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Chapter 5
Bioengineering Photosynthesis to Drive 
Crop Improvement: Engineering 
Carbon-Concentrating Mechanisms, 
Kranz Anatomy, Chloroplast Mimics, 
and New Cellular Compartments

Mouesanao K. Kandjoze  and Pallavi Singh 

Abstract  Global food security is increasingly threatened by climate change and 
population growth, necessitating enhanced agricultural productivity. Photosynthesis, 
the foundation of life on Earth, represents a crucial target for bioengineering. This 
chapter explores innovative strategies for enhancing photosynthetic efficiency, 
focusing on approaches that optimise natural carbon fixation mechanisms, with a 
particular emphasis on three key research areas: (1) leveraging biophysical carbon-
concentrating mechanisms to integrate functional pyrenoids and carboxysomes into 
higher plant chloroplasts; (2) introducing CAM, Kranz anatomy, and C4 photosyn-
thetic traits into staple crops; and (3) engineering chloroplast genomes. Moreover, 
the chapter highlights breakthroughs in gene editing, cellular reprogramming, and 
synthetic biology. Emerging tools, such as spatial-omics and synthetic gene circuits, 
which are transforming conceptual approaches into commercial applications, are 
also discussed. This exploration of cutting-edge bioengineering approaches offers 
promising avenues for developing next-generation crops with improved photosyn-
thetic performance, contributing to a more sustainable and food-secure future.

Keywords  Photosynthesis · Bioengineering · Chloroplast · Yield · Resilience

Editor’s Notes
Crop productivity fundamentally hinges on efficiency of photosynthesis, a natural 
process powered by solar energy, resulting in fixation of atmospheric CO2 into 
chemically available forms. However, photosynthetic efficiency is primarily limited 
by the sub-par catalytic rate of Rubisco posing a major bottleneck in boosting crop 
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productivity. Enhancing photosynthetic efficiency in crop species has therefore 
been a long-standing goal in agbiotech research.

In this chapter, Kandjoze and Singh discuss the prospects of bioengineering pho-
tosynthesis to enhance its efficiency and reduce wasteful CO2 emissions during pho-
torespiration. To innovate mechanisms for efficient biological fixation of CO2, the 
authors propose scholars to pursue three key areas of research: “(1) leveraging bio-
physical carbon-concentrating mechanisms (CCMs) to integrate functional pyre-
noids and carboxysomes into higher plant chloroplasts, (2) introducing CAM, 
Kranz anatomy, and C4 photosynthetic traits into staple crops, and (3) engineering 
chloroplast genomes.” Appearing as impossible even in recent past, the authors 
inform how mutational studies, and computational modeling can support re-
engineering of functional pyrenoid-based and carboxysome-based CCMs for 
achieving enhanced photosynthetic efficiency. Bioengineering of thylakoid mem-
branes and stroma, and sequestering Rubisco by way of creating a CO2 diffusion 
barrier are ingenious approaches that are being tested currently. The authors also 
propose integration of several other promising strategies such as introducing CAM, 
Kranz anatomy, and C4 photosynthetic traits into crops species. The authors present 
an elegant account on the potential of modern technologies in circumventing bottle-
necks in each of these approaches which currently are at the proof-of-concept stage. 
The chapter is thus a starting point for researchers willing to explore this excit-
ing field.

Actionable Points
	1.	 Enhancing photosynthetic efficiency: Discusses current strategies for optimiz-

ing photosynthetic carbon fixation through biophysical carbon concentrating 
mechanisms integrating pyrenoids and carboxysomes.

	2.	 Engineering approaches of C4 and CAM photosynthesis: Explores approaches 
to introduce anatomical and biochemical traits from C4 and CAM species into 
staple crops for improved yield resilience.

	3.	 Technological advancements: Highlights experimental innovations and strate-
gies that can pave the way to climate-smart crops.

	4.	 Future directions: Provides insights into the technology-readiness levels of dif-
ferent photosynthetic improvement strategies, focusing on a path toward acceler-
ating translational solutions.

5.1 � Introduction

The global challenge of food security is intensifying, driven by the combined pres-
sures of climate change and a rapidly growing population. As the global demand for 
food continues to escalate, traditional agricultural methods are struggling to keep 
pace. To meet this growing need, enhancing agricultural productivity through inno-
vative approaches has become a priority. At the core of addressing this challenge is 
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photosynthesis, the fundamental process that sustains life on Earth and drives plant 
productivity.

5.2 � Background

5.2.1 � Brief Evolution of Carbon Concentrating Mechanisms

Rubisco is responsible for 90% of inorganic carbon fixation (Erb and Zarzycki 
2018). Globally, Rubisco is considered an abundant enzyme, with terrestrial Rubisco 
estimated to weigh 0.7 gigatons, about 14 times that of global estimates of collagen 
(Bar-On and Milo 2019). Despite having evolved 3.5 billion years ago, Rubisco is 
eight to ten times slower than other central metabolic enzymes (Barrett et al. 2021). 
Evolutionary biologists suggest that Rubisco evolved when atmospheric oxygen 
levels were low and conferred adaptive advantages due to its carbon-fixing activity 
(Sage 2004). As O2 levels rose following the Great Oxygenation Event, Rubisco 
evolved the capacity to discriminate between CO2 and O2, which came at the cost of 
its catalytic speed (Erb and Zarzycki 2018; Giessen and Silver 2017). Additionally, 
the chemical similarity between CO2 and O2, under O2-rich atmospheric conditions 
further impede Rubisco’s selectivity for CO2 (Whitney et al. 2010). Consequently, 
Rubisco, which has both oxygenase and carboxylase capabilities, still fixes an aver-
age of two molecules of O2 for every five of CO2 (Giessen and Silver 2017). The 
promiscuity of Rubisco is not only inefficient, but it also produces toxic 
2-phosphoglycolate (2PG), which requires energy to metabolise and leads to the 
release of CO2 during photorespiration (Bowes et al. 1971). To overcome this ener-
getically wasteful process, which reduces photosynthetic efficiency by an estimated 
30%, photosynthetic organisms have evolved mechanisms to reduce photorespira-
tion by simply producing more Rubisco. In contrast, other systems evolved physical 
or chemical carbon-concentrating mechanisms (CCMs) in chloroplasts to increase 
CO2 concentrations around the site of Rubisco activity (Giessen and Silver 2017; 
Price et al. 2012; Walsh et al. 2023).

Cyanobacteria, most algae, and most hornwort species developed biophysical 
CCMs that passively or actively concentrate inorganic bicarbonate (HCO3

−), con-
vert it to CO2 via carbonic anhydrases (CA), and release it into a microcompartment 
that contains Rubisco (Hennacy and Jonikas 2020). Carboxysomes and pyrenoids 
are the two main types of compartments, both of which evolved physical barriers in 
the form of a protein shell or starch sheath, respectively, to limit CO2 leakage (Rae 
et al. 2017). In cyanobacterial CCMs, the HCO3

−-CO2 conversion and Rubisco-
fixation occurs in the carboxysome matrix (Blikstad et al. 2023). Conversely, algal 
and hornwort CCM’s convert HCO3

− into CO2 in specialised thylakoid membrane 
tubules that traverse thy pyrenoid, prior to releasing the converted CO2 into the 
pyrenoid matrix for Rubisco fixation (He et al. 2020).

5 Bioengineering Photosynthesis to Drive Crop Improvement: Engineering…
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In contrast, biochemical CCMs, which include C2, C4, and crassulacean acid 
metabolism (CAM), concentrate carbon via organic intermediates such as oxaloac-
etate (OAA) and malate before delivering it to Rubisco (He et al. 2023). C4 plants 
also developed a distinctive Kranz anatomy that further facilitates efficient carbon 
concentration (Lundgren et al. 2014). Biochemical CCMs have been demonstrated 
to increase photosynthesis in model species such as Arabidopsis thaliana 
(Arabidopsis) and Nicotiana tabacum (tobacco) but also in staple crops including 
rice and wheat (Sedelnikova et al. 2018).

5.2.2 � Agricultural Benefits of CCMs

CCMs offer additional benefits beyond increasing photosynthesis and yield. The 
more efficient Rubisco activity induced by CCMs reduces the total Rubisco content, 
thereby improving nitrogen use efficiency (Adler et  al. 2022). Furthermore, 
increased internal CO2 for Rubisco would decrease stomatal conductance (gs) and 
reduce water loss through transpiration in C3 plants (Adler et al. 2022; Hennacy and 
Jonikas 2020), thereby enhancing water use efficiency (WUE). Therefore, investing 
in mechanisms to increase internal carbon concentrations are promising strategies 
to enhance photosynthetic carbon assimilation, resource use efficiency, and yield.

5.3 � Pyrenoid-Based Carbon-Concentrating Mechanisms

Carbon fixation via pyrenoid-based CCMs accounts for about 28–44% of global 
carbon fixation (Field et al. 1998). Chlamydomonas reinhardtii (Chlamydomonas) 
is the most well-characterised pyrenoid-based CCM and will be used a model to 
describe how algal CCM systems operate (Adler et al. 2022). Several HCO3

− trans-
porters located at the plasma, chloroplast, and thylakoid membranes facilitate the 
accumulation of carbon in the thylakoid lumen (Rottet et al. 2021). HCO3

− acidifies 
the lumen, which drives the decarboxylation reaction by carbonic anhydrase 3 
(CA3). Finally, released CO2 diffuses into the pyrenoid matrix for fixation by 
Rubisco (Barrett et al. 2021; Fei et al. 2022; He et al. 2023).

Pyrenoids have recently attracted research interest as a potential tool for improv-
ing photosynthesis in higher plants because of their carbon concentrating efficiency. 
Pyrenoid-based CCMs have been reported to facilitate an up to 40-fold increase in 
inorganic carbon (Ci) compared to chloroplasts without pyrenoids (Adler et  al. 
2022). In addition, the sub-cellular mechanism does not require changes to existing 
leaf anatomy, such as engineering efforts associated with introduction of C4 traits 
(He et al. 2023). Moreover, the genetic components required to express and assem-
ble pyrenoids already exist in eukaryotic genomes (He et al. 2023). Both these fac-
tors could streamline the transition of algal carbon-concentrating systems into 
global crop staples such as wheat or rice.
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5.3.1 � Understanding Pyrenoid-Based CCM and Strategies 
for Engineering in Land Plants

5.3.1.1 � The Optimal Pyrenoid-Based CCM

Both mutational studies and computational modelling approaches detail the key 
steps required for functional pyrenoid assembly. Fei et  al. (2022) modelled a 
pyrenoid-based CCM that includes three key modules; first, low-inducible B (LCIB) 
should be localised to the chloroplast stroma to convert passively imported CO2 into 
HCO3

−; second, a thylakoid membrane channel such as BCT1 (bicarbonate trans-
porter 1) is required to deliver HCO3

− to luminal CA3 for conversion back into CO2 
near Rubisco; and third, phase-separated Rubisco must be enclosed by a CO2 diffu-
sion barrier. Notably, the model suggests that a passive CO2 uptake mechanism at 
ambient CO2 levels is possible, while active HCO3

− uptake is beneficial at low atmo-
spheric CO2 levels. To achieve this three-module pyrenoid-based CCM, land plants 
would need to be engineered to condense or phase-separate Rubisco, localise 
CA-rich thylakoids to the Rubisco condensate, integrate HCO3

− transporters into 
the thylakoid membrane, and add a diffusion barrier to limit CO2 diffusion out of the 
pyrenoid-based structure (Fig. 5.1).

Fig. 5.1  Strategies for engineering a pyrenoid-based CCM in land plants. (1) Rubisco phase sepa-
rates into a condensate via linker proteins (shown in red) such as EPYC1. (2) Thylakoid membrane 
tubules are recruited to the matrix core to form pyrenoid tubules, which deliver HCO3

− to the 
Rubisco matrix, and supply ATP and NADPH for Rubisco-mediated carbon fixation. (3) HCO3

− 
transporters are targeted to the thylakoid membrane to facilitate HCO3

− accumulation. (4) Targeting 
carbonic anhydrase to the thylakoid lumen, necessary for HCO3

− decarboxylation and CO2 release 
near the Rubisco matrix. (5) Finally, a diffusion barrier comprised of either starch or stacked thy-
lakoids encloses the pyrenoid to reduce CO2 leakage. (Created with BioRender.com)

5 Bioengineering Photosynthesis to Drive Crop Improvement: Engineering…
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�Approach 1: Understanding Pyrenoid Phase Separation and Rubisco 
Condensation

Understanding phase separation of pyrenoid-associated proteins is a key first step 
toward pyrenoid-based CCM assembly in higher plants. Chlamydomonas phase 
separation occurs partly due to the interaction between the essential pyrenoid com-
ponent 1 (EPYC1) linker protein and the small subunit (SSU) of Rubisco (Hennacy 
and Jonikas 2020). Atkinson et al. (2017) investigated these SSUs by generating 
Arabidopsis mutants lacking a functional SSU and supplemented them with a par-
tial SSU sequence encoding the Chlamydomonas alpha helix motif, or the complete 
Chlamydomonas SSU sequence. The hybrid Rubisco comprised of the partial 
Chlamydomonas sequence had similar catalytic properties to WT controls, report-
ing comparable maximum Rubisco carboxylation (Vc,max) and max photosynthetic 
electron transport (Jmax) rates. Atkinson et  al. (2020) then introduced the EPYC1 
linker gene in Arabidopsis that featured the Chlamydomonas Rubisco hybrid, but it 
failed to phase separate, partly due to EPYC1 being targeted for degradation. This 
was remedied by adding a native Arabidopsis chloroplast signal peptide to GFP-
tagged EPYC1 constructs (Atkinson et al. 2020). Confocal and transmission elec-
tron microscopy showed that EPYC1 was able to condense both the partial and 
mature Chlamydomonas Rubisco hybrids to form phase-separated pyrenoid-like 
compartments in Arabidopsis.

