(2):543–561. https:// 

doi.org/10.1093/jxb/erac309
Mascoli V, Bersanini L, Croce R. Far-red absorption and light-use ef

ficiency trade-offs in chlorophyll f photosynthesis. Nat Plants. 

2020:6(8):1044–1053. https://doi.org/10.1038/s41477-020-0718-z
Mascoli V, Bhatti AF, Bersanini L, van Amerongen H, Croce R. The an

tenna of far-red absorbing cyanobacteria increases both absorp

tion and quantum efficiency of Photosystem II. Nat Commun. 

2022:13(1):3562. https://doi.org/10.1038/s41467-022-31099-5
Matthew JAS, Lawson T. Climate change and stomatal physiology. 

Annu Plant Rev. 2019:2(3):713–752. https://doi.org/10.1002/ 

9781119312994.apr0667
McAusland L, Vialet-Chabrand S, Davey PA, Baker NR, Brendel O, 

Lawson T. Effects of kinetics of light light-induced stomatal re

sponses on photosynthesis and water-use efficiency. New Phytol. 

2016:211(4):1209–1220. https://doi.org/10.1111/nph.14000
Miller MAE, O’Cualain R, Selley J, Knight D, Karim MF, Hubbard SJ, 

Johnson GN. Dynamic acclimation to high light in Arabidopsis 

thaliana involves widespread reengineering of the leaf proteome. 

Front Plant Sci. 2017:8:1239. https://doi.org/10.3389/fpls.2017.01239
Mirkovic T, Ostroumov EE, Anna JM, van Grondelle R, Govindjee D, 

Scholes GD. Light absorption and energy transfer in the antenna 

complexes of photosynthetic organisms. Chem Rev. 2017:117(2): 

249–293. https://doi.org/10.1021/acs.chemrev.6b00002

Miyagawa Y, Tamoi M, Shigeoka S. Overexpression of a cyanobacte

rial fructose-1,6-/sedoheptulose-1, 7-bisphosphatase in tobacco 

enhances photosynthesis and growth. Nat Biotechnol. 2001:19

(10):965–969. https://doi.org/10.1038/nbt1001-965

3968 | The Plant Cell, 2024, Vol. 36, No. 10

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/36/10/3944/7664346 by Elisa Luz user on 17 O

ctober 2024

https://doi.org/10.1146/annurev-arplant-042817-040305
https://doi.org/10.1146/annurev-arplant-042817-040305
https://doi.org/10.1093/jexbot/53.369.581
https://doi.org/10.1104/pp.104.055046
https://doi.org/10.1111/jipb.13320
https://doi.org/10.1016/j.molp.2022.08.005
https://doi.org/10.1093/jxb/ery370
https://doi.org/10.1016/j.tplants.2018.05.004
https://doi.org/10.1016/S2095-3119(20)63438-4
https://doi.org/10.1111/j.1439-037X.2012.00519.x
https://doi.org/10.1126/sciadv.abm6871
https://doi.org/10.1111/nph.17611
https://doi.org/10.1146/annurev.arplant.55.031903.141610
https://doi.org/10.1146/annurev.arplant.55.031903.141610
https://doi.org/10.1146/annurev.pp.45.060194.003221
https://doi.org/10.1146/annurev.pp.45.060194.003221
https://doi.org/10.1016/j.cell.2015.03.019
https://doi.org/10.1146/annurev-arplant-070221-024745
https://doi.org10.2135/1993.internationalcropscience.c92
https://doi.org10.2135/1993.internationalcropscience.c92
https://doi.org/10.1038/s41477-020-0740-1
https://doi.org/10.34133/2021/9898316
https://doi.org/10.1111/nph.16494
https://doi.org/10.1111/nph.16494
https://doi.org/10.1080/00380768.2021.1966290
https://doi.org/10.1080/00380768.2021.1966290
https://doi.org/10.1007/s004250050205
https://doi.org/10.7554/eLife.02478
https://doi.org/10.1105/tpc.17.00536
https://doi.org/10.1016/j.bbabio.2021.148380
https://doi.org/10.1016/j.bbabio.2021.148380
https://doi.org/10.1093/jxb/erac309
https://doi.org/10.1093/jxb/erac309
https://doi.org/10.1038/s41477-020-0718-z
https://doi.org/10.1038/s41467-022-31099-5
https://doi.org/10.1002/9781119312994.apr0667
https://doi.org/10.1002/9781119312994.apr0667
https://doi.org/10.1111/nph.14000
https://doi.org/10.3389/fpls.2017.01239
https://doi.org/10.1021/acs.chemrev.6b00002
https://doi.org/10.1038/nbt1001-965


Miyashita H, Ikemoto H, Kurano N, Adachi K, Chihara M, Miyachi S. 
Chlorophyll d as a major pigment. Nature. 1996:383(6599): 
402–402. https://doi.org/10.1038/383402a0

Mooney HA, Ehleringer J, Berry JA. High photosynthetic capacity of a 
winter annual in death valley. Science. 1976:194(4262):322–324. 
https://doi.org/10.1126/science.194.4262.322

Mueller-Cajar O. The diverse AAA+ machines that repair inhibited 

Rubisco active sites. Front Mol Biosci. 2017:4:31. https://doi.org/ 
10.3389/fmolb.2017.00031

Munekage Y. Light harvesting and chloroplast electron transport in 
NADP-malic enzyme type C4 plants. Curr Opin Plant Biol. 2016:31: 
9–15. https://doi.org/10.1016/j.pbi.2016.03.001

Nakajima Y, Ueda R. Improvement of photosynthesis in dense micro
algal suspension by reduction of light harvesting pigments. J Appl 

Phycol. 1997:9:503–510. https://doi.org/10.1023/A:1007920025419
Nam O, McKenzie C, Dowle A, Dowson M, Barrett J, Mackinder LCM. A 

protein blueprint of the diatom CO2-fixing organelle. bioRxiv 
564148. https://doi.org/10.1101/2023.10.26.564148, 26 October 
2023, preprint: not peer reviewed

Nguyen ND, Pulsford SB, Long BM. Plant-based carboxysomes: an
other step toward increased crop yields. Trends Biochem Sci. 

2023:48(10):832–834. https://doi.org/10.1016/j.tibs.2023.07.003
Niinemets Ü. Variation in leaf photosynthetic capacity within plant 

canopies: optimization, structural, and physiological constraints 
and inefficiencies. Photosynth Res. 2023:158(2):131–149. https:// 
doi.org/10.1007/s11120-023-01043-9

Nilkens M, Kress E, Lambrev P, Miloslavina Y, Müller M, Holzwarth 
AR, Jahns P. Identification of a slowly inducible zeaxanthin- 

dependent component of non-photochemical quenching of 
chlorophyll fluorescence generated under steady-state condi
tions in Arabidopsis. Biochim Biophys Acta. 2010:1797(4):466–475. 
https://doi.org/10.1016/j.bbabio.2010.01.001

Niyogi KK. PHOTOPROTECTION REVISITED: genetic and molecular 
approaches. Annu Rev Plant Physiol Plant Mol Biol. 1999:50(1): 

333–359. https://doi.org/10.1146/annurev.arplant.50.1.333
Nobel PS. Achievable productivities of certain CAM plants: basis 

for high values compared with C3 and C4 plants. New 
Phytol. 1991:119(2):183–205. https://doi.org/10.1111/j.1469-8137. 
1991.tb01022.x

Nürnberg DJ, Morton J, Santabarbara S, Telfer A, Joliot P, Antonaru 
LA, Ruban AV, Cardona T, Krausz E, Boussac A, et al. 

Photochemistry beyond the red limit in chlorophyll f-containing 
photosystems. Science. 2018:360(6394):1210–1213. https://doi. 
org/10.1126/science.aar8313

Ochoa-Fernandez R, Abel NB, Wieland FG, Schlegel J, Koch LA, Miller 
JB, Engesser R, Giuriani G, Brandl SM, Timmer J, et al. Optogenetic 
control of gene expression in plants in the presence of ambient 

white light. Nat Methods. 2020:17(7):717–725. https://doi.org/10. 
1038/s41592-020-0868-y

Oh ZG, Ang WSL, Poh CW, Lai S-K, Sze SK, Li H-Y, Bhushan S, Wunder 
T, Mueller-Cajar O. A linker protein from a red- type pyrenoid 
phase separates with Rubisco via oligomerizing sticker motifs. 
Proc Natl Acad Sci U S A. 2023a:120(25):e2304833120. https://doi. 

org/10.1073/pnas.2304833120

Oh ZG, Askey B, Gunn LH. Red Rubiscos and opportunities for engi
neering green plants. J Exp Bot. 2023b:74(2):520–542. https://doi. 
org/10.1093/jxb/erac349

Orr DJ, Robijns AK, Baker CR, Niyogi KK, Carmo-Silva E. Dynamics of 
Rubisco regulation by sugar phosphate derivatives and their 
phosphatases. J Exp Bot. 2023:74(2):581–590. https://doi.org/10. 

1093/jxb/erac386
Ort DR, Merchant SS, Alric J, Barkan A, Blankenship RE, Bock R, Croce 

R, Hanson MR, Hibberd JM, Long SP, et al. Redesigning 

photosynthesis to sustainably meet global food and bioenergy de
mand. Proc Natl Acad Sci U S A. 2015:112(28):8529–8536. https:// 
doi.org/10.1073/pnas.1424031112

Ort DR, Zhu X, Melis A. Optimizing antenna size to maximize photo
synthetic efficiency. Plant Physiol. 2011:155(1):79–85. https://doi. 
org/10.1104/pp.110.165886

Osmond CB, Björkman O, Anderson DJ. Physiological processes in plant 

ecology: toward a synthesis with Atriplex. vol. 36. Berlin: Springer; 
1980

Papanatsiou M, Amtmann A, Blatt MR. Stomatal spacing safeguards 
stomatal dynamics by facilitating guard cell ion transport inde
pendent of the epidermal solute reservoir. Plant Physio. 
2016:172(1):254–263. https://doi.org/10.1104/pp.16.00850

Papanatsiou M, Petersen J, Henderson L, Wang Y, Christie JM, Blatt 

MR. Optogenetic manipulation of stomatal kinetics improves car
bon assimilation, water use, and growth. Science. 2019:363(6434): 
1456–1459. https://doi.org/10.1126/science.aaw0046

Parry MAJ, Andralojc PJ, Scales JC, Salvucci ME, Carmo-Silva AE, 
Alonso H, Whitney SM. Rubisco activity and regulation as targets 
for crop improvement. J Exp Bot. 2012:64(3):717–730. https://doi. 

org/10.1093/jxb/ers336
Patel-Tupper D, Kelikian A, Leipertz A, Maryn N, Tjahjadi M, 

Karavolias NG, Cho M-J, Niyogi KK. Multiplexed CRISPR/Cas9 mu
tagenesis of rice PSBS1 non-coding sequences for transgene-free 
overexpression. Sci Adv. 2024:in press.

Paul MJ. Improving photosynthetic metabolism for crop yields: what 
is going to work? Front Plant Sci. 2021:12:743862. https://doi.org/10. 

3389/fpls.2021.743862
Perin G, Bellan A, Michelberger T, Lyska D, Wakao S, Niyogi KK, 

Morosinotto T. Modulation of xanthophyll cycle impacts biomass 
productivity in the marine microalga Nannochloropsis. Proc Natl 
Acad Sci U S A. 2023:120(25):e2214119120. https://doi.org/10. 
1073/pnas.2214119120

Perrine Z, Negi S, Sayre RT. Optimization of photosynthetic light en

ergy utilization by microalgae. Algal Res. 2012:1(2):134–142. 
https://doi.org/10.1016/j.algal.2012.07.002

Pick TR, Bräutigam A, Schulz MA, Obata T, Fernie AR, Weber APM. 
PLGG1, a plastidic glycolate glycerate transporter, is required 
for photorespiration and defines a unique class of metabolite 
transporters. Proc Natl Acad Sci U S A. 2013:110(8):3185–3190. 

https://doi.org/10.1073/pnas.1215142110
Pons TL. Regulation of leaf traits in canopy gradients. In: Hikosaka K, 

Niinemets Ü, Anten NPR, editors. Canopy photosynthesis: from basics 
to applications. Dordrecht, Heidelberg, New York, London: Springer; 
2016. p. 143–168.

Price GD, Caemmerer SV, Evans JR, Siebke K, Anderson JM, Badger 
MR. Photosynthesis is strongly reduced by antisense suppression 

of chloroplastic cytochrome bf complex in transgenic tobacco. 
Funct Plant Biol. 1998:25(4):445–452. https://doi.org/10.1071/ 
PP97164

Price GD, Pengelly JJL, Forster B, Du J, Whitney SM, von Caemmerer S, 
Badger MR, Howitt SM, Evans JR. The cyanobacterial CCM as a 
source of genes for improving photosynthetic CO2 fixation in 

crop species. J Ex Bot. 2013:64(3):753–768. https://doi.org/10. 
1093/jxb/ers257

Price GD, Yu J, Caemmerer SV, Evans J, Chow W, Anderson J, Hurry V, 
Badger M. Chloroplast cytochrome b6f and ATP synthase com
plexes in tobacco: transformation with antisense RNA against 
nuclear-encoded transcripts for the Rieske FeS and ATPD poly

peptides. Funct Plant Biol. 1995:22(2):285–297. https://doi.org/10. 
1071/PP9950285

Prins A, Orr DJ, Andralojc PJ, Reynolds MP, Carmo-Silva E, Parry MAJ. 
Rubisco catalytic properties of wild and domesticated relatives 