The evidence above indicates that modifying the Rubisco SSU is a potential ave-
nue through which to initiate pyrenoid assembly in land plants. Rubisco SSU 
sequences are encoded in the nuclear genome rather than the chloroplast genome 
(He et al. 2023). Modifying nuclear-encoded Rubisco circumvents the challenges 
associated with editing chloroplast-encoded genes. This allows for a more stan-
dardised approach to CCM engineering, which can be translated to various C3 plants.

Furthermore, research into under-explored algal pyrenoid systems is further 
increasing our understanding of how pyrenoids assemble. Oh et al. (2023) identified 
PYCO1 as a key linker protein that mediates Phaeodactylum tricornutum red algae 
pyrenoid phase separation. In Chlorella sorokiniana, sequence-independent bioin-
formatic analysis identified CsLinker proteins as EPYC1 functional analogues 
(Barrett et al. 2024). Most importantly, Barrett et al. (2024) demonstrated that these 
CsLinkers bind to highly conserved regions of Rubisco large subunit (LSU) and 
could phase separate native Chlamydomonas and tomato Rubisco in  vivo, while 
tobacco Rubisco phase separated both in vitro and in vivo. This is the first report of 
native Rubisco phase separation in land plants and presents a critical milestone in 
pyrenoid-based CCM engineering efforts in C3 plants.

The present strategies outlined highlight the potential of easily modifiable 
Rubisco SSUs or conserved LSUs as targets for Rubisco condensation. Additionally, 
the identification of a diverse set of linker proteins would further expand our reper-
toire of tools that can be matched to compatible C3 pyrenoid-based CCMs.
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�Approach 2: Localising the Thylakoid to the Rubisco Matrix

For functional pyrenoid assembly, thylakoids must traverse the pyrenoid Rubisco 
matrix. Through cryo-electron transmission microscopy, it has been shown that thy-
lakoid membranes merge as they traverse the starch sheath to form a pyrenoid tubule 
made up of several smaller, fenestrated tubules (He et al. 2023). The fenestrations 
connect the thylakoid lumen to the chloroplast stroma and are used to deliver con-
centrated CO2 to the Rubisco matrix (Hennacy et al. 2024). Pyrenoid tubules are 
recruited to the pyrenoid by a starch-sheath-associated protein called Starch Granule 
Abnormal1 (SAGA1). This is evidenced by Chlamydomonas mutations in SAGA1, 
which produced pyrenoids without tubules, or with significantly fewer tubules com-
pared to the WT (Itakura et al. 2019).

Other proteins further implicate the starch sheath in pyrenoid tubule formation. 
Proximity labelling identified a protein encoded by Cre09.g394510, which localised 
to the starch sheath periphery (Lau et  al. 2023). The C-terminal domain of the 
protein-mediated vesicle fusion and was hypothesised to rearrange the thylakoid 
grana into a pyrenoid tubule as it traversed the sheath and entered the pyrenoid 
matrix. Additionally, the mutation missing thylakoids 1 (MITH1) in Chlamydomonas 
was associated with tubule-lacking pyrenoids (Hennacy et al. 2024). When expressed 
together with SAGA1 in Arabidopsis previously engineered to form Rubisco con-
densates, thylakoid sheets extended into the pyrenoid-like assemblies (Hennacy 
et al. 2024). Researchers proposed that MITH1 was required to form an MITH1-
SAGA1 interaction that replaced existing Rubisco-EPYC1 interactions, which 
allowed the thylakoid to traverse the pyrenoid matrix. This was the first time that 
thylakoid-traversing structures in proto-pyrenoids were observed in planta, bringing 
this CCM approach one step closer to being fully assembled in land plants.

�Approach 3: Expressing HCO3
− Transporters in Thylakoid Membranes

Biophysical carbon concentration is mediated by several HCO3
− transporters. Under 

atmospheric CO2 levels, Ci passively diffuses across the plasma membrane via the 
low CO2-inducible 1 (LCI1) channel (Adler et al. 2022; He et al. 2023). Cytoplasmic 
CO2 then diffuses into the chloroplast stroma, where it is rapidly converted to 
HCO3

− by the low-inducible B/C (LCIB/LCIC) complex (Rottet et  al. 2021). 
However, at suboptimal CO2 levels (below 200 ppm CO2), pyrenoid-based CCMs 
switch to actively import HCO3

− into the cytosol and stroma via HLA3 (high light 
activated 3) and LCIA, respectively (Adler et al. 2022). The stromal HCO3

− is then 
shuttled into the thylakoid lumen via BCT1, 2, and 3, where it travels down into the 
pyrenoid membrane tubule that bisects the pyrenoid (Adler et  al. 2022; Fei 
et al. 2022).

Research into LCI transporters is shedding light on their role in CO2 accumula-
tion. LCIA, which was suspected to be an active HCO3

− transporter, was recently 
confirmed through a phenotypic rescue assay in Arabidopsis (Förster et al. 2023). 
Arabidopsis mutants lacking bCA5, which could not grow in ambient CO2 levels, 
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grew when rescued with LCIA, indicating that the channel was actively transporting 
HCO3

− and facilitating sufficient carbon accumulation to support photoautotrophic 
growth. However, LCIA expression in WT tobacco did not improve photosynthetic 
performance (Förster et  al. 2023). Similarly, LCIB expression was also able to 
restore bCA5-deficient Arabidopsis growth under atmospheric CO2 levels (Kasili 
et al. 2023). Additionally, in low CO2 conditions, LCIB transporters were recruited 
to the pyrenoid by the CCM1 regulatory protein and to the surrounding pyrenoid 
area by starch-sheath-associated isoamylase1 (ISA1) (Toyokawa et  al. 2020; 
Yamano et al. 2022). Furthermore, Chlamydomonas LCIB expression in tobacco, 
along with its target peptide sequence, increased the maximum Rubisco carboxyl-
ation rate (Vcmax) by 11–13%, fresh shoot biomass by 33% and root biomass by 57% 
compared to WT tobacco (Nölke et al. 2019). Based on these findings, LCIB is a 
potential promising target for photosynthetic improvement.

�Approach 4: Targeting Functional CA to Pyrenoid Membrane Tubule Lumens

In many pyrenoid-based CCMs, the conversion of HCO3
− back into CO2 by CA in 

the thylakoid lumen is the final stage of carbon concentration in pyrenoids. Several 
CAs coordinate the accumulation of HCO3

− in the pyrenoid matrix (Terentyev and 
Shukshina 2024). Of the various CAs, CA3 localises to the thylakoid lumen and 
mediates the delivery of CO2 to the Rubisco matrix (Atkinson et  al. 2016). In 
Chlamydomonas, mutations in CA3 impaired pyrenoid functioning and growth in 
atmospheric CO2 conditions, despite demonstrating HCO3

− accumulation in thyla-
koids and pyrenoid tubules (Mukherjee et al. 2019). CA is therefore crucial for the 
final step of CO2 delivery to Rubisco.

In tobacco, although CA3 was correctly targeted to the chloroplasts, it was also 
largely mis-localised to the cytosol, despite expression with the Chlamydomonas 
transit peptide sequence (Atkinson et al. 2016). However, another study achieved 
preferential CA3 expression in tobacco thylakoid lumens, with only minor expres-
sion in the cytosol (Nölke et al. 2019). CA3 expression was also found together with 
a 16–17% increase in Vcmax, significantly increased fPSII (which indicates photo-
synthetic capacity), leaf number, and a 28% increase in shoot biomass (Nölke et al. 
2019). Enhanced photosynthesis may be due to CA, which has previously been 
reported to be involved in PSII operation in thylakoids (Terentyev and Shukshina 
2024). Therefore, although the findings suggest the potential of algal CA to improve 
photosynthetic performance, more research is required to determine whether 
improvement is due to enhanced PSII activity or increased CO2 accumulation. 
Nonetheless, the findings confirm the benefits of introducing algal CA into 
land plants.

Additionally, the role of stromal CA in biophysical CCMs is debated. Some stud-
ies suggest stromal CA prevents HCO3

− from accumulating in the cytosol by caus-
ing HCO3

−-CO2 equilibration, which increases CO2 leakage (Atkinson et al. 2016; 
Giessen and Silver 2017). This has motivated the proposal that native stromal CA 
should be eliminated and replaced with strategically localised CA isoforms. 
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However, reaction-diffusion modelling demonstrates that a pyrenoid-based CCM 
can still function with stromal CA, provided the system is otherwise well-optimised 
(Fei et al. 2022). Their findings emphasise the importance of targeting CA to the 
thylakoid lumen for efficient CO2 delivery to the pyreoid matrix but do not support 
a strict requirement to remove stroml CA. Therefore, engineering efforts are advised 
to prioritise precise CA localisation rather than fully knocking out native CA—a 
task yet to be demonstrated in C3 plants.

�Approach 5: Creating a Diffusion Barrier

Experimental data implies that a diffusion barrier surrounding the pyrenoid-based 
CCM reduces CO2 leakage (Toyokawa et al. 2020). In Chlamydomonas, the barrier 
is polysaccharide-based, comprising of curved starch granules that enclose the 
Rubisco condensate (He et al. 2023). Several proteins are also associated with the 
starch sheath, helping to assemble the individual plates, tether them together, and 
link the matrix to the sheath (Barrett et al. 2021; He et al. 2023). Of these starch 
proteins, SAGA1 and SAGA2 are well-characterised proteins that attach the 
Rubisco condensate to the sheath (Atkinson et al. 2024).

Under atmospheric (0.04% [v/v] CO2) or very low (0.01% [v/v] CO2) CO2 condi-
tions, a starch sheath is essential for pyrenoid-based carbon concentration. In 
Chlamydomonas, mutants lacking SAGA1 observed increased pyrenoid numbers 
per chloroplast, thinner and uneven starch sheaths, decreased growth rates under 
low CO2, and reduced photosynthetic rates under saturating Ci at both low and high 
CO2 levels (Itakura et  al. 2019). Additionally, SAGA1 was also demonstrated to 
recruit stromal HCO3

− transporters such as HLA3 and LCIA to the surrounding 
pyrenoid area under CO2-limiting conditions (Shimamura et al. 2023). The starch 
sheath may play a role in the proper morphological pyrenoid assembly, which con-
tributes to optimal protein recruitment and functioning, particularly in atmospheric 
and suboptimal CO2 conditions (Barrett et al. 2021; Hennacy and Jonikas 2020).

Recently, Chlamydomonas SAGA 1 and SAGA2 expression resulted in a partial 
starch sheath formation around the synthetic proto-pyrenoid in Arabidopsis 
(Atkinson et al. 2024). To form the partial sheath, SAGA1 was hypothesised to pri-
marily aggregate starch to form plate-like sheaths, while SAGA2 facilitated the 
sheath-condensate interactions (Atkinson et al. 2024).

Altogether, starch-based diffusion barriers are essential for pyrenoid function, 
and its partial engineering into land plants is a promising step toward achieving 
biophysical carbon concentration in land plants.

Thylakoid-based diffusion barriers have also been observed and modelled to be 
effective in a pyrenoid-based CCM (Fei et  al. 2022; Robison et  al. 2025). 
Experimentally derived data about the gaps between thylakoid membranes and dif-
fusivity were used to model realistic thylakoid geometry and membrane permeabil-
ity (Fei et al. 2022). Simulation results suggest that tight spacing between thylakoid 
membranes (Δn = 5.6 nm) and low diffusivity (≈103) substantially reduce CO2 dif-
fusion in the stroma, making them an efficient barrier against CO2 leakage (Fei et al. 
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2022). Different thylakoid-based barriers have been observed in other algal species, 
such as in Cyanophora paradoxa, where the thylakoid stacks surround a naked 
Rubisco condensate, or in Euglena carterae, where thylakoid stacks both traverse 
and surround the Rubisco matrix (He et al. 2023). Additionally, anatomical research 
into Hornwort species, the only land plants known to have pyrenoid-based CCMs, 
were recently reported to contain multiple pyrenoids per chloroplast, which are col-
lectively surrounded by thylakoid membrane stacks(Robison et al. 2025). Although 
the magnitude of CO2 leakage of thylakoid-enclosed pyrenoids is yet to be experi-
mentally determined, modelled estimates, along with experimental observations, 
support the feasibility of a pyrenoid-based CCM that encompasses a thylakoid 
membrane diffusion barrier. It should be noted that research on thylakoid-based 
pyrenoids are still in its preliminary discovery phase and no attempts at engineering 
them into higher land plants have been made. Overall, the evidence above confirms 
the importance of a diffusion barrier in effective pyrenoid-based CCMs.

5.4 � Carboxysome-Based Carbon-Concentrating Mechanisms

5.4.1 � Introduction to Carboxysomes

Like algae, cyanobacteria and most photosynthesising proteobacteria have also 
developed a physical component to compensate for the inefficiency of Rubisco, 
called the carboxysome (Blikstad et al. 2023). Through convergent evolution, two 
carboxysomes have evolved (Giessen and Silver 2017). α-carboxysomes, express-
ing Form 1A Rubisco, which is encoded by the cso operon, while β-carboxysomes, 
expressing 1B Rubisco, located on the ccm operon (Hennacy and Jonikas 2020). For 
carboxysome-based carbon concentration, CO2 passively diffuses across the plasma 
membrane, while HCO3

− is pumped into the cytosol, where it diffuses across the 
selectively permeable protein shell and into the carboxysome (Trettel et al. 2024). 
Inside the carboxysome, CA converts HCO3

− back into CO2 for fixation by Rubisco 
(Hennacy and Jonikas 2020). Cyanobacteria have been reported to have 10–40 
times higher HCO3

− concentrations in the cytosol compared to stromal levels in C3 
species, making carboxysomes an area of interest for researchers (Long et al. 2018).

5.4.2 � Strategies for Carboxysome Engineering

Price et al. (2012) proposed a four-step plan to engineer carboxysomes into higher 
plants. This plan involves (1) transferring HCO3

− transporters to chloroplast mem-
branes, (2) removing endogenous stromal CA activity, (3) assembling a functional 
carboxysome in chloroplast stromal regions, and (4) incorporating an NADH1-CO2 
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Fig. 5.2  Stepwise construction of a carboxysome-based CCM in land plant chloroplasts. (1) 
HCO3

− transporters such as BTC1 (purple), BicA (pink), and SbtA (white) need to express in the 
inner-envelope membrane of chloroplasts. (2) Stromal CA is removed to allow for efficient HCO3

− 
accumulation and to prevent CO2 leakage. (3) Proteins that comprise the carboxysome shell need 
to self-assemble to form a carboxysome structure within chloroplasts. Transgenic ⍺- or 
β-carboxysomes (blue diagram box) need to incorporate the appropriate linkers, condensation 
modules, and scaffold proteins to enable matrix condensation and protein shell encapsulation. 
(Created with BioRender.com)

uptake complex within the thylakoid membrane (Fig. 5.2). So far, extensive research 
has gone into the first three steps, which will be discussed further in this section.

5.4.2.1 � Step 1: To Insert Cyanobacterial HCO3
− Transporters 

in Chloroplast Membranes

Historically, an early strategy toward carboxysome-based CCMs in land plants 
involved engineering chloroplasts to express HCO3

− transporters instead of incorpo-
rating whole carboxysomes (Hennacy and Jonikas 2020). This hypothesis is partly 
supported by reaction-diffusion modelling, which suggests that transforming non-
CCM crops with cyanobacterial HCO3

− transporters could increase daily biomass 
accumulation by 5–10%, which can have a significant cumulative effect on final 
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yield (McGrath and Long 2014; Price et al. 2011). Initially, transporters such as 
bicarbonate transporter A (BicA) and sodium-dependent bicarbonate transporter A 
(SbtA) were transformed into higher plants, because they were encoded by a single 
gene (Rae et al. 2017). Single-gene proteins avoid the challenge of targeting multi-
ple domains to the correct cellular location. However, the StbA failed to accumulate 
carbon in chloroplasts or to increase photosynthetic performance in higher plants, 
emphasising the need for further research into the mechanisms that regulate HCO3

− 
transporter activity (Nguyen et al. 2024; Rae et al. 2017).

Recently, updated reaction-diffusion modelling is challenging the widely cited 
notion that expressing HCO3

− transporters in the inner envelope membrane (IEM) 
of land plant chloroplasts would improve photosynthetic efficiency (Kaste et  al. 
2024). In this spatially resolved model of land plants with HCO3

− transporters, 
Kaste et al. (2024) demonstrate that previous models underestimate lipid membrane 
permeability, which, when modelled, supports a higher photosynthetic efficiency. 
However, when the membrane porosity is adjusted to physiologically observed lev-
els, more CO2 leakage, reduced Rubisco fixation and lower light use efficiency are 
predicted. This results in energetically wasteful HCO3

− pumping. The contrasting 
findings direct researchers and the wider scientific community to be cautious and 
through when simulating and interpreting modelled data. Additionally, neither sim-
ulation model has thus far been experimentally demonstrated.

Inorganic carbon transporter B (ictB) has attracted interest and debate regarding 
whether it contributes to carbon concentration as an active transporter or passive 
channel (Koester et  al. 2021; Price et  al. 2012). IctB expression in soybean and 
maize was associated with modestly increased photosynthesis and yield in green-
house and field trials, representing a major milestone in the agricultural translation 
toward carboxysome-based crops (Hay et al. 2017; Koester et al. 2021). However, 
when expressed in tobacco, ictB failed to improve photosynthesis or yield in field 
trials (Ruiz-Vera et  al. 2022). Thus, the role of IctB in photosynthesis and yield 
appears to be species and environmentally dependent.

There has been recent success in targeting the larger, multi-domain BCT1 to 
chloroplast membranes in tobacco (Rottet et al. 2024). Rational design and directed 
evolution were used to optimise BCT1 expression, localisation, and functionality in 
Escherichia coli prior to transformation in Arabidopsis. Although BCT1 domains 
localised to the IEM, and in the correct orientation, transgenic Arabidopsis observed 
lower CO2 assimilation rates compared to WT controls. Although the correct locali-
sation and orientation have been achieved, HCO3

−transporter functionalisation 
remains to be achieved in planta.

5.4.2.2 � Step 2: To Eliminate Endogenous CA 
from the Chloroplast Stroma

Similar to pyrenoid-based chloroplasts, carboxysome-based CCMs are expected to 
accumulate carbon more efficiently if native CA is removed from the chloroplast 
stroma and replaced with carboxysome-associated CAs (Nguyen et al. 2024; Price 
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et al. 2012). In carboxysome-engineered chloroplasts, the single step of removing 
CA from the stroma was estimated to increase HCO3

− to 2–3  mM, which was 
enough to saturate CO2 fixation (Price et  al. 2012). This was achieved through 
CRISPR/Cas9 editing in tobacco or by transforming Arabidopsis with non-
functional variant of CA, which expectedly hindered growth and fertility. Stromal 
CA was involved in metabolic regulation in C3 crops. Although it was assumed that 
relocalised CA would not affect its role in anaplerotic pathway activity, this remains 
to be demonstrated as no study has concurrently reduced or eliminated stromal CA 
and expressed encapsulated CA (Nguyen et al. 2024).

5.4.2.3 � Step 3: To Assemble a Functional Carboxysome 
in the Chloroplast Stroma

To assemble a functional carboxysome, cyanobacterial Rubisco must be stoichio-
metrically co-expressed with CA, scaffold, carboxysome shell, and linker proteins 
(Chen et al. 2023). In tobacco, a ‘minimal carboxysome’ was created by replacing 
endogenous Rubisco with Cyanobium marinum PCC7001 (Cyanobium) Rubisco, 
which was introduced together with the shell protein CsoS1A and a CsoS2 linker, 
which tethers Rubisco to the carboxysome shell (Long et al. 2018). At 2% CO2, 
exogenous Rubisco in tobacco had similar catalytic activity to WT Cyanobium 
Rubisco. However, when enclosed in the minimal carboxysome, Rubisco’s catalytic 
rate dropped drastically even at high CO2 levels. Recently, Chen et al. (2023) dem-
onstrated Rubisco catalytic activity in a carboxysome comprised from nine genes. 
Despite functionality, transformed tobacco failed to germinate under ambient CO2 
conditions, grew slowly, and had poor net CO2 assimilation rates at 1% CO2. 
Presently, although carboxysomes can be assembled in higher plants and demon-
strate functional Rubisco, they can only support autophagic growth under elevated 
CO2 (Chen et al. 2023; Long et al. 2018; Nguyen et al. 2023).

Advances in structural biology are paving the way for resolving the mechanisms 
behind carboxysome assembly, which will be important steps in the engineering of 
carboxysomal traits into chloroplasts. In α-carboxysomes from two distinct species, 
cryo-electron transmission resolved that the CsoS2 linker proteins either bind ubiq-
uitously to Rubisco throughout the condensate or preferentially to Rubisco near the 
carboxysome shell in Cyanobium (Ni et  al. 2022). Additionally, in cryo-electron 
microscopy, Blikstad et al. (2023) showed that CA is recruited to the a-carboxysome 
condensate by interacting directly with Rubisco. In β-carboxysomes, the CcmM 
protein, termed M58, has an N-terminus gCAL binding site, which organises the 
scaffold protein into a trimer and binds to the N-terminus of CA (Zang et al. 2021). 
The M58 trimer also recruits Rubisco via small subunit-like modules, which are 
strung together by linker proteins. Understanding the interactions between carboxy-
some enzymes and their associated scaffolds and linkers could optimise carboxy-
some assembly in planta.
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5.5 � Biochemical Carbon-Concentrating Mechanisms

In contrast to biophysical CCMs, biochemical CCMs follow a two-step process to 
metabolically fix and concentrate carbon into organic intermediates, which are then 
delivered to Rubisco (Rottet et al. 2021). These two processes are achieved either 
spatially, across two different cells as with C4 plants, or temporally in CAM plants 
(Yuan et al. 2020). In C4 species, the relevant biochemical and anatomical adapta-
tions result in increased photosynthesis, water, and nitrogen use efficiency com-
pared to C3 species (Zhao et al. 2023). In addition to a tenfold increase in carbon 
concentration near Rubisco, C4 photosynthesis also confers adaptive advantages to 
plants in hot and dry climates (Schlüter and Weber 2016; Simpson et al. 2021). As 
such, biochemical CCMs present an equally attractive approach for engineering 
plants to achieve enhanced photosynthetic capacity. This section will discuss the 
approaches, successes, and challenges currently underway to engineer biochemical 
CCMs, focusing primarily on engineering C4 traits into C3 plants (Fig. 5.3). The C3 
to C4 transition could equip global crop staples like rice, wheat, and soybean with 
C4 characteristics to facilitate faster growth and improved yield. Wherever possible, 
a perspective on the feasibility of current approaches as well as recommendations 
for future research will also be discussed.

5.6 � Background and Brief Evolution C4 Photosynthesis

C4 photosynthesis occurs across two cell types, mesophyll (M) and bundle sheath 
(BS) (Schlüter and Weber 2016). HCO3

− produced by CA in M cells is fixed into a 
four-carbon OAA by phosphoenolpyruvate carboxylase (PEPC) (Schlüter and 
Weber 2016). OAA is either converted to malate or aspartate and subsequently shut-
tled across the BS-M membrane interface and into BS cells by transporters (Singh 
et al. 2022). C4 photosynthesis is divided into three subtypes, based on the decar-
boxylating enzyme (Lin et al. 2020). In the first subtype, NADP-dependent malate 
dehydrogenase (NADP-ME) converts OAA to malate, which is transported to BS 
chloroplasts and decarboxylated by NADP-ME (Simpson et al. 2021). The second 
subtype involves aspartate transport to the BS mitochondria, where it is converted 
back into malate and decarboxylated by NAD-ME. The third subtype incorporates 
the NAD-ME pathway alongside a second pathway, in which aspartate is converted 
back into OAA and decarboxylated by phosphoenolpyruvate carboxykinase 
(PEPCK). Through these mechanisms, C4 photosynthesis can dramatically reduce 
photorespiration, thus enhancing photosynthetic carbon fixation.

C4 evolution is widely accepted as a notable example of convergent evolution 
event, having evolved independently over 65 times from the C3 ancestral state (Sage 
and Coleman 2001). Understanding how plants arrived at a C4 system could provide 
foundational knowledge that could be used to recapitulate the C3 to C4 transition. 
Increased leaf venation and subsequent BS enlargement are believed to have been 
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Fig. 5.3  Anatomical and biochemical differences between C3 and C4 photosynthesis. To achieve a 
C4 anatomy in C3 species, (1) leaf vein density is increased to improve the supply of water and 
nutrients to the photosynthesising cells. (2) BS cells increase in size and incorporate more chloro-
plasts for optimised Calvin-Benson-Bassham cycle operation. (3) M cells are concentrically ori-
ented around the BS cells to supply C4 intermediates to the BS. (4) Finally, plasmodesmata 
junctions frequency increases at the BS:M interface, which ensures efficient delivery and regenera-
tion of C4 intermediates. (Created with BioRender.com)
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early steps in the C3-C4 transition (Bräutigam and Gowik 2016; Simpson et  al. 
2021). Increased access to water and nutrients improved the photosynthetic abilities 
of proximal cells. To keep up with the photosynthetic demand, BS cells, which are 
closest to the veins, evolved to become larger and house more chloroplasts. 
Additionally, under limited CO2, a photorespiratory pump evolved to shuttle photo-
respiratory glycine to BS cells, where it is decarboxylated for secondary carbon 
concentration in BS cells (Bräutigam and Gowik 2016). To support increased car-
bon fixation, the genes that encode the photosynthetic machinery also had to either 
be upregulated or duplicated. This is evidenced by recent whole-genome duplica-
tion of existing C3 genes which provided additional copies for a C4 pathway to 
develop in the background, without compromising the existing C3 system (Schlüter 
and Weber 2016).