Croce et al. | 3969
D

ow
nloaded from

 https://academ
ic.oup.com

/plcell/article/36/10/3944/7664346 by Elisa Luz user on 17 O
ctober 2024

https://doi.org/10.1038/383402a0
https://doi.org/10.1126/science.194.4262.322
https://doi.org/10.3389/fmolb.2017.00031
https://doi.org/10.3389/fmolb.2017.00031
https://doi.org/10.1016/j.pbi.2016.03.001
https://doi.org/10.1023/A:1007920025419
https://doi.org/10.1101/2023.10.26.564148
https://doi.org/10.1016/j.tibs.2023.07.003
https://doi.org/10.1007/s11120-023-01043-9
https://doi.org/10.1007/s11120-023-01043-9
https://doi.org/10.1016/j.bbabio.2010.01.001
https://doi.org/10.1146/annurev.arplant.50.1.333
https://doi.org/10.1111/j.1469-8137.1991.tb01022.x
https://doi.org/10.1111/j.1469-8137.1991.tb01022.x
https://doi.org/10.1126/science.aar8313
https://doi.org/10.1126/science.aar8313
https://doi.org/10.1038/s41592-020-0868-y
https://doi.org/10.1038/s41592-020-0868-y
https://doi.org/10.1073/pnas.2304833120
https://doi.org/10.1073/pnas.2304833120
https://doi.org/10.1093/jxb/erac349
https://doi.org/10.1093/jxb/erac349
https://doi.org/10.1093/jxb/erac386
https://doi.org/10.1093/jxb/erac386
https://doi.org/10.1073/pnas.1424031112
https://doi.org/10.1073/pnas.1424031112
https://doi.org/10.1104/pp.110.165886
https://doi.org/10.1104/pp.110.165886
https://doi.org/10.1104/pp.16.00850
https://doi.org/10.1126/science.aaw0046
https://doi.org/10.1093/jxb/ers336
https://doi.org/10.1093/jxb/ers336
https://doi.org/10.3389/fpls.2021.743862
https://doi.org/10.3389/fpls.2021.743862
https://doi.org/10.1073/pnas.2214119120
https://doi.org/10.1073/pnas.2214119120
https://doi.org/10.1016/j.algal.2012.07.002
https://doi.org/10.1073/pnas.1215142110
https://doi.org/10.1071/PP97164
https://doi.org/10.1071/PP97164
https://doi.org/10.1093/jxb/ers257
https://doi.org/10.1093/jxb/ers257
https://doi.org/10.1071/PP9950285
https://doi.org/10.1071/PP9950285


provide scope for improving wheat photosynthesis. J Exp Bot. 
2016:67(6):1827–1838. https://doi.org/10.1093/jxb/erv574

Prinzenberg AE, Campos-Dominguez L, Kruijer W, Harbinson J, Aarts 
MGM. Natural variation of photosynthetic efficiency in 
Arabidopsis thaliana accessions under low temperature condi
tions. Plant Cell Environ. 2020:43(8):2000–2013. https://doi.org/10. 

1111/pce.13811
Prywes N, Phillips NR, Oltrogge LM, de Pins B, Cowan AE, 

Taylor-Kearney LJ, Chang HA, Hall LN, Bhatt A, Shih P, et al. 
Mapping the biochemical landscape of rubisco. bioRxiv. 559826. 
https://doi.org/10.1101/2023.09.27.559826, 27 September 2023, 
preprint: not peer reviewed

Prywes N, Phillips NR, Tuck OT, Valentin-Alvarado LE, Savage DF. 

Rubisco function, evolution, and engineering. Ann Rev Biochem. 
2023b:92(1):385–410. https://doi.org/10.1146/annurev-biochem- 
040320-101244

Qu Y, Mueller-Cajar O, Yamori W. Improving plant heat tolerance 
through modification of Rubisco activase in C3 plants to secure 
crop yield and food security in a future warming world. J Exp 

Bot. 2023:74(2):591–599. https://doi.org/10.1093/jxb/erac340
Raines CA. The Calvin cycle revisited. Photosynth Res. 2003:75(1):1–10. 

https://doi.org/10.1023/A:1022421515027
Raines CA. Improving plant productivity by retuning regeneration of 

RuBP in the Calvin Benson Bassham cycle. New Phytol. 
2022:236(2):350–356. https://doi.org/10.1111/nph.18394

Raissig MT, Matos JL, Anleu Gil MX, Kornfeld A, Bettadapur A, Abrash 
E, Allison HR, Badgley G, Vogel JP, Berry JA, et al. Mobile MUTE 

specifies subsidiary cells to build physiologically improved grass 
stomata. Science. 2017:355(6330):1215–1218. https://doi.org/10. 
1126/science.aal3254

Rasmussen B, Fletcher IR, Brocks JJ, Kilburn MR. Reassessing the first 
appearance of eukaryotes and cyanobacteria. Nature. 2008:455
(7216):1101–1104. https://doi.org/10.1038/nature07381

Rawsthorne S, Hylton CM, Smith AM, Woolhouse HW. Distribution of 

photorespiratory enzymes between bundle-sheath and meso
phyll cells in leaves of the C3-C4 intermediate species 
Moricandia arvensis (L.) DC. Planta. 1988:176(4):527–532. https:// 
doi.org/10.1007/BF00397660

Rosenthal DM, Locke AM, Khozaei M, Raines CA, Long SP, Ort DR. 
Over-expressing the C3 photosynthesis cycle enzyme 

Sedoheptulose-1-7 Bisphosphatase improves photosynthetic car
bon gain and yield under fully open air CO2 fumigation (FACE). 
BMC Plant Biol. 2011:11(1):123. https://doi.org/10.1186/1471-2229- 
11-123

Rotasperti L, Sansoni F, Mizzotti C, Tadini L, Pesaresi P. Barley’s sec
ond spring as a model organism for chloroplast research. Plants. 

2020:9(7):803. https://doi.org/10.3390/plants9070803
Rotasperti L, Tadini L, Chiara M, Crosatti C, Guerra D, Tagliani A, 

Forlani S, Ezquer I, Horner DS, Jahns P, et al. The barley mutant 
happy under the sun 1 (hus1): an additional contribution to pale 
green crops. Environ Exp Bot. 2022:196:104795. https://doi.org/10. 
1016/j.envexpbot.2022.104795

Rungrat T, Almonte AA, Cheng R, Gollan PJ, Stuart T, Aro E, Borevitz 

JO, Pogson B, Wilson PB. A genome-wide association study of non- 
photochemical quenching in response to local seasonal climates 
in Arabidopsis thaliana. Plant Direct. 2019:3(5):e00138. https://doi. 
org/10.1002/pld3.138

Sage RF, Khoshravesh R, Sage TL. From proto-Kranz to C4 Kranz: 
building the bridge to C4 photosynthesis. J Exp Bot. 2014:65(13): 

3341–3356. https://doi.org/10.1093/jxb/eru180
Sage RF, Monson RK, Ehleringer JR, Adachi S, Pearcy RW. Some like it 

hot: the physiological ecology of C4 plant evolution. Oecologia. 
2018:187(4):941–966. https://doi.org/10.1007/s00442-018-4191-6

Sage RF, Sage TL, Kocacinar F. Photorespiration and the evolution of 
C4 photosynthesis. Plant Biol. 2012:63(1):19–47. https://doi.org/10. 
1146/annurev-arplant-042811-105511

Sahay S, Grzybowski M, Schnable JC, Głowacka K. Genetic control of 
photoprotection and photosystem II operating efficiency in 
plants. New Phytol. 2023:239(3):1068–1082. https://doi.org/10. 