In addition, whole-genome sequencing efforts are shedding more light on the 
evolution of C4 photosynthesis by enabling the end-to-end assembly and annotation 
of C4 Gynandropsis gynandra (Gynandropsis) and its close C3 relative Tarenaya 
hassleriana (Tarenaya) (Hoang et al. 2023). The findings led to a model that postu-
lates a whole-genome duplication in both species, which was subsequently lost in 
the C3 species. In Gynandropsis, genome duplication expanded gene families relat-
ing to vein density, heat tolerance, C4 photosynthesis, and photorespiration. Finally, 
a recent genome expansion by 50% integrated long terminal repeat retrotransposons 
(LTR-RT) into promoter genes facilitated the optimisation of C4 gene expression 
(Zhao et al. 2023).

High-throughput next-generation sequencing strategies are therefore a valuable 
tool that evolutionary biologists can use to fill in the phylogenetic gaps. Additionally, 
research into gene regulatory elements suggest that most of the genes and regulatory 
elements that facilitated the C4 pathway were derived from the ancestral C3 genome 
and were rewired and recruited for C4 photosynthesis (Amy Lyu et al. 2023; Singh 
et al. 2023). The next steps include constructing comprehensive phylogenies and 
understanding cis and trans gene regulation that drove C4 evolution.

5.6.1 � Toward a C3 to C4 Anatomical Transition

5.6.1.1 � Increasing Vein Density

Notable anatomical features, collectively referred to as the Kranz anatomy, comple-
ment the biochemical C4 cycle. This anatomy is defined by a high vein density with 
chloroplast-rich BS cells surrounding the veins and then M cells surrounding the BS 
(Bräutigam and Gowik 2016; Lundgren et  al. 2014). Increased vein density is 
widely considered to be an early step toward a C4 anatomy (Feldman et al. 2017; 
Walsh et al. 2023). Not only would a higher vein density encourage the correct ratio 
of BS to M cells, but it would also facilitate the rapid transport of metabolites (Liu 
and Cheng 2024; Lundgren et al. 2019). Additionally, if appropriate precursor struc-
tures exist in a plant, increasing leaf venation could be sufficient to induce a C3 to 

M. K. Kandjoze and P. Singh



163

C4 transition (Lundgren et al. 2019). However, engineering increased venation is not 
an easy task. The temporal and spatial regulation of venation is a complex process 
influenced by several known and unknown mechanisms, including auxin and other 
hormone signalling, protein-protein interactions, and cis-regulatory element signal-
ling, among other factors (Liu and Cheng 2024).

Mutagenic screening of genetically diverse insertion and deletion libraries could 
yield candidate C3 lines with increased vein density, thereby circumventing engi-
neering constraints related to venation (Feldman et al. 2014, 2017; Lo et al. 2022). 
Screening mutant rice libraries identified eight lines with significantly increased 
venation compared to WT lines Feldman et al. (2014). Phenotypically, there was a 
strong correlation between vein density and leaf width, which could provide breed-
ers with a quick phenotypic trait marker to accelerate vein density screening. 
Feldman et al. (2017) then analysed the photosynthetic performance of five of the 
eight lines and found significantly increased Vcmax, Jmax, net photosynthesis rate, and 
gs in mutants, compared to WT lines. Additionally, a mutagenic screening of the 
same insertion mutant rice line identified a leucine-rich repeat protein as a key regu-
lator of venation (Lo et al. 2022). However, when overexpressed in T3 rice lines, the 
initial 12% increase in vein density compared to WT rice dwindled to 4% in later 
developmental stages. Furthermore, no changes in photosynthetic parameters were 
reported.

The above findings highlight the need for more detailed transcriptomic and gene-
regulatory assays that can help identify candidate genes and molecular mechanisms 
linked to increased venation in mutant lines. Nonetheless, candidate C3 mutant lines 
could provide researchers with the necessary preconditions in which C4 cycle modi-
fications could be integrated.

5.6.1.2 � Increasing Chloroplast Density in BS Cells

One of the four characteristics of the Kranz anatomy deemed essential for the proper 
functioning of a C4 system is that the cells where the Calvin-Benson-Bassham cycle 
occurs (predominantly in the BS cells) should be chloroplast rich (Lundgren et al. 
2014). Therefore, engineering the C4 anatomy in C3 species involves increasing 
chloroplast density in cells surrounding leaf veins. GOLDEN2-LIKE (GLK) genes 
are transcription factors that are known to promote chloroplast development and 
have emerged as promising targets for chloroplast enrichment in BS cells (Susila 
et al. 2023). When overexpressed under either under constitutive and cell-specific 
maize promoters, GLK2, which is preferentially expressed in BS cells, significantly 
increased chloroplast size and/or number in a tissue specific manner (Wang et al. 
2017; Yeh et al. 2021). When looking at yield data, maize-specific promoters out-
performed constitutive promoters, evidenced by an 80% increase in growth and 
70% increase in grain yield in a double GLK1/2 overexpression rice line (Yeh et al. 
2021). Identifying candidate C4 genes and combining them with appropriate pro-
moter sequences are a feasible strategy that is realising the goal of improving pho-
tosynthesis in C3 crops.
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Mutagenic screening, sequencing, and gene editing are key driving forces in 
understanding BS development and manipulation. Transgenic Arabidopsis lines 
that expressed luciferase or chloroplast-tagged GFP under a C4 BS-specific pro-
moter were chemically mutagenized (Döring et al. 2019). Screening via confocal 
microscopy lines revealed nine M2 lines with increased or diminished reporter sig-
nalling. In lines with increased reporter signalling, BS cell counts were higher and 
more radially arranged compared to the reference line. Mutants showing increased 
reporter signalling were sequenced and mapped to identify candidate genes, which 
were then investigated further using CRISPR/Cas9-knockout assays (Bano and 
Westhoff 2024). Knocking out the mutated At2g25970 gene was shown to increase 
the GFP reporter signal and as well as leaf surface area. WT At2g25970 is likely a 
multifunctional gene that negatively regulates the cell cycle. Although the identified 
KH domain gene may not be the most ideal candidate for enhancing BS prolifera-
tion in the C3 plants given its pleiotropic functions, the study indicates that reporter-
based forward genetics could elucidate BS regulation.

Through modifications of CRISPR/Cas9 technology, Lee et al. (2021) demon-
strated a proof of concept for multiple gene regulation in a tissue-specific manner 
using a dead Cas9 (dCas9). The team generated transgenic rice lines that overex-
pressed a native chloroplast biosynthesis-gene OsCGA1. Transgenic lines were 
reported to have significantly increased BS chloroplast numbers. By fusing Cas9 to 
activation modules, dCas9 acquired a transcriptional activation function. In addi-
tion, a series of guide RNAs (gRNAs), which were complementary to different pro-
moter regions, targeted the dCas9 module to upregulate both endogenous and 
exogenous CGA1. As the dCas9 and transgenic OsCGA1 constructs were both 
placed under a C4 Flaveria trinervia promoter, which is highly active in BS cells, 
both CGA1 genes were expressed exclusively in BS cells. These findings introduce 
the possibility of regulating multiple Kranz anatomy or C4 cycle genes using a 
streamlined system using gRNAs.

5.6.2 � The Road to Kranz: Engineering Enhanced 
Photosynthetic Leaf Anatomy

The Kranz anatomy formation is delineated by three steps: (1) the innermost leaf 
cells differentiate into procambium, which then develop into vasculature systems; 
(2) M and BS cells are radially arranged in a ‘wreath-like’ structure, around the 
vasculature; and (3) sheath and mesophyll cells acquire increased photosynthetic 
capacity (Sedelnikova et  al. 2018). Engineering the first two steps presents an 
incredible anatomical feat that requires correct spatial and temporal regulation 
(Sedelnikova et  al. 2018). Additionally, the complex interactions of the gene-
regulatory pathways involved are yet to be elucidated (Sedelnikova et al. 2018).

Despite these challenges, progress is evident. Wang et al. (2017) observed fea-
tures of a Kranz-like structure in rice via BS-specific GLK2 overexpression, which 
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included enlarged mitochondria in sheath cells and anatomical ratios comparable to 
a proto-Kranz structure. However, no improvements in photosynthesis or yield were 
found when compared to WT controls, suggesting that the anatomical changes were 
insufficient to confer photosynthetic advantages.

Singh and Reeves (2020) highlight the relevance of epigenetics and gene regula-
tory networks that regulate leaf development and anatomy by expanding on research 
done by van Rooijen et al. (2019). A post-transcriptional repressor NAC052 was 
found to regulate leaf development and arrest it before it progresses into a Kranz-
like anatomy in Arabidopsis. However, when ectopically expressed, NAC052 
assumed transcriptional activator function, which was noted by increased BS cells 
among other changes. Further studies into gene regulatory networks and trans ele-
ments in C4 species are therefore crucial in unravelling the intricacies that define C4 
regulation (Singh and Reeves 2020). Given the complexity of leaf development and 
Kranz anatomy, characterising the multitude of genes and regulatory elements will 
take years (Sedelnikova et al. 2018). Consequently, modifying C3 leaf anatomy will 
require more fundamental research and understanding before being considered as a 
feasible photosynthetic improvement strategy.

5.6.3 � Intercellular Communication Through Plasmodesmata

For a dual-cell photosynthetic system to be efficient, robust intercellular transport of 
metabolites is crucial. Intercellular junctions called plasmodesmata (PD) facilitate 
this flux and are more frequent and closely clustered in C4 species compared to C3 
counterparts (Danila et al. 2016; Simpson et al. 2021). It is estimated that if the C3 
to C4 biochemical transition is established, current C3 plasmodesmata structures 
would need to achieve a flux 12 times that of current C4 rates (Danila et al. 2016). 
Therefore, optimising the BS-M plasmodesmata frequency is necessary to support 
the biochemical changes that could accompany the C3 to C4 transition.

Electron and confocal microscopy, as well as immunological assays, are com-
mon techniques used to visualise and quantify plasmodesmata frequency (Danila 
et al. 2016; Liu and Cheng 2024). Using these approaches, Schreier et al. (2024) 
found that C4 Gynandropsis had an eightfold increase in PD frequency at the M-BS 
junction compared to C3 Tarenaya and Arabidopsis. This M-BS PD frequency is 
partly mediated by photosynthetic metabolite formation during the early develop-
mental stages following de-etiolation. These findings may explain why increased 
plasmodesmata frequency between mestome and BS cells was observed upon GLK2 
overexpression in BS cells discussed above (Wang et al. 2017). Increased photosyn-
thetic activity and metabolite synthesis may necessitate intercellular connections 
between sheath cells in the form of increased PD frequency.

Previous work with understanding plasmodesmata clustering and pore size has 
been hindered by the inaccessibility to penetrate the cell walls and challenges in 
isolating the associated proteins that localise to plasmodesmata. Recent advance-
ments such as Plant-Enzyme-Assisted (PEA) CLARITY renders clear plant tissue 
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for high-resolution confocal or electron microscopy, allowing for more accurate PD 
visualisation and quantification (Liu and Cheng 2024; Tsang et  al. 2024). Other 
approaches include GF tagging of known PD proteins for quantification using con-
focal microscopy, together with mRNA sequencing and gene co-expression net-
work analysis (Tsang et  al. 2024). By applying these techniques at different 
developmental stages of rice and millet development, a spatiotemporal atlas of PD 
density was created, along with the identification of up to 57 genes that mediate PD 
frequency (Tsang et al. 2024). With these advances, researchers can look forward to 
more streamlined quantification of PD-associated proteins and can investigate the 
identified candidate genes for functional analysis.

5.6.4 � Toward a C3 to C4 Biochemical Transition

Recapitulating the key biochemical events that facilitated C4 evolution one at a time 
will help fill in the gaps in our understanding of C4 photosynthesis. For example, the 
re-localisation of CA from the mesophyll chloroplast to the mesophyll cytosol is 
considered an important step that facilitated and sustained the development of a C4 
biochemical pathway (Singh et al. 2022). This was successfully achieved in rice by 
genetically mutating or truncating the chloroplast transit peptide sequence that tar-
gets CA to chloroplasts (Jethva et  al. 2024). However, cytosolic CA showed no 
differences in terms of yield, growth rates, photosynthetic rates, or CO2 concentra-
tions near Rubisco. Despite this, successful re-localisation indicates that the current 
C3 genome can be edited to direct its evolution toward a C4 system.

Advances are being made to develop a functional ‘minimal’ C4 cycle, which 
consists of genes from the NADP-ME subtype. Initially, C4 genes were inserted 
individually and then crossed and verified repeatedly to achieve trait stacking and 
was a time-consuming process (Lin et al. 2020). The advent of Golden Gate cloning 
has fast-tracked this process, allowing a suite of C4 genes to be integrated into host 
genomes in one transformation event (Ermakova et al. 2021). In addition, incorpo-
rating cell-specific promoters in the constructs also enable tissue-specific gene 
expression, which partly circumvents localisation challenges (Ermakova et  al. 
2021). Both traditional and Golden Gate trait stacking were combined with 13CO2 
labelling to measure carbon flux through the modified pathway and demonstrated a 
partially functional C4 pathway (Ermakova et al. 2021).

Similarly, single-celled omics is quickly becoming a key player in uncovering C4 
photosynthetic regulation. Single-celled indexed assay for transpose accessible 
chromatin sequencing (sciATACS-Seq) of different cell types from four different C4 
grasses successfully produced a C4 cell-specific gene regulatory map (Mendieta 
et al. 2024). This map suggests that cell-specific regulatory networks are a neces-
sary regulatory element for a functional C4 pathway. Additionally, the rapid sequence 
diversification of central regulatory elements across C4 species is a strong indicator 
of ongoing evolution (Zhang and Zhang 2022). More specifically, transposable ele-
ments (TEs), which modulate proximally located genes, are found to be 
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instrumental components of accessible chromatin regions (ACRs) in rice (Zhang 
and Zhang 2022). TE-derived ACRs were found to be highly genetically variable, 
enabling the selection of advantageous agronomic traits. These traits, in turn, drove 
the selective fixation of the TE-derived ACRs during rice domestication. The C3 to 
C4 transition will therefore need to identify strongly conserved cis regulatory ele-
ments as well as consider suitable methods to recapitulate key regulators in a cell-
specific manner.

Despite these advancements, the road toward C3 to C4 photosynthesis bioengi-
neering comes with its challenges. It has been evolutionarily shown that the C4 ele-
ments already exist in C3 genomes (Singh et al. 2023). It has also been demonstrated 
that in part, rewiring these elements to mimic a C4 pathway is possible. However, it 
seems that C4 ancestral genes are primarily involved in stress responses in C3 genes 
(Chen et al. 2022; Singh et al. 2022). Developing mechanisms that will coopt cur-
rent C3 isoforms to perform photosynthetic functions in addition to their current 
stress-related functions remains a challenge. Another stumbling block is that C4 
gene expression is significantly elevated compared to C3 pathway enzymes (Furbank 
et al. 2023). RNAi knockdown studies suggest that reducing any of the C4 enzy-
matic pool by up to 50% contributes to a maximal 21% reduction in photosynthesis 
(Furbank et al. 2023). This means that the full C4 enzyme levels are not required to 
achieve a functional system in C3 species. However, current C3 to C4 expression 
levels do not meet the threshold for functional C4 photosynthesis (Ermakova et al. 
2020). Furthermore, although concurrent gene regulation of two genes was recently 
demonstrated, this technology would need to be developed further to regulate the 
five ‘minimal’ C4 enzymes for optimal gene expression and modulation. Overall, 
engineering the anatomical components of the biochemical C4 transition in C3 crops 
is forging ahead in a non-sequential order with successes and challenges being 
experienced simultaneously.

5.7 � CAM Photosynthesis

High temperatures and arid conditions created a unique selection pressure for CAM 
species, which evolved the ability to fix CO2 at night (Perron et al. 2024). CAM 
photosynthesis emerged through alterations in the circadian regulation of ancestral 
C3 photosynthesis genes and in stomatal opening and closing patterns (Perron et al. 
2024). Due to nocturnal stomatal opening, CAM plants have a sixfold increase in 
WUE compared to C3 crops (Yang et al. 2015). CAM-engineered C3 crops present 
a unique opportunity to grow crops using less water while also expanding the use of 
marginal land for crop farming, both of which are pertinent in meeting rising food 
demands amidst dwindling fresh water supplies (Yuan et al. 2020).

CAM photosynthesis is broadly divided into four phases. The first phase begins 
at night, when CO2 diffuses into leaves through open stomata and is fixed into OAA 
by PEPC (Perron et  al. 2024). The four-carbon compound is then converted to 
malate and is stored in the vacuole as malic acid until daybreak (Yuan et al. 2020). 
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Phase two is initiated in the early morning hours and is a transitional phase during 
which carbon is fixed by both PEPC and Rubisco (Burgos et al. 2022). Malic acid is 
decarboxylated back into PEP by malate dehydrogenase (MDH) during phase three, 
which releases CO2 for fixation by rubisco (Guan et al. 2020). The stomata remain 
closed during this phase. Finally, during phase four, stomatal reopening is partly 
triggered by the depletion of low malate levels toward the end of the day, which 
restarts the cycle (Tan and Chen 2023).

CAM photosynthesis is another example of convergent evolution and is found in 
at least 400 genera (Yuan et al. 2020). Facultative CAM species have evolved to 
operate the C3 pathway when conditions are optimal but switch to CAM photosyn-
thesis under abiotic stress (Winter and Holtum 2024). Harnessing this facultative 
CAM system in C3 would confer crops with the dual benefits of high yield through 
C3 photosynthesis and CAM-mediated drought tolerance (Yuan et al. 2020). Yang 
et al. (2024) proposed a simplified strategy to engineer facultative CAM in C3 spe-
cies (Fig. 5.4). The first step proposed reprogramming the timing of gene expression 

Fig. 5.4  Metabolic and anatomical modifications that enable C3-CAM transition. (1) Transitioning 
from C3 to CAM photosynthesis involves modifying the circadian expression of C3 genes. This 
includes engineering stomatal opening at night to facilitate CO2 uptake. Additional nocturnal 
reprogramming upregulates starch digestion for glycolysis, PEP conversion to malate, and malic 
acid storage in the enlarged vacuole. During the day, malate decarboxylation is prioritised to sup-
ply CO2 to the CBB cycle for starch production. Starch accumulates throughout the day, partly due 
to the downregulation of starch hydrolysis into sucrose. (2) CAM anatomy features densely packed 
mesophyll cells and specialised water storage cells called aquiferous parenchymal cells, the latter 
of which ensures diurnal photosynthesis when stomata are closed. Dotted arrows denote a multi-
step process. Upregulated metabolic pathways are shown in red, and downregulated pathways are 
illustrated with green arrows. (Created with BioRender.com)
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for genes common to both C3 and CAM pathways. Secondly, C3 leaf anatomy must 
be modified to a CAM-like anatomy, which would sustain the temporal shift in 
metabolic activity.

5.7.1 � Reprogramming C3 Circadian Regulation 
to Induce CAM

Reshuffling the circadian cycle of the genes that mediate carboxylation, decarbox-
ylation, and stomatal activity is the foremost factor for engineering CAM photosyn-
thesis. A comparative genomics study identified 54 CAM genes that showed altered 
diurnal cycle patterning (Yuan et al. 2020). A key challenge will be to determine the 
minimal number of genes that need to be temporally rewired to achieve CAM-like 
photosynthesis in C3 species. Among these genes and regulatory changes, the malate 
pathway regulation is believed to be crucial in inducing CAM biochemistry (Burgos 
et  al. 2022). Stomatal closure is regulated by high Ci through negative feedback 
(Schiller and Bräutigam 2021). It will therefore be important to increase malate 
levels to a high enough concentration such that decarboxylation increases CO2 
release and Ci, thus triggering stomatal closure (Burgos et al. 2022). Presently, cir-
cadian reprogramming of any of the CAM metabolic pathways has not been dem-
onstrated in model or C3 species.

Recent advances in omics studies are uncovering the mechanisms of CAM pho-
tosynthesis and regulation. Following 6 days of salinity treatment, the facultative 
CAM species Mesembryanthemum crystallinum (ice plant) upregulated V-type H+-
ATPase expression, which pumps H+ into the vacuole and mediates salt and drought 
tolerance (Guan et  al. 2020). Additionally, significant changes in abscisic acid 
(ABA) regulation initially induced drought-mediated stomatal closure, which was 
followed by the nocturnal upregulation of ABA inhibitors. Other omics assays are 
continuing to shed light of CAM induction, particularly with stomatal regulation, 
which also undergo a C3-CAM transition when under salt stress (Kong et al. 2020). 
Although CAM engineering in C3 is still in the preliminary research stages, advance-
ments in single-cell omics are rapidly filling the gaps in our understanding of tem-
porally regulated CAM.

5.7.2 � Engineering CAM Anatomy

Increased succulence is a characteristic feature of most CAM species. Succulence is 
mediated by an extensive parenchymal network (Yuan et  al. 2020). CAM plants 
have also densely packaged mesophyll cells, which reduce both intercellular air 
spaces (IAS) and the mesophyll surface area that is exposed to IAS (Yuan et al. 
2018). These anatomical features reduce the conductance of CO2, which allows for 
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efficient CAM CO2 fixation (Yuan et  al. 2020). Overexpressing succulence-
associated genes, such as xyloglucan endotransglucosylase/hydrolase (XTH) and 
cell expansion basic helix-loop-helix (CEB1) has shown moderate success in reduc-
ing IAS, increasing cellular packing, higher salt tolerance, and increased WUE 
(Yuan et al. 2020). Additionally, C3 vacuoles need to expand to accommodate large 
malate pool that supports CAM photosynthesis (Burgos et al. 2022). Modulating 
V-type H+-ATPase mentioned earlier alongside circadian modification may facili-
tate vacuole enlargement. Further research is needed to fully understand the CAM 
anatomy before optimisation into C3 species can proceed.

Insights into C4 species that feature CAM photosynthesis demonstrate the plas-
ticity of CAM photosynthesis. Portulaca oleracea, a C4 species known to operate 
CAM under stress conditions, was initially thought to operate both systems in dif-
ferent cells through unknown mechanisms (Guralnick et al. 2002). However, recent 
spatial transcriptomics study has shown that, under drought conditions, C4 and 
CAM pathways both operate in the same BS and M cells, but at different times 
(Moreno-Villena et  al. 2022). C4 gene homologues evolved to be repurposed for 
CAM, which are upregulated at night to avoid futile cycling between the two path-
ways. Additionally, malate produced during nocturnally active CAM is integrated 
into the C4 pathway during the day. Furthermore, the success of C4 + CAM opera-
tion is partly due to mild succulence, combined with sufficient vein density to sup-
port a high BS:M ratio (Moreno-Villena et al. 2022). This finding demonstrates that 
CAM is a flexible system that integrates seamlessly with C4 photosynthesis, pro-
vided the appropriate temporal rearrangements are made. Spatial transcriptomics is 
resolving long-unsolved questions while expanding the possibilities regarding inte-
grating different systems for improved photosynthesis and climate resilience 
in crops.

5.8 � Engineering Chloroplast Genomes and New 
Cellular Compartments

5.8.1 � Chloroplast Genome Engineering

Concurrently with nuclear photosynthetic improvement strategies, chloroplast 
genome editing is an active area of exploration and could serve as a foundational 
step toward engineering chloroplast mimics. Their small size, maternal transmis-
sion, and lack of epigenetic silencing make chloroplast genomes, or plastomes, an 
attractive system to introduce suites of transgenes that can be expressed at high 
levels (Bock 2022). Plastomes are characterised by multiple operon-mediated gene 
expression and several steps of post-transcriptional mRNA processing (Zhang et al. 
2023). This operon style of gene expression can easily be replicated through 
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synthetic operons introduced by Golden Gate cloning. Additionally, integrating the 
operons with the appropriate post-transcriptional machinery is also important for 
successful plastid gene expression. For example, intercistronic elements (IEEs) are 
essential recognition sites which mediate the cleavage of polysictronic mRNA tran-
scripts into individual transcripts and are associated with mRNA stability and trans-
lational efficiency (Bock 2022). In transplastomic tobacco, IEE incorporation into 
synthetic operons carrying carotenoid-related enzymes were shown to redirect the 
carotenoid pathway by increasing zeaxanthin production relative to astaxanthin and 
other carotenoids in tobacco (Tanwar et al. 2023).

Additionally, more efficient transformation strategies are encouraging the pro-
gression from modifying endogenous plastomes to synthetically engineering 
entirely new ones. Homologous recombination has been the standard plastid trans-
formation protocol for the last 30 years and often involves applying sustained selec-
tive pressure across several rounds of positive selection to ensure the polyploidal 
plastomes all acquire the transgene (Jakubiec et al. 2021; Occhialini and Lenaghan 
2023). Episomal DNA, which can replicate independently from plastid or nuclear 
DNA, circumvents the challenge of homoplastic integration (Occhialini and 
Lenaghan 2023). These independent replication vectors were either incorporated 
into the geminivirus replication system in tobacco or into a chloroplast specific 
origin of replication into potatoes (Occhialini and Lenaghan 2023). The resulting 
‘minichromosomes’ or ‘mini-synthetic plastome’ replicate independently and are 
transmitted to subsequent generations (Jakubiec et al. 2021; Occhialini et al. 2023). 
It is easy to envisage the evolution of plastome engineering from individual gene 
transformations toward the bespoke design and integration of whole, independently 
replicating and heritable plastid genomes that deliver the photosynthetic code 
directly to the source.