1111/nph.18980

Sakoda K, Yamori W, Shimada T, Sugano SS, Hara-Nishimura I, 
Tanaka Y. Higher stomatal density improves photosynthetic in
duction and biomass production in Arabidopsis under fluctuating 
light. Front Plant Sci. 2020:11:589603. https://doi.org/10.3389/fpls. 
2020.589603

Sakowska K, Alberti G, Genesio L, Peressotti A, Delle Vedove G, 

Gianelle D, Colombo R, Rodeghiero A, Panigada C, Juszczak R, 
et al. Leaf and canopy photosynthesis of a chlorophyll deficient 
soybean mutant. Plant Cell Environ. 2018:41(6):1427–1437. https:// 
doi.org/10.1111/pce.13180

Savir Y, Noor E, Milo R, Tlusty T. Cross-species analysis traces adap
tation of Rubisco toward optimality in a low-dimensional land

scape. Proc Natl Acad Sci U S A. 2010:107(8):3475–3480. https:// 
doi.org/10.1073/pnas.0911663107

Scafaro AP, Posch BC, Evans JR, Farquhar GD, Atkin OK. Rubisco de
activation and chloroplast electron transport rates co-limit pho
tosynthesis above optimal leaf temperature in terrestrial plants. 
Nat Commun. 2023:14(1):2820. https://doi.org/10.1038/s41467- 

023-38496-4
Schiller K, Bräutigam A. Engineering of crassulacean acid metabo

lism. Annu Rev Plant Biol. 2021:72(1):77–103. https://doi.org/10. 
1146/annurev-arplant-071720-104814

Schlüter U, Weber APM. Regulation and evolution of C4 photosyn
thesis. Annu Rev Plant Biol. 2020:71(1):1–33. https://doi.org/10. 
1146/annurev-arplant-042916-040915

Schöttler MA, Tóth SZ, Boulouis A, Kahlau S. Photosynthetic com

plex stoichiometry dynamics in higher plants: biogenesis, func
tion, and turnover of ATP synthase and the cytochrome b6f 
complex. J Exp Bot. 2015:66(9):2373–2400. https://doi.org/10. 
1093/jxb/eru495

Schulze ED, Chapin FS. Plant specialization to environments of dif
ferent resource availability. In: Schulze E-D, Zwölfer H, editors. 

Potentials and limitations of ecosystem analysis. Berlin: Springer; 
1987. p. 120–148.

Sedelnikova OV, Hughes TE, Langdale JA. Understanding the genetic ba
sis of C4 Kranz anatomy with a view to engineering C3 crops. Annu 
Rev Genet. 2018:52(1):249–270. https://doi.org/10.1146/annurev- 
genet-120417-031217

Sharkey TD. Discovery of the canonical Calvin–Benson cycle. 

Photosynth Res. 2019:140(2):235–252. https://doi.org/10.1007/ 
s11120-018-0600-2

Sharkey TD. The discovery of rubisco. J Exp Bot. 2023:74(2):510–519. 
https://doi.org/10.1093/jxb/erac254

Sharwood RE. Engineering chloroplasts to improve Rubisco catalysis: 
prospects for translating improvements into food and fiber crops. 
New Phytol. 2017:213(2):494–510. https://doi.org/10.1111/nph. 

14351
Sheehy JE, Dionora MJA, Mitchell PL. Spikelet numbers, sink size and 

potential yield in rice. Field Crop Res. 2001:71(2):77–85. https://doi. 
org/10.1016/S0378-4290(01)00145-9

Shen G, Canniffe DP, Ho MY, Kurashov V, van der Est A, Golbeck JH, 
Bryant DA. Characterization of chlorophyll f synthase heterolo
gously produced in Synechococcus sp. PCC 7002. Photosynth Res. 

2019b:140(1):77–92. https://doi.org/10.1007/s11120-018-00610-9
Shen BR, Wang LM, Lin XL, Yao Z, Xu HW, Zhu CH, Teng HY, Cui LL, 

Liu EE, Zhang JJ, et al. Engineering a new chloroplastic 

3970 | The Plant Cell, 2024, Vol. 36, No. 10

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/36/10/3944/7664346 by Elisa Luz user on 17 O

ctober 2024

https://doi.org/10.1093/jxb/erv574
https://doi.org/10.1111/pce.13811
https://doi.org/10.1111/pce.13811
https://doi.org/10.1101/2023.09.27.559826
https://doi.org/10.1146/annurev-biochem-040320-101244
https://doi.org/10.1146/annurev-biochem-040320-101244
https://doi.org/10.1093/jxb/erac340
https://doi.org/10.1023/A:1022421515027
https://doi.org/10.1111/nph.18394
https://doi.org/10.1126/science.aal3254
https://doi.org/10.1126/science.aal3254
https://doi.org/10.1038/nature07381
https://doi.org/10.1007/BF00397660
https://doi.org/10.1007/BF00397660
https://doi.org/10.1186/1471-2229-11-123
https://doi.org/10.1186/1471-2229-11-123
https://doi.org/10.3390/plants9070803
https://doi.org/10.1016/j.envexpbot.2022.104795
https://doi.org/10.1016/j.envexpbot.2022.104795
https://doi.org/10.1002/pld3.138
https://doi.org/10.1002/pld3.138
https://doi.org/10.1093/jxb/eru180
https://doi.org/10.1007/s00442-018-4191-6
https://doi.org/10.1146/annurev-arplant-042811-105511
https://doi.org/10.1146/annurev-arplant-042811-105511
https://doi.org/10.1111/nph.18980
https://doi.org/10.1111/nph.18980
https://doi.org/10.3389/fpls.2020.589603
https://doi.org/10.3389/fpls.2020.589603
https://doi.org/10.1111/pce.13180
https://doi.org/10.1111/pce.13180
https://doi.org/10.1073/pnas.0911663107
https://doi.org/10.1073/pnas.0911663107
https://doi.org/10.1038/s41467-023-38496-4
https://doi.org/10.1038/s41467-023-38496-4
https://doi.org/10.1146/annurev-arplant-071720-104814
https://doi.org/10.1146/annurev-arplant-071720-104814
https://doi.org/10.1146/annurev-arplant-042916-040915
https://doi.org/10.1146/annurev-arplant-042916-040915
https://doi.org/10.1093/jxb/eru495
https://doi.org/10.1093/jxb/eru495
https://doi.org/10.1146/annurev-genet-120417-031217
https://doi.org/10.1146/annurev-genet-120417-031217
https://doi.org/10.1007/s11120-018-0600-2
https://doi.org/10.1007/s11120-018-0600-2
https://doi.org/10.1093/jxb/erac254
https://doi.org/10.1111/nph.14351
https://doi.org/10.1111/nph.14351
https://doi.org/10.1016/S0378-4290(01)00145-9
https://doi.org/10.1016/S0378-4290(01)00145-9
https://doi.org/10.1007/s11120-018-00610-9


photorespiratory bypass to increase photosynthetic efficiency 

and productivity in rice. Mol Plant. 2019a:12(2):199–214. https:// 

doi.org/10.1016/j.molp.2018.11.013
Simkin AJ, Lopez-Calcagno PE, Davey PA, Headland LR, Lawson T, 

Timm S, Bauwe H, Raines CA. Simultaneous stimulation of sedo

heptulose 1,7-bisphosphatase, fructose 1,6-bisphophate aldolase 

and the photorespiratory glycine decarboxylase-H protein in

creases CO2 assimilation, vegetative biomass and seed yield in 

Arabidopsis. Plant Biotechnol J. 2017a:15(7):805–816. https://doi. 

org/10.1111/pbi.12676
Simkin AJ, Lopez-Calcagno PE, Raines CA. Feeding the world: improv

ing photosynthetic efficiency for sustainable crop production. J 

Exp Bot. 2019:70(4):1119–1140. https://doi.org/10.1093/jxb/ery445
Simkin AJ, McAusland L, Headland LR, Lawson T, Raines CA. 