5.9 � New Cellular Compartments

As new technologies or advancements in current methods develop, so does the dis-
covery of potentially groundbreaking science. Recently, reports of the nitrogen-
fixing Candidatus Atelocyanobacterium thalassa (UCYN-A) symbiont and its algal 
host Braarudosphaera bigelowii (Braarudosphaera) suggest that UCYN-A is likely 
in the early stages of evolving into an organelle, aptly termed a nitroplast (Coale 
et al. 2024). By combining proteomics and high-resolution 3D X-ray technology, 
nitroplasts were observed to have undergone a genome contraction and recruited 
proteins expressed by nuclear Braarudosphaera. Additionally, the UCYN-A to 
Braarudosphaera size ratio is also consistent with those found in endosymbionts 
that evolved to become organelles (Cornejo-Castillo et al. 2024). Together, the spec-
ulative nitroplast provides a novel model system through which to study the 
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evolution of an exceptionally rare event, perhaps with the hope of eventually repli-
cating primary endosymbiosis. Although still in its infancy, possibilities of engi-
neering a nitrogen-fixing organelle into land plants would undoubtedly revolutionise 
current agricultural practices, not to mention the benefits to plant productivity 
and yield.

5.10 � Conclusions and Future Perspectives

Advancing photosynthesis remains a cornerstone of the global agricultural strategy 
to combat the challenges posed by climate change and an increasing global popula-
tion. Technological advancements are accelerating the transition from concept 
development toward the commercial deployment of CCM-engineered crops. This 
process is structured into Technology Readiness Levels (TRLs), which outline the 
pathway from fundamental research and conceptual development to the full com-
mercialisation of crops with enhanced photosynthetic efficiency (Fig.  5.5) 
(CAPITALISE 2024).

Researchers have achieved several key milestones which advance the progres-
sion of different photosynthetic improvement strategies toward commercially viable 
CCM-engineered crops. Partial pyrenoid assembly in planta places this strategy on 
the border between concept development and proof-of-concept testing (TRL 2–3). 
Meanwhile, an assembled and lowly functional carboxysome in tobacco together 
with modestly successful field trials advance carboxysome-based CCMs to TRL 4. 
Similarly, moderate success with C3 BS expansion in improving photosynthesis and 
yield in rice also infer proof of principle and a translational readiness of level four. 
In contrast to other strategies, CAM photosynthesis research is preferentially 
focused on understanding how it works, thus positioning it at TRL 2–3. Technical 
advancements are also enabling potentially revolutionary concepts for photosyn-
thetic improvement through synthetic chloroplast-like compartments and the dis-
covery of entirely new organelles.

Progression along the TRLs is often hindered by common bottlenecks, including 
gaps in understanding of regulatory elements, achieving correct protein localisation, 
and overcoming challenges in anatomical reprogramming. However, emerging 
techniques like spatial transcriptomics and spatial proteomics, directed evolution, 
and synthetic gene circuit engineering are unlocking new pathways to decipher the 
molecular mechanisms underpinning various CCMs. These breakthroughs hold 
transformative potential to revolutionise agricultural productivity by increasing 
yield, enhancing WUE, improving climate adaptability, and reducing fertilizer 
dependency, thereby providing innovative solutions for crop improvement. 
Ultimately, enhancing photosynthesis will be central to ensuring sustainable, resil-
ient agricultural systems in the face of environmental pressures.FundingMKK and 
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Fig. 5.5  Mapping photosynthetic pathways for crop improvement. (a) Technology readiness level 
(TRL) of photosynthetic improvement strategies. The timeline positions pyrenoid-based CCMs 
and CAM photosynthesis at TRL 2–3, carboxysome-based CCMs at TRL 4, and chloroplast mim-
ics at TRL 1. (b) Identified bottlenecks of current improvement strategies, proposed technical 
solutions to accelerate these strategies, and an outline of the potential agricultural benefits. (Created 
with BioRender.com)

5 Bioengineering Photosynthesis to Drive Crop Improvement: Engineering…

http://biorender.com


174

References

Adler L, Díaz-Ramos A, Mao Y, Pukacz KR, Fei C, McCormick AJ (2022) New horizons for build-
ing pyrenoid-based CO2-concentrating mechanisms in plants to improve yields. Plant Physiol 
190(3):1609–1627. https://doi.org/10.1093/plphys/kiac373

Amy Lyu M-J, Tang Q, Wang Y, Essemine J, Chen F, Ni X, Chen G, Zhu X-G (2023) Evolution 
of gene regulatory network of C4 photosynthesis in the genus Flaveria reveals the evolu-
tionary status of C3-C4 intermediate species. Plant Commun 4(1). https://doi.org/10.1016/j.
xplc.2022.100426

Atkinson N, Feike D, Mackinder LCM, Meyer MT, Griffiths H, Jonikas MC, Smith AM, 
McCormick AJ (2016) Introducing an algal carbon-concentrating mechanism into higher 
plants: location and incorporation of key components. Plant Biotechnol J 14(5):1302–1315. 
https://doi.org/10.1111/pbi.12497

Atkinson N, Leitão N, Orr DJ, Meyer MT, Carmo-Silva E, Griffiths H, Smith AM, McCormick 
AJ (2017) Rubisco small subunits from the unicellular green alga Chlamydomonas comple-
ment Rubisco-deficient mutants of Arabidopsis. New Phytol 214(2):655–667. https://doi.
org/10.1111/nph.14414

Atkinson N, Mao Y, Chan KX, McCormick AJ (2020) Condensation of Rubisco into a proto-
pyrenoid in higher plant chloroplasts. Nat Commun 11(1):6303. https://doi.org/10.1038/
s41467-020-20132-0

Atkinson N, Stringer R, Mitchell SR, Seung D, McCormick AJ (2024) SAGA1 and SAGA2 pro-
mote starch formation around proto-pyrenoids in Arabidopsis chloroplasts. Proc Natl Acad Sci 
USA 121(4):e2311013121. https://doi.org/10.1073/pnas.2311013121

Bano Z, Westhoff P (2024) A K homology (KH) domain protein identified by a forward genetic 
screen affects bundle sheath anatomy in Arabidopsis thaliana. Plant Direct 8(4):e577. https://
doi.org/10.1002/pld3.577

Bar-On YM, Milo R (2019) The global mass and average rate of rubisco. Proc Natl Acad Sci 
116(10):4738–4743. https://doi.org/10.1073/pnas.1816654116

Barrett J, Girr P, Mackinder LCM (2021) Pyrenoids: CO(2)-fixing phase separated liquid organ-
elles. Biochim Biophys Acta, Mol Cell Res 1868(5):118949. https://doi.org/10.1016/j.
bbamcr.2021.118949

Barrett J, Naduthodi MIS, Mao Y, Dégut C, Musiał S, Salter A, Leake MC, Plevin MJ, McCormick 
AJ, Blaza JN, Mackinder LCM (2024) A promiscuous mechanism to phase separate eukaryotic 
carbon fixation in the green lineage. Nat Plants. https://doi.org/10.1038/s41477-024-01812-x

Blikstad C, Dugan EJ, Laughlin TG, Turnšek JB, Liu MD, Shoemaker SR, Vogiatzi N, Remis 
JP, Savage DF (2023) Identification of a carbonic anhydrase-Rubisco complex within the 
alpha-carboxysome. Proc Natl Acad Sci USA 120(43):e2308600120. https://doi.org/10.1073/
pnas.2308600120

Bock R (2022) Transplastomic approaches for metabolic engineering. Curr Opin Plant Biol 
66:102185. https://doi.org/10.1016/j.pbi.2022.102185

Bowes G, Ogren WL, Hageman RH (1971) Phosphoglycolate production catalyzed by ribu-
lose diphosphate carboxylase. Biochem Biophys Res Commun 45(3):716–722. https://doi.
org/10.1016/0006-291x(71)90475-x

Bräutigam A, Gowik U (2016) Photorespiration connects C3 and C4 photosynthesis. J Exp Bot 
67(10):2953–2962. https://doi.org/10.1093/jxb/erw056

Burgos A, Miranda E, Vilaprinyo E, Meza-Canales ID, Alves R (2022) CAM models: lessons 
and implications for CAM evolution. Front Plant Sci 13:893095. https://doi.org/10.3389/
fpls.2022.893095

CAPITALISE (2024, November 29) Time to translate—a roadmap for photosynthesis to drive crop 
improvement. https://www.capitalise.eu/wp-content/uploads/Photosynthesis-Roadmap.pdf

Chen S, Peng W, Ansah EO, Xiong F, Wu Y (2022) Encoded C4 homologue enzymes genes func-
tion under abiotic stresses in C3 plant. Plant Signal Behav 17(1):2115634. https://doi.org/1
0.1080/15592324.2022.2115634

M. K. Kandjoze and P. Singh

https://doi.org/10.1093/plphys/kiac373
https://doi.org/10.1016/j.xplc.2022.100426
https://doi.org/10.1016/j.xplc.2022.100426
https://doi.org/10.1111/pbi.12497
https://doi.org/10.1111/nph.14414
https://doi.org/10.1111/nph.14414
https://doi.org/10.1038/s41467-020-20132-0
https://doi.org/10.1038/s41467-020-20132-0
https://doi.org/10.1073/pnas.2311013121
https://doi.org/10.1002/pld3.577
https://doi.org/10.1002/pld3.577
https://doi.org/10.1073/pnas.1816654116
https://doi.org/10.1016/j.bbamcr.2021.118949
https://doi.org/10.1016/j.bbamcr.2021.118949
https://doi.org/10.1038/s41477-024-01812-x
https://doi.org/10.1073/pnas.2308600120
https://doi.org/10.1073/pnas.2308600120
https://doi.org/10.1016/j.pbi.2022.102185
https://doi.org/10.1016/0006-291x(71)90475-x
https://doi.org/10.1016/0006-291x(71)90475-x
https://doi.org/10.1093/jxb/erw056
https://doi.org/10.3389/fpls.2022.893095
https://doi.org/10.3389/fpls.2022.893095
https://www.capitalise.eu/wp-content/uploads/Photosynthesis-Roadmap.pdf
https://doi.org/10.1080/15592324.2022.2115634
https://doi.org/10.1080/15592324.2022.2115634


175

Chen T, Hojka M, Davey P, Sun Y, Dykes GF, Zhou F, Lawson T, Nixon PJ, Lin Y, Liu LN (2023) 
Engineering α-carboxysomes into plant chloroplasts to support autotrophic photosynthesis. 
Nat Commun 14(1):2118. https://doi.org/10.1038/s41467-023-37490-0

Coale TH, Loconte V, Turk-Kubo KA, Vanslembrouck B, Mak WKE, Cheung S, Ekman A, 
Chen JH, Hagino K, Takano Y, Nishimura T, Adachi M, Le Gros M, Larabell C, Zehr JP 
(2024) Nitrogen-fixing organelle in a marine alga. Science 384(6692):217–222. https://doi.
org/10.1126/science.adk1075

Cornejo-Castillo FM, Inomura K, Zehr JP, Follows MJ (2024) Metabolic trade-offs constrain 
the cell size ratio in a nitrogen-fixing symbiosis. Cell 187(7):1762–1768.e1769. https://doi.
org/10.1016/j.cell.2024.02.016

Danila FR, Quick WP, White RG, Furbank RT, von Caemmerer S (2016) The metabolite pathway 
between bundle sheath and mesophyll: quantification of plasmodesmata in leaves of C3 and C4 
monocots. Plant Cell 28(6):1461–1471. https://doi.org/10.1105/tpc.16.00155

Döring F, Billakurthi K, Gowik U, Sultmanis S, Khoshravesh R, Das Gupta S, Sage TL, Westhoff 
P (2019) Reporter-based forward genetic screen to identify bundle sheath anatomy mutants in 
A. thaliana. Plant J 97(5):984–995. https://doi.org/10.1111/tpj.14165

Erb TJ, Zarzycki J (2018) A short history of RubisCO: the rise and fall (?) of nature’s pre-
dominant CO2 fixing enzyme. Curr Opin Biotechnol 49:100–107. https://doi.org/10.1016/j.
copbio.2017.07.017

Ermakova M, Danila FR, Furbank RT, von Caemmerer S (2020) On the road to C4 rice: advances 
and perspectives. Plant J 101(4):940–950. https://doi.org/10.1111/tpj.14562

Ermakova M, Arrivault S, Giuliani R, Danila F, Alonso-Cantabrana H, Vlad D, Ishihara H, Feil 
R, Guenther M, Borghi GL, Covshoff S, Ludwig M, Cousins AB, Langdale JA, Kelly S, Lunn 
JE, Stitt M, von Caemmerer S, Furbank RT (2021) Installation of C(4) photosynthetic path-
way enzymes in rice using a single construct. Plant Biotechnol J 19(3):575–588. https://doi.
org/10.1111/pbi.13487