Multigene manipulation of photosynthetic carbon assimilation 

increases CO2 fixation and biomass yield in tobacco. J Exp Bot. 

2015:66(13):4075–4090. https://doi.org/10.1093/jxb/erv204
Simkin AJ, McAusland L, Lawson T, Raines CA. Overexpression of the 

RieskeFeS protein increases electron transport rates and biomass 

yield. Plant Physiol. 2017b:175(1):134–145. https://doi.org/10.1104/ 

pp.17.00622

Slama V, Cupellini L, Mascoli V, Liguori N, Croce R, Mennucci B. 

Origin of low-lying red states in the Lhca4 light-harvesting com

plex of photosystem I. J Phys Chem Lett. 2023:14(37):8345–8352. 

https://doi.org/10.1021/acs.jpclett.3c02091
Slattery RA, Ort DR. Perspectives on improving light distribution and 

light use efficiency in crop canopies. Plant Physiol. 2021:185(1): 

34–48. https://doi.org/10.1093/plphys/kiaa006
Slattery RA, VanLoocke A, Bernacchi CJ, Zhu XG, Ort DR. 

Photosynthesis, light use efficiency, and yield of reduced- 

chlorophyll soybean mutants in field conditions. Front Plant Sci. 

2017:8:549. https://doi.org/10.3389/fpls.2017.00549

Slattery RA, Walker BJ, Weber APM, Ort DR. The impacts of fluctuat

ing light on crop performance. Plant Physiol. 2018:176(2):990–1003. 

https://doi.org/10.1104/pp.17.01234
Smith EN, van Aalst M, Tosens T, Niinemets U, Stich B, Morosinotto 

T, Alboresi A, Erb TJ, Gomez-Coronado PA, Tolleter D, et al. 

Improving photosynthetic efficiency toward food security: strat

egies, advances, and perspectives. Mol Plant. 2023:16(10): 

1547–1563. https://doi.org/10.1016/j.molp.2023.08.017
Song Q, Wang Y, Qu M, Ort DR, Zhu XG. The impact of modifying pho

tosystem antenna size on canopy photosynthetic efficiency—de

velopment of a new canopy photosynthesis model scaling from 

metabolism to canopy level processes. Plant Cell Environ. 2017:40

(12):2946–2957. https://doi.org/10.1111/pce.13041
Song Q-F, Xiao H, Xiao X, Zhu XG. A new canopy photosynthesis and 

transpiration measurement system (CAPTS) for canopy gas ex

change research. Agr For Meteorol 2016:217:101–107. https://doi. 

org/10.1016/j.agrformet.2015.11.020
Song Q-F, Zhang G, Zhu X-G. Optimal crop canopy architecture to 

maximise canopy photosynthetic CO2 uptake under elevated 

CO2 – a theoretical study using a mechanistic model of canopy 

photosynthesis. Funct Plant Biol. 2013:40(2):108–124. https://doi. 

org/10.1071/FP12056
South PF, Cavanagh AP, Liu HW, Ort DR. Synthetic glycolate metab

olism pathways stimulate crop growth and productivity in the 

field. Science. 2019:363(6422):eaat9077. https://doi.org/10.1126/ 

science.aat9077
Sparrow-Muñoz I, Chen TC, Burgess SJ. Recent developments in the en

gineering of Rubisco activase for enhanced crop yield. Biochem Soc 

Trans. 2023:51(2):627–637. https://doi.org/10.1042/BST20221281

Srinivasan V, Kumar P, Long SP. Decreasing, not increasing, leaf area 

will raise crop yields under global atmospheric change. Glob Chang 

Biol. 2017:23(4):1626–1635. https://doi.org/10.1111/gcb.13526
Stitt M, Schulze D. Does Rubisco control the rate of photosynthesis and 

plant-growth - an exercise in molecular ecophysiology. Plant Cell 

Environ. 1994:17(5):465–487. https://doi.org/10.1111/j.1365-3040. 

1994.tb00144.x
Suzuki Y, Wada S, Kondo E, Yamori W, Makino A. Effects of 

co-overproduction of sedoheptulose-1,7-bisphosphatase and 

Rubisco on photosynthesis in rice. Soil Sci Plant Nutr. 2019:65(1): 

36–40. https://doi.org/10.1080/00380768.2018.1530053
Szurman-Zubrzycka ME, Zbieszczyk J, Marzec M, Jelonek J, 

Chmielewska B, Kurowska MM, Szarejko I. HorTILLUS—a rich and 

renewable source of induced mutations for forward/reverse genet

ics and pre-breeding programs in barley (Hordeum vulgare L.). Front 

Plant Sci. 2018:9:1–16. https://doi.org/10.3389/fpls.2018.00216

Tamoi M, Nagaoko M, Myagawa Y, Shigeoki S. Contribution of 

fructose-1,6-biphosphatase and sedoheptulose-1,7-bisphosphatase 

to the photosynthetic rate and carbon flow in the Calvin cycle in 

transgenic plants. Plant Cell Physiol. 2006:47(3):380–390. https://doi. 

org/10.1093/pcp/pcj004
Tanaka Y, Sugano SS, Shimada T, Hara-Nishimura I. Enhancement 

of leaf photosynthetic capacity through increased stomatal den

sity in Arabidopsis. New Phytol. 2013:198(3):757–764. https://doi. 

org/10.1111/nph.12186
Tardy F, Créach A, Havaux M. Photosynthetic pigment concentra

tion, organization and interconversions in a pale green Syrian 

landrace of barley (Hordeum Vulgare L., Tadmor) adapted to harsh 

climatic conditions. Plant Cell Environ. 1998:21(5):479–489. https:// 

doi.org/10.1046/j.1365-3040.1998.00293.x
Taylor G, Garassino F, Aarts MGM, Harbinson J. Improving C3 photo

synthesis by exploiting natural genetic variation: Hirschfeldia inca

na as a model species. Food Energy Secur. 2022:12(1):e420. https:// 

doi.org/10.1002/fes3.420
Tcherkez GG, Farquhar GD, Andrews TJ. Despite slow catalysis and 

confused substrate specificity, all ribulose bisphosphate carboxy

lases may be nearly perfectly optimized. Proc Natl Acad Sci U S A. 

2006:103(19):7246–7251. https://doi.org/10.1073/pnas.0600605103
Theeuwen TPJM, Logie LL, Harbinson J, Aarts MGM. Genetics as a key 

to improving crop photosynthesis. J Exp Bot. 2022:73(10): 

3122–3137. https://doi.org/10.1093/jxb/erac076
Tholen D, Ethier G, Genty B, Pepin ZX-G. Variable mesophyll conduc

tance revisited: theoretical background and experimental impli

cations. Plant Cell Environ. 2012:35(12):2087–2103. https://doi.org/ 

10.1111/j.1365-3040.2012.02538.x
Tholen D, Zhu X-G. The mechanistic basis of internal conductance: a 

theoretical analysis of mesophyll cell photosynthesis and CO2 

diffusion. Plant Physiol. 2011:156(1):90–105. https://doi.org/10. 

1104/pp.111.172346
Tikhonov AN. The cytochrome b6f complex at the crossroad of pho

tosynthetic electron transport pathways. Plant Physiol Biochem. 

2014:81:163–183. https://doi.org/10.1016/j.plaphy.2013.12.011
Tros M, Bersanini L, Shen G, Ho MY, van Stokkum IHM, Bryant DA, 

Croce R. Harvesting far-red light: functional integration of chlor

ophyll f into Photosystem I complexes of Synechococcus sp. PCC 

7002. Biochim Biophys Acta. 2020:1861(8):148206. https://doi.org/ 

10.1016/j.bbabio.2020.148206
Tros M, Mascoli V, Shen GZ, Ho MY, Bersanini L, Gisriel CJ, Bryant DA, 

Croce R. Breaking the red limit: efficient trapping of long- 

wavelength excitations in chlorophyll-f-containing photosystem 

I. Chem. 2021:7(1):155–173. https://doi.org/10.1016/j.chempr.2020. 

10.024

Croce et al. | 3971
D

ow
nloaded from

 https://academ
ic.oup.com

/plcell/article/36/10/3944/7664346 by Elisa Luz user on 17 O
ctober 2024

https://doi.org/10.1016/j.molp.2018.11.013
https://doi.org/10.1016/j.molp.2018.11.013
https://doi.org/10.1111/pbi.12676
https://doi.org/10.1111/pbi.12676
https://doi.org/10.1093/jxb/ery445
https://doi.org/10.1093/jxb/erv204
https://doi.org/10.1104/pp.17.00622
https://doi.org/10.1104/pp.17.00622
https://doi.org/10.1021/acs.jpclett.3c02091
https://doi.org/10.1093/plphys/kiaa006
https://doi.org/10.3389/fpls.2017.00549
https://doi.org/10.1104/pp.17.01234
https://doi.org/10.1016/j.molp.2023.08.017
https://doi.org/10.1111/pce.13041
https://doi.org/10.1016/j.agrformet.2015.11.020
https://doi.org/10.1016/j.agrformet.2015.11.020
https://doi.org/10.1071/FP12056
https://doi.org/10.1071/FP12056
https://doi.org/10.1126/science.aat9077
https://doi.org/10.1126/science.aat9077
https://doi.org/10.1042/BST20221281
https://doi.org/10.1111/gcb.13526
https://doi.org/10.1111/j.1365-3040.1994.tb00144.x
https://doi.org/10.1111/j.1365-3040.1994.tb00144.x
https://doi.org/10.1080/00380768.2018.1530053
https://doi.org/10.3389/fpls.2018.00216
https://doi.org/10.1093/pcp/pcj004
https://doi.org/10.1093/pcp/pcj004
https://doi.org/10.1111/nph.12186
https://doi.org/10.1111/nph.12186
https://doi.org/10.1046/j.1365-3040.1998.00293.x
https://doi.org/10.1046/j.1365-3040.1998.00293.x
https://doi.org/10.1002/fes3.420
https://doi.org/10.1002/fes3.420
https://doi.org/10.1073/pnas.0600605103
https://doi.org/10.1093/jxb/erac076
https://doi.org/10.1111/j.1365-3040.2012.02538.x
https://doi.org/10.1111/j.1365-3040.2012.02538.x
https://doi.org/10.1104/pp.111.172346
https://doi.org/10.1104/pp.111.172346
https://doi.org/10.1016/j.plaphy.2013.12.011
https://doi.org/10.1016/j.bbabio.2020.148206
https://doi.org/10.1016/j.bbabio.2020.148206
https://doi.org/10.1016/j.chempr.2020.10.024
https://doi.org/10.1016/j.chempr.2020.10.024


Trudeau DL, Edlich-Muth C, Zarzycki J, Scheffen M, Goldsmith M, 

Khersonsky O, Avizemer Z, Fleishman SJ, Cotton CAR, Erb TJ, 

et al. Design and in vitro realization of carbon-conserving photo

respiration. Proc Natl Acad Sci U S A. 2018:115(49):E11455–E11464. 

https://doi.org/10.1073/pnas.1812605115
Uematsu K, Suzuki N, Iwamae T, Inui M, Yukawa H. Increased fruc

tose 1,6-bisphosphate aldolase in plastids enhances growth and 

photosynthesis of tobacco plants. J Exp Bot. 2012:63(8):3001–3009. 

https://doi.org/10.1093/jxb/ers004
van Bel AJE, Gamalei YV. Ecophysiology of phloem loading in source 

leaves. Plant Cell Environ. 1992:15(3):265–270. https://doi.org/10. 

1111/j.1365-3040.1992.tb00973.x
van Bezouw R, Keurentjes JJB, Harbinson J, Aarts MGM. Converging 

phenomics and genomics to study natural variation in plant pho

tosynthetic efficiency. Plant J. 2019:97(1):112–133. https://doi.org/ 

10.1111/tpj.14190
Viola S, Roseby W, Santabarbara S, Nurnberg D, Assuncao R, Dau H, 

Selles J, Boussac A, Fantuzzi A, Rutherford AW. Impact of energy 

limitations on function and resilience in long-wavelength 

Photosystem II. Elife. 2022:11:e79890. https://doi.org/10.7554/eLife. 

79890
Von Caemmerer S. Biochemical models of leaf photosynthesis. 

Collingwood: CSIRO Publishing; 2000
Von Caemmerer S, Furbank RT. Modelling C4 photosynthesis. In: 

Sage RF, Monson RK, editors. The biology of C4 photosynthesis. 

London: Academic Press; 1999. p. 173–211.
von Caemmerer S, Furbank RT. Strategies for improving C4 photo

synthesis. Curr Opin Plant Biol. 2016:31:125–134. https://doi.org/ 

10.1016/j.pbi.2016.04.003
Walker BJ, Drewry DT, Slattery RA, VanLoocke A, Cho YB, Ort DR. 

Chlorophyll can be reduced in crop canopies with little penalty 

to photosynthesis. Plant Physiol. 2018:176(2):1215–1232. https:// 

doi.org/10.1104/pp.17.01401
Walker BJ, Vanloocke A, Bernacchi CJ, Ort DR. The costs of photores

piration to food production now and in the future. Annu Rev Plant 

Biol. 2016:67(1):107–129. https://doi.org/10.1146/annurev-arplant- 

043015-111709
Wall S, Vialet-Chabrand S, Davey P, van Rie J, Galle A, Cockram J, 

Lawson T. Stomata on the abaxial and adaxial leaf surface contrib

ute differently to leaf gas exchange and photosynthesis in wheat. 

New Phytol. 2022:235(5):1743–1756. https://doi.org/10.1111/nph. 