Fei C, Wilson AT, Mangan NM, Wingreen NS, Jonikas MC (2022) Modelling the pyrenoid-
based CO2-concentrating mechanism provides insights into its operating principles and a 
roadmap for its engineering into crops. Nat Plants 8(5):583–595. https://doi.org/10.1038/
s41477-022-01153-7

Feldman AB, Murchie EH, Leung H, Baraoidan M, Coe R, Yu SM, Lo SF, Quick WP (2014) 
Increasing leaf vein density by mutagenesis: laying the foundations for C4 rice. PLoS One 
9(4):e94947. https://doi.org/10.1371/journal.pone.0094947

Feldman AB, Leung H, Baraoidan M, Elmido-Mabilangan A, Canicosa I, Quick WP, Sheehy J, 
Murchie EH (2017) Increasing leaf vein density via mutagenesis in rice results in an enhanced 
rate of photosynthesis, smaller cell sizes and can reduce interveinal mesophyll cell number. 
Front Plant Sci 8:1883. https://doi.org/10.3389/fpls.2017.01883

Field CB, Behrenfeld MJ, Randerson JT, Falkowski P (1998) Primary production of the bio-
sphere: integrating terrestrial and oceanic components. Science 281(5374):237–240. https://
doi.org/10.1126/science.281.5374.237

Förster B, Rourke LM, Weerasooriya HN, Pabuayon ICM, Rolland V, Au EK, Bala S, Bajsa-Hirschel 
J, Kaines S, Kasili RW, LaPlace LM, Machingura MC, Massey B, Rosati VC, Stuart-Williams 
H, Badger MR, Price GD, Moroney JV (2023) The Chlamydomonas reinhardtii chloroplast 
envelope protein LCIA transports bicarbonate in planta. J Exp Bot 74(12):3651–3666. https://
doi.org/10.1093/jxb/erad116

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

Giessen TW, Silver PA (2017) Engineering carbon fixation with artificial protein organelles. Curr 
Opin Biotechnol 46:42–50. https://doi.org/10.1016/j.copbio.2017.01.004

Guan Q, Tan B, Kelley TM, Tian J, Chen S (2020) Physiological changes in Mesembryanthemum 
crystallinum during the C3 to CAM transition induced by salt stress. Front Plant Sci 11:283. 
https://doi.org/10.3389/fpls.2020.00283

5 Bioengineering Photosynthesis to Drive Crop Improvement: Engineering…

https://doi.org/10.1038/s41467-023-37490-0
https://doi.org/10.1126/science.adk1075
https://doi.org/10.1126/science.adk1075
https://doi.org/10.1016/j.cell.2024.02.016
https://doi.org/10.1016/j.cell.2024.02.016
https://doi.org/10.1105/tpc.16.00155
https://doi.org/10.1111/tpj.14165
https://doi.org/10.1016/j.copbio.2017.07.017
https://doi.org/10.1016/j.copbio.2017.07.017
https://doi.org/10.1111/tpj.14562
https://doi.org/10.1111/pbi.13487
https://doi.org/10.1111/pbi.13487
https://doi.org/10.1038/s41477-022-01153-7
https://doi.org/10.1038/s41477-022-01153-7
https://doi.org/10.1371/journal.pone.0094947
https://doi.org/10.3389/fpls.2017.01883
https://doi.org/10.1126/science.281.5374.237
https://doi.org/10.1126/science.281.5374.237
https://doi.org/10.1093/jxb/erad116
https://doi.org/10.1093/jxb/erad116
https://doi.org/10.1007/s11120-023-01014-0
https://doi.org/10.1016/j.copbio.2017.01.004
https://doi.org/10.3389/fpls.2020.00283


176

Guralnick LJ, Edwards G, Ku MSB, Hockema B, Franceschi V (2002) Photosynthetic and ana-
tomical characteristics in the C4 crassulacean acid metabolism-cycling plant Portulaca grandi-
flora. Funct Plant Biol 29(6):763–773. https://doi.org/10.1071/pp01176

Hay WT, Bihmidine S, Mutlu N, Hoang KL, Awada T, Weeks DP, Clemente TE, Long SP (2017) 
Enhancing soybean photosynthetic CO2 assimilation using a cyanobacterial membrane protein, 
ictB. J Plant Physiol 212:58–68. https://doi.org/10.1016/j.jplph.2017.02.003

He S, Chou HT, Matthies D, Wunder T, Meyer MT, Atkinson N, Martinez-Sanchez A, Jeffrey PD, 
Port SA, Patena W, He G, Chen VK, Hughson FM, McCormick AJ, Mueller-Cajar O, Engel 
BD, Yu Z, Jonikas MC (2020) The structural basis of Rubisco phase separation in the pyrenoid. 
Nat Plants 6(12):1480–1490. https://doi.org/10.1038/s41477-020-00811-y

He S, Crans VL, Jonikas MC (2023) The pyrenoid: the eukaryotic CO2-concentrating organelle. 
Plant Cell 35(9):3236–3259. https://doi.org/10.1093/plcell/koad157

Hennacy JH, Jonikas MC (2020) Prospects for engineering biophysical CO2 concentrating 
mechanisms into land plants to enhance yields. Annu Rev Plant Biol 71:461–485. https://doi.
org/10.1146/annurev-arplant-081519-040100

Hennacy JH, Atkinson N, Kayser-Browne A, Ergun SL, Franklin E, Wang L, Eicke S, Kazachkova 
Y, Kafri M, Fauser F, Vilarrasa-Blasi J, Jinkerson RE, Zeeman SC, McCormick AJ, Jonikas 
MC (2024) SAGA1 and MITH1 produce matrix-traversing membranes in the CO2-fixing pyre-
noid. Nat Plants. https://doi.org/10.1038/s41477-024-01847-0

Hoang NV, Sogbohossou EOD, Xiong W, Simpson CJC, Singh P, Walden N, van den Bergh E, 
Becker FFM, Li Z, Zhu XG, Brautigam A, Weber APM, van Haarst JC, Schijlen E, Hendre PS, 
Van Deynze A, Achigan-Dako EG, Hibberd JM, Schranz ME (2023) The Gynandropsis gynan-
dra genome provides insights into whole-genome duplications and the evolution of C4 photo-
synthesis in Cleomaceae. Plant Cell 35(5):1334–1359. https://doi.org/10.1093/plcell/koad018

Itakura AK, Chan KX, Atkinson N, Pallesen L, Wang L, Reeves G, Patena W, Caspari O, Roth R, 
Goodenough U, McCormick AJ, Griffiths H, Jonikas MC (2019) A Rubisco-binding protein 
is required for normal pyrenoid number and starch sheath morphology in Chlamydomonas 
reinhardtii. Proc Natl Acad Sci USA 116(37):18445–18454. https://doi.org/10.1073/
pnas.1904587116

Jakubiec A, Sarokina A, Choinard S, Vlad F, Malcuit I, Sorokin AP (2021) Replicating minichro-
mosomes as a new tool for plastid genome engineering. Nat Plants 7(7):932–941. https://doi.
org/10.1038/s41477-021-00940-y

Jethva J, Hahn F, Giuliani R, Peeters N, Cousins A, Kelly S (2024) Realisation of a key step in the 
evolution of C4 photosynthesis in rice by genome editing. bioRxiv:2024.2005.2021.595093. 
https://doi.org/10.1101/2024.05.21.595093

Kasili RW, Rai AK, Moroney JV (2023) LCIB functions as a carbonic anhydrase: evidence from 
yeast and Arabidopsis carbonic anhydrase knockout mutants. Photosynth Res 156(2):193–204. 
https://doi.org/10.1007/s11120-023-01005-1

Kaste JAM, Walker BJ, Shachar-Hill Y (2024) Reaction-diffusion modeling provides insights into 
biophysical carbon-concentrating mechanisms in land plants. Plant Physiol 196(2):1374–1390. 
https://doi.org/10.1093/plphys/kiae324

Koester RP, Pignon CP, Kesler DC, Willison RS, Kang M, Shen Y, Priest HD, Begemann MB, Cook 
KA, Bannon GA, Oufattole M (2021) Transgenic insertion of the cyanobacterial membrane 
protein ictB increases grain yield in Zea mays through increased photosynthesis and carbo-
hydrate production. PLoS One 16(2):e0246359. https://doi.org/10.1371/journal.pone.0246359

Kong W, Yoo MJ, Zhu D, Noble JD, Kelley TM, Li J, Kirst M, Assmann SM, Chen S (2020) 
Molecular changes in Mesembryanthemum crystallinum guard cells underlying the C3 to CAM 
transition. Plant Mol Biol 103(6):653–667. https://doi.org/10.1007/s11103-020-01016-9

Lau CS, Dowle A, Thomas GH, Girr P, Mackinder LCM (2023) A phase-separated CO2-fixing 
pyrenoid proteome determined by TurboID in Chlamydomonas reinhardtii. Plant Cell 
35(9):3260–3279. https://doi.org/10.1093/plcell/koad131

M. K. Kandjoze and P. Singh

https://doi.org/10.1071/pp01176
https://doi.org/10.1016/j.jplph.2017.02.003
https://doi.org/10.1038/s41477-020-00811-y
https://doi.org/10.1093/plcell/koad157
https://doi.org/10.1146/annurev-arplant-081519-040100
https://doi.org/10.1146/annurev-arplant-081519-040100
https://doi.org/10.1038/s41477-024-01847-0
https://doi.org/10.1093/plcell/koad018
https://doi.org/10.1073/pnas.1904587116
https://doi.org/10.1073/pnas.1904587116
https://doi.org/10.1038/s41477-021-00940-y
https://doi.org/10.1038/s41477-021-00940-y
https://doi.org/10.1101/2024.05.21.595093
https://doi.org/10.1007/s11120-023-01005-1
https://doi.org/10.1093/plphys/kiae324
https://doi.org/10.1371/journal.pone.0246359
https://doi.org/10.1007/s11103-020-01016-9
https://doi.org/10.1093/plcell/koad131


177

Lee DY, Hua L, Khoshravesh R, Giuliani R, Kumar I, Cousins A, Sage TL, Hibberd JM, Brutnell 
TP (2021) Engineering chloroplast development in rice through cell-specific control of endoge-
nous genetic circuits. Plant Biotechnol J 19(11):2291–2303. https://doi.org/10.1111/pbi.13660

Lin H, Arrivault S, Coe RA, Karki S, Covshoff S, Bagunu E, Lunn JE, Stitt M, Furbank RT, 
Hibberd JM, Quick WP (2020) A partial C4 photosynthetic biochemical pathway in rice. Front 
Plant Sci 11:564463. https://doi.org/10.3389/fpls.2020.564463

Liu Z, Cheng J (2024) C4 rice engineering, beyond installing a C4 cycle. Plant Physiol Biochem 
206:108256. https://doi.org/10.1016/j.plaphy.2023.108256

Lo SF, Chatterjee J, Biswal AK, Liu IL, Chang YP, Chen PJ, Wanchana S, Elmido-Mabilangan 
A, Nepomuceno RA, Bandyopadhyay A, Hsing YI, Quick WP (2022) Closer vein spacing by 
ectopic expression of nucleotide-binding and leucine-rich repeat proteins in rice leaves. Plant 
Cell Rep 41(2):319–335. https://doi.org/10.1007/s00299-021-02810-5

Long BM, Hee WY, Sharwood RE, Rae BD, Kaines S, Lim YL, Nguyen ND, Massey B, Bala S, 
von Caemmerer S, Badger MR, Price GD (2018) Carboxysome encapsulation of the CO2-fixing 
enzyme Rubisco in tobacco chloroplasts. Nat Commun 9(1):3570. https://doi.org/10.1038/
s41467-018-06044-0

Lundgren MR, Osborne CP, Christin PA (2014) Deconstructing Kranz anatomy to understand C4 
evolution. J Exp Bot 65(13):3357–3369. https://doi.org/10.1093/jxb/eru186

Lundgren MR, Dunning LT, Olofsson JK, Moreno-Villena JJ, Bouvier JW, Sage TL, Khoshravesh 
R, Sultmanis S, Stata M, Ripley BS, Vorontsova MS, Besnard G, Adams C, Cuff N, Mapaura A, 
Bianconi ME, Long CM, Christin P-A, Osborne CP (2019) C4 anatomy can evolve via a single 
developmental change. Ecol Lett 22(2):302–312. https://doi.org/10.1111/ele.13191

McGrath JM, Long SP (2014) Can the cyanobacterial carbon-concentrating mechanism increase 
photosynthesis in crop species? A theoretical analysis. Plant Physiol 164(4):2247–2261. 
https://doi.org/10.1104/pp.113.232611

Mendieta JP, Tu X, Jiang D, Yan H, Zhang X, Marand AP, Zhong S, Schmitz RJ (2024) Investigating 
the cis-regulatory basis of C3 and C4 photosynthesis in grasses at single-cell resolution. Proc 
Natl Acad Sci 121(40):e2402781121. https://doi.org/10.1073/pnas.2402781121