18257
Wang Y, Bräutigam A, Weber APM, Zhu X-G. Three distinct biochem

ical subtypes of C4 photosynthesis? A modelling analysis. J Exp 

Bot. 2014a:65(13):3567–3578. https://doi.org/10.1093/jxb/eru058
Wang Y, Burgess SJ, de Becker EM, Long SP. Photosynthesis in the 

fleeting shadows: an overlooked opportunity for increasing crop 

productivity? Plant J. 2020:101(4):874–884. https://doi.org/10. 

1111/tpj.14663
Wang P, Khoshravesh R, Karki S, Tapia R, Balahadia CP, 

Bandyopadhyay A, Quick WP, Furbank R, Sage TL, Langdale JA. 

Re-creation of a key step in the evolutionary switch from C3 to 

C4 leaf anatomy. Curr Biol. 2017:27(21):3278–3287.e6. https://doi. 

org/10.1016/j.cub.2017.09.040
Wang P, Liang FC, Wittmann D, Siegel A, Shan S, Grimm B. 

Chloroplast SRP43 acts as a chaperone for glutamyl-tRNA reduc

tase, the rate-limiting enzyme in tetrapyrrole biosynthesis. Proc 

Natl Acad Sci U S A. 2018:115(15):E3588–E3596. https://doi.org/10. 

1073/pnas.1719645115
Wang Y, Long SP, Zhu XG. Elements required for an efficient 

NADP-malic enzyme type C4 photosynthesis. Plant Physiol. 

2014b:164(4):2231–2246. https://doi.org/10.1104/pp.113.230284

Wang Y, Smith JAC, Zhu XG, Long SP. Rethinking the potential pro
ductivity of crassulacean acid metabolism by integrating meta
bolic dynamics with shoot architecture, using the example of 
Agave tequilana. New Phytol. 2023:239(6):2180–2196. https://doi. 
org/10.1111/nph.19128

Wang Z, Zhang T, Xing Y, Zeng X, Wang L, Liu Z, Shi J, Zhu X, Ma L, Li 

Y, et al. YGL9, encoding the putative chloroplast signal recogni
tion particle 43 kDa protein in rice, is involved in chloroplast de
velopment. J Integr Agric. 2016:15(5):944–953. https://doi.org/10. 
1016/S2095-3119(15)61310-7

Watanabe N, Nakada E. Seasonal variation of leaf colour in Syrian 
Barley and its association with photosynthetic electron transport 

rate. Cereal Res Commun. 1999:27(1–2):171–178. https://doi.org/10. 
1007/BF03543934

Werk KS, Ehleringer J, Forseth IN, Cook CS. Photosynthetic charac
teristics of Sonoran Desert winter annuals. Oecologia. 1983:59(1): 
101–105. https://doi.org/10.1007/BF00388081

Wong SC, Cowan IR, Farquhar GD. Stomatal conductance correlates 
with photosynthetic capacity. Nature. 1979:282(5737):424–426. 

https://doi.org/10.1038/282424a0
Wu A, Brider J, Busch FA, Chen M, Chenu K, Clarke VC, Collins B, 

Ermakova M, Evans JR, Farquhar GD, et al. A cross-scale analysis 
to understand and quantify the effects of photosynthetic en
hancement on crop growth and yield across environments. Plant 
Cell Environ. 2023:46(1):23–44. https://doi.org/10.1111/pce.14453

Xiao Y, Sloan J, Hepworth C, Fradera-Soler M, Mathers A, Thorley R, 

Baillie A, Jones H, Chang T, Chen X, et al. Defining the scope for 
altering rice leaf anatomy to improve photosynthesis: a model
ling approach. New Phytol. 2022:237(2):441–453. https://doi.org/ 
10.1111/nph.18564

Xiao Y, Tholen D, Zhu X-G. The influence of leaf anatomy on the in
ternal light environment and photosynthetic electron transport 

rate: exploration with a new leaf ray tracing model. J Exp Bot. 
2016:67(21):6021–6035. https://doi.org/10.1093/jxb/erw359

Xiao Y, Zhu X-G. Components of mesophyll resistance and their envi
ronmental responses: a theoretical modelling analysis. Plant Cell 
Environ. 2017:40(11):2729–2742. https://doi.org/10.1111/pce.13040

Xin CP, Tholen D, Devloo V, Zhu XG. The benefits of photorespiratory 
bypasses: how can they work? Plant Physiol. 2015:167(2):574–585. 

https://doi.org/10.1104/pp.114.248013
Yamamoto HY, Nakayama TOM, Chichester CO. Studies on the light 

and dark interconversions of leaf xanthophylls. Arch Biochem 
Biophys. 1962:97(1):168–173. https://doi.org/10.1016/0003-9861(62) 
90060-7

Yamori W, Hikosaka K, Way DA. Temperature response of photosyn
thesis in C3, C4, and CAM plants: temperature acclimation and 

temperature adaptation. Photosynth Res. 2014:119(1–2):101–117. 
https://doi.org/10.1007/s11120-013-9874-6

Yamori W, Takahashi S, Makino A, Price GD, Badger MR, Von 
Caemmerer S. The roles of ATP synthase and the cytochrome 
b6f complexes in limiting chloroplast electron transport and de
termining photosynthetic capacity. Plant Physiol. 2011:155(2): 

956–962. https://doi.org/10.1104/pp.110.168435
Yi XP, Yao HS, Fan DY, Zhu XG, Losciale P, Zhang Y, Zhang W, Chow 

FWS. The energy cost of repairing photoinactivated photosystem 
II: an experimental determination in cotton leaf discs. New Phytol. 
2022:235(2):446–456. https://doi.org/10.1111/nph.18165

Yin X, Tang M, Xia X, Yu J. BRASSINAZOLE RESISTANT 1 mediates 
brassinosteroid-induced Calvin cycle to promote photosynthesis 

in tomato. Front Plant Sci. 2022:12:811948. https://doi.org/10.3389/ 
fpls.2021.811948

Yoon DK, Ishiyama K, Suganami M, Tazoe Y, Watanabe M, Imaruoka 
S, Ogura M, Ishida H, Suzuki Y, Obara M, et al. Transgenic rice 

3972 | The Plant Cell, 2024, Vol. 36, No. 10

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/36/10/3944/7664346 by Elisa Luz user on 17 O

ctober 2024

https://doi.org/10.1073/pnas.1812605115
https://doi.org/10.1093/jxb/ers004
https://doi.org/10.1111/j.1365-3040.1992.tb00973.x
https://doi.org/10.1111/j.1365-3040.1992.tb00973.x
https://doi.org/10.1111/tpj.14190
https://doi.org/10.1111/tpj.14190
https://doi.org/10.7554/eLife.79890
https://doi.org/10.7554/eLife.79890
https://doi.org/10.1016/j.pbi.2016.04.003
https://doi.org/10.1016/j.pbi.2016.04.003
https://doi.org/10.1104/pp.17.01401
https://doi.org/10.1104/pp.17.01401
https://doi.org/10.1146/annurev-arplant-043015-111709
https://doi.org/10.1146/annurev-arplant-043015-111709
https://doi.org/10.1111/nph.18257
https://doi.org/10.1111/nph.18257
https://doi.org/10.1093/jxb/eru058
https://doi.org/10.1111/tpj.14663
https://doi.org/10.1111/tpj.14663
https://doi.org/10.1016/j.cub.2017.09.040
https://doi.org/10.1016/j.cub.2017.09.040
https://doi.org/10.1073/pnas.1719645115
https://doi.org/10.1073/pnas.1719645115
https://doi.org/10.1104/pp.113.230284
https://doi.org/10.1111/nph.19128
https://doi.org/10.1111/nph.19128
https://doi.org/10.1016/S2095-3119(15)61310-7
https://doi.org/10.1016/S2095-3119(15)61310-7
https://doi.org/10.1007/BF03543934
https://doi.org/10.1007/BF03543934
https://doi.org/10.1007/BF00388081
https://doi.org/10.1038/282424a0
https://doi.org/10.1111/pce.14453
https://doi.org/10.1111/nph.18564
https://doi.org/10.1111/nph.18564
https://doi.org/10.1093/jxb/erw359
https://doi.org/10.1111/pce.13040
https://doi.org/10.1104/pp.114.248013
https://doi.org/10.1016/0003-9861(62)90060-7
https://doi.org/10.1016/0003-9861(62)90060-7
https://doi.org/10.1007/s11120-013-9874-6
https://doi.org/10.1104/pp.110.168435
https://doi.org/10.1111/nph.18165
https://doi.org/10.3389/fpls.2021.811948
https://doi.org/10.3389/fpls.2021.811948


overproducing Rubisco exhibits increased yields with improved 
nitrogen-use efficiency in an experimental paddy field. Nat Food. 
2020:1(2):134–139. https://doi.org/10.1038/s43016-020-0033-x

Zaks J, Amarnath K, Kramer DM, Niyog KK, Fleming GR. A kinetic 
model of rapidly reversible nonphotochemical quenching. Proc 
Natl Acad Sci U S A. 2012:109(39):15757–15762. https://doi.org/10. 
1073/pnas.1211017109

Zelitch I, Schultes NP, Peterson RB, Brown P, Brutnell TP. High glyco
late oxidase activity is required for survival of maize in normal 
air. Plant Physiol. 2009:149(1):195–204. https://doi.org/10.1104/pp. 
108.128439

Zhang GG, Sakai H, Tokida T, Usui Y, Zhu C, Nakamura H, Yoshimoto 
M, Fukuoka M, Kobayashi K, Hasegawa T. The effects of free-air 
CO₂ enrichment (FACE) on carbon and nitrogen accumulation 
in grains of rice (Oryza sativa L.). J Exp Bot. 2013:64(11): 
3179–3188. https://doi.org/10.1093/jxb/ert154

Zhang DY, Sun GJ, Jiang XH. Donald’s ideotype and growth redun
dancy: a game theoretical analysis. Field Crops Res. 1999:61(2): 
179–187. https://doi.org/10.1016/S0378-4290(98)00156-7

Zhou Z, Struik PC, Gu J, van der Putten PE, Wang Z, Yin X, Yang 
J. Enhancing leaf photosynthesis from altered chlorophyll 
content requires optimal partitioning of nitrogen. Crop 

Environ. 2023:2(1):24–36. https://doi.org/10.1016/j.crope.2023. 
02.001

Zhu X-G, De Sturler E, Long SP. Optimizing the distribution of resour
ces between enzymes of carbon metabolism can dramatically in
crease photosynthetic rate: a numerical simulation using an 
evolutionary algorithm. Plant Physiol. 2007:145(2):513–526. https:// 
doi.org/10.1104/pp.107.103713

Zhu X-G, Long SP, Ort DR. Improving photosynthetic efficiency for 
greater yield. Ann Rev Plant Biol. 2010:61(1):235–261. https://doi. 
org/10.1146/annurev-arplant-042809-112206

Zhu X-G, Ort DR, Whitmarsh J, Long SP. The slow reversibility of pho
tosystem II thermal energy dissipation on transfer from high to 
low light may cause large losses in carbon gain by crop canopies: 
a theoretical analysis. J Exp Bot. 2004:55(400):1167–1175. https:// 
doi.org/10.1093/jxb/erh141

Zhu X-G, Song Q-F, Ort DR. Elements of a dynamic systems model of 
canopy photosynthesis. Curr Opin Plant Biol. 2012:15(3):237–244. 
https://doi.org/10.1016/j.pbi.2012.01.010

Zhu X-G, Wang Y, Ort DR, Long SP. e-Photosynthesis: a comprehen
sive dynamic mechanistic model of C3 photosynthesis: from light 
capture to sucrose synthesis. Plant Cell Environ. 2013:36(9): 
1711–1727. https://doi.org/10.1111/pce.12025

Croce et al. | 3973
D

ow
nloaded from

 https://academ
ic.oup.com

/plcell/article/36/10/3944/7664346 by Elisa Luz user on 17 O
ctober 2024

https://doi.org/10.1038/s43016-020-0033-x
https://doi.org/10.1073/pnas.1211017109
https://doi.org/10.1073/pnas.1211017109
https://doi.org/10.1104/pp.108.128439
https://doi.org/10.1104/pp.108.128439
https://doi.org/10.1093/jxb/ert154
https://doi.org/10.1016/S0378-4290(98)00156-7
https://doi.org/10.1016/j.crope.2023.02.001
https://doi.org/10.1016/j.crope.2023.02.001
https://doi.org/10.1104/pp.107.103713
https://doi.org/10.1104/pp.107.103713
https://doi.org/10.1146/annurev-arplant-042809-112206
https://doi.org/10.1146/annurev-arplant-042809-112206
https://doi.org/10.1093/jxb/erh141
https://doi.org/10.1093/jxb/erh141
https://doi.org/10.1016/j.pbi.2012.01.010
https://doi.org/10.1111/pce.12025

	Perspectives on improving photosynthesis to increase crop yield
	Introduction
	By Roberta Croce

	Broadening the spectrum of plants �to the far-red
	By Roberta Croce

	Enhancing the efficacy of photosynthesis under field conditions: The case for antenna size reduction in crop canopies
	By Paolo Pesaresi

	Accelerating nonphotochemical quenching kinetics to improve photosynthetic efficiency
	By Dhruv Patel-Tupper and Krishna K. Niyogi

	Increasing abundance of the cytochrome b6f complex to accelerate electron transport rate
	By Maria Ermakova

	Improving the Calvin–Benson–Bassham cycle
	By Christine A. Raines

	Remarkable, integrated, and complex: paths to improving Rubisco in crops
	By Elizabete Carmo-Silva

	Introducing CCMs into plants
	By Alistair J. McCormick

	C3-to-C4 transition and its potential for improving photosynthesis
	By Andreas P.M. Weber

	Manipulating stomatal features to improve photosynthesis and water use efficiency
	By Tracy Lawson

	Natural variation in intrinsic yield potential
	By Jeremy Harbinson

	Modeling photosynthesis
	By Xin-Guang Zhu

	Smart canopy for enhanced crop yield and NUE
	By Young B. Cho and Donald R. Ort

	Outlook
	Acknowledgments
	Funding
	References