Moreno-Villena JJ, Zhou H, Gilman IS, Tausta SL, Cheung CYM, Edwards EJ (2022) Spatial reso-
lution of an integrated C4+CAM photosynthetic metabolism. Sci Adv 8(31):eabn2349. https://
doi.org/10.1126/sciadv.abn2349

Mukherjee A, Lau CS, Walker CE, Rai AK, Prejean CI, Yates G, Emrich-Mills T, Lemoine SG, 
Vinyard DJ, Mackinder LCM, Moroney JV (2019) Thylakoid localized bestrophin-like pro-
teins are essential for the CO2 concentrating mechanism of Chlamydomonas reinhardtii. Proc 
Natl Acad Sci USA 116(34):16915–16920. https://doi.org/10.1073/pnas.1909706116

Nguyen ND, Pulsford SB, Hee WY, Rae BD, Rourke LM, Price GD, Long BM (2023) Towards 
engineering a hybrid carboxysome. Photosynth Res 156(2):265–277. https://doi.org/10.1007/
s11120-023-01009-x

Nguyen ND, Pulsford SB, Förster B, Rottet S, Rourke L, Long BM, Price GD (2024) A 
carboxysome-based CO2 concentrating mechanism for C3 crop chloroplasts: advances and the 
road ahead. Plant J 118(4):940–952. https://doi.org/10.1111/tpj.16667

Ni T, Sun Y, Burn W, Al-Hazeem MMJ, Zhu Y, Yu X, Liu LN, Zhang P (2022) Structure and 
assembly of cargo Rubisco in two native α-carboxysomes. Nat Commun 13(1):4299. https://
doi.org/10.1038/s41467-022-32004-w

Nölke G, Barsoum M, Houdelet M, Arcalís E, Kreuzaler F, Fischer R, Schillberg S (2019) The 
integration of algal carbon concentration mechanism components into tobacco chloroplasts 
increases photosynthetic efficiency and biomass. Biotechnol J 14(3):e1800170. https://doi.
org/10.1002/biot.201800170

Occhialini A, Lenaghan SC (2023) Plastid engineering using episomal DNA.  Plant Cell Rep 
42(7):1125–1132. https://doi.org/10.1007/s00299-023-03020-x

Occhialini A, Pfotenhauer AC, Daniell H, Neal Stewart C Jr., Lenaghan SC (2023) Genetic engi-
neering of potato (Solanum tuberosum) chloroplasts using the small synthetic plastome “mini-
synplastome”. Methods Mol Biol 2653:73–92. https://doi.org/10.1007/978-1-0716-3131-7_5

5 Bioengineering Photosynthesis to Drive Crop Improvement: Engineering…

https://doi.org/10.1111/pbi.13660
https://doi.org/10.3389/fpls.2020.564463
https://doi.org/10.1016/j.plaphy.2023.108256
https://doi.org/10.1007/s00299-021-02810-5
https://doi.org/10.1038/s41467-018-06044-0
https://doi.org/10.1038/s41467-018-06044-0
https://doi.org/10.1093/jxb/eru186
https://doi.org/10.1111/ele.13191
https://doi.org/10.1104/pp.113.232611
https://doi.org/10.1073/pnas.2402781121
https://doi.org/10.1126/sciadv.abn2349
https://doi.org/10.1126/sciadv.abn2349
https://doi.org/10.1073/pnas.1909706116
https://doi.org/10.1007/s11120-023-01009-x
https://doi.org/10.1007/s11120-023-01009-x
https://doi.org/10.1111/tpj.16667
https://doi.org/10.1038/s41467-022-32004-w
https://doi.org/10.1038/s41467-022-32004-w
https://doi.org/10.1002/biot.201800170
https://doi.org/10.1002/biot.201800170
https://doi.org/10.1007/s00299-023-03020-x
https://doi.org/10.1007/978-1-0716-3131-7_5


178

Oh ZG, Ang WSL, Poh CW, Lai SK, Sze SK, Li HY, Bhushan S, Wunder T, Mueller-Cajar O 
(2023) A linker protein from a red-type pyrenoid phase separates with Rubisco via oligomer-
izing sticker motifs. Proc Natl Acad Sci USA 120(25):e2304833120. https://doi.org/10.1073/
pnas.2304833120

Perron N, Kirst M, Chen S (2024) Bringing CAM photosynthesis to the table: paving the way 
for resilient and productive agricultural systems in a changing climate. Plant Commun 5(3). 
https://doi.org/10.1016/j.xplc.2023.100772

Price GD, Badger MR, von Caemmerer S (2011) The prospect of using cyanobacterial bicarbon-
ate transporters to improve leaf photosynthesis in C3 crop plants. Plant Physiol 155(1):20–26. 
https://doi.org/10.1104/pp.110.164681

Price GD, Pengelly JJL, Forster B, Du J, Whitney SM, von Caemmerer S, Badger MR, Howitt SM, 
Evans JR (2012) The cyanobacterial CCM as a source of genes for improving photosynthetic 
CO2 fixation in crop species. J Exp Bot 64(3):753–768. https://doi.org/10.1093/jxb/ers257

Rae BD, Long BM, Förster B, Nguyen ND, Velanis CN, Atkinson N, Hee WY, Mukherjee B, 
Price GD, McCormick AJ (2017) Progress and challenges of engineering a biophysical 
CO2-concentrating mechanism into higher plants. J Exp Bot 68(14):3717–3737. https://doi.
org/10.1093/jxb/erx133

Robison TA, Oh ZG, Lafferty D, Xu X, Villarreal JCA, Gunn LH, Li F-W (2025) Hornworts reveal 
a spatial model for pyrenoid-based CO2-concentrating mechanisms in land plants. Nat Plants 
11(1):63–73. https://doi.org/10.1038/s41477-024-01871-0

Rottet S, Förster B, Hee WY, Rourke LM, Price GD, Long BM (2021) Engineered accumulation 
of bicarbonate in plant chloroplasts: known knowns and known unknowns. Front Plant Sci 
12:727118. https://doi.org/10.3389/fpls.2021.727118

Rottet S, Rourke LM, Pabuayon ICM, Phua SY, Yee S, Weerasooriya HN, Wang X, Mehra HS, 
Nguyen ND, Long BM, Moroney JV, Price GD (2024) Engineering the cyanobacterial ATP-
driven BCT1 bicarbonate transporter for functional targeting to C3 plant chloroplasts. J Exp 
Bot 75(16):4926–4943. https://doi.org/10.1093/jxb/erae234

Ruiz-Vera UM, Acevedo-Siaca LG, Brown KL, Afamefule C, Gherli H, Simkin AJ, Long SP, 
Lawson T, Raines CA (2022) Field-grown ictB tobacco transformants show no difference in 
photosynthetic efficiency for biomass relative to the wild type. J Exp Bot 73(14):4897–4907. 
https://doi.org/10.1093/jxb/erac193

Sage RF (2004) The evolution of C4 photosynthesis. New Phytol 161(2):341–370. https://doi.
org/10.1111/j.1469-8137.2004.00974.x

Sage RF, Coleman JR (2001) Effects of low atmospheric CO2 on plants: more than a thing of the 
past. Trends Plant Sci 6(1):18–24. https://doi.org/10.1016/s1360-1385(00)01813-6

Schiller K, Bräutigam A (2021) Engineering of crassulacean acid metabolism. Annu Rev Plant 
Biol 72:77–103. https://doi.org/10.1146/annurev-arplant-071720-104814

Schlüter U, Weber APM (2016) The road to C4 photosynthesis: evolution of a complex trait via 
intermediary states. Plant Cell Physiol 57(5):881–889. https://doi.org/10.1093/pcp/pcw009

Schreier TB, Müller KH, Eicke S, Faulkner C, Zeeman SC, Hibberd JM (2024) Plasmodesmal 
connectivity in C4 Gynandropsis gynandra is induced by light and dependent on photosynthe-
sis. New Phytol 241(1):298–313. https://doi.org/10.1111/nph.19343

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

Shimamura D, Yamano T, Niikawa Y, Hu D, Fukuzawa H (2023) A pyrenoid-localized protein 
SAGA1 is necessary for Ca(2+)-binding protein CAS-dependent expression of nuclear genes 
encoding inorganic carbon transporters in Chlamydomonas reinhardtii. Photosynth Res 
156(2):181–192. https://doi.org/10.1007/s11120-022-00996-7

Simpson CJC, Reeves G, Tripathi A, Singh P, Hibberd JM (2021) Using breeding and quantitative 
genetics to understand the C4 pathway. J Exp Bot 73(10):3072–3084. https://doi.org/10.1093/
jxb/erab486

M. K. Kandjoze and P. Singh

https://doi.org/10.1073/pnas.2304833120
https://doi.org/10.1073/pnas.2304833120
https://doi.org/10.1016/j.xplc.2023.100772
https://doi.org/10.1104/pp.110.164681
https://doi.org/10.1093/jxb/ers257
https://doi.org/10.1093/jxb/erx133
https://doi.org/10.1093/jxb/erx133
https://doi.org/10.1038/s41477-024-01871-0
https://doi.org/10.3389/fpls.2021.727118
https://doi.org/10.1093/jxb/erae234
https://doi.org/10.1093/jxb/erac193
https://doi.org/10.1111/j.1469-8137.2004.00974.x
https://doi.org/10.1111/j.1469-8137.2004.00974.x
https://doi.org/10.1016/s1360-1385(00)01813-6
https://doi.org/10.1146/annurev-arplant-071720-104814
https://doi.org/10.1093/pcp/pcw009
https://doi.org/10.1111/nph.19343
https://doi.org/10.1146/annurev-genet-120417-031217
https://doi.org/10.1146/annurev-genet-120417-031217
https://doi.org/10.1007/s11120-022-00996-7
https://doi.org/10.1093/jxb/erab486
https://doi.org/10.1093/jxb/erab486


179

Singh P, Reeves G (2020) Constructing the bundle sheath towards enhanced photosynthesis. J Exp 
Bot 71(4):1206–1209. https://doi.org/10.1093/jxb/erz537

Singh J, Garai S, Das S, Thakur JK, Tripathy BC (2022) Role of C4 photosynthetic enzyme iso-
forms in C3 plants and their potential applications in improving agronomic traits in crops. 
Photosynth Res 154(3):233–258. https://doi.org/10.1007/s11120-022-00978-9

Singh P, Stevenson SR, Dickinson PJ, Reyna-Llorens I, Tripathi A, Reeves G, Schreier TB, 
Hibberd JM (2023) C4 gene induction during de-etiolation evolved through changes in cis to 
allow integration with ancestral C3 gene regulatory networks. Sci Adv 9(13):eade9756. https://
doi.org/10.1126/sciadv.ade9756

Susila H, Nasim Z, Gawarecka K, Jung JY, Jin S, Youn G, Ahn JH (2023) Chloroplasts prevent 
precocious flowering through a GOLDEN2-LIKE-B-BOX DOMAIN PROTEIN module. Plant 
Commun 4(3):100515. https://doi.org/10.1016/j.xplc.2023.100515

Tan B, Chen S (2023) Defining mechanisms of C3 to CAM photosynthesis transition 
toward enhancing crop stress resilience. Int J Mol Sci 24(17):13072. https://www.mdpi.
com/1422-0067/24/17/13072

Tanwar N, Rookes JE, Cahill DM, Lenka SK (2023) Carotenoid pathway engineering in 
tobacco chloroplast using a synthetic operon. Mol Biotechnol 65(11):1923–1934. https://doi.
org/10.1007/s12033-023-00693-3

Terentyev VV, Shukshina AK (2024) CAH3 from Chlamydomonas reinhardtii: unique carbonic 
anhydrase of the thylakoid lumen. Cells 13(2). https://doi.org/10.3390/cells13020109

Toyokawa C, Yamano T, Fukuzawa H (2020) Pyrenoid starch sheath is required for LCIB localiza-
tion and the CO2-concentrating mechanism in green algae. Plant Physiol 182(4):1883–1893. 
https://doi.org/10.1104/pp.19.01587

Trettel DS, Pacheco SL, Laskie AK, Gonzalez-Esquer CR (2024) Modeling bacterial micro-
compartment architectures for enhanced cyanobacterial carbon fixation. Front Plant Sci 
15:1346759. https://doi.org/10.3389/fpls.2024.1346759

Tsang HT, Ganguly DR, Furbank RT, von Caemmerer S, Danila FR (2024) Novel resources to 
investigate leaf plasmodesmata formation in C and C monocots. Plant J. https://doi.org/10.1111/
tpj.17113

van Rooijen R, Schulze S, Petzsch P, Westhoff P (2019) Targeted misexpression of NAC052, acting 
in H3K4 demethylation, alters leaf morphological and anatomical traits in Arabidopsis thali-
ana. J Exp Bot 71(4):1434–1448. https://doi.org/10.1093/jxb/erz509

Walsh CA, Bräutigam A, Roberts MR, Lundgren MR (2023) Evolutionary implications of 
C2 photosynthesis: how complex biochemical trade-offs may limit C4 evolution. J Exp Bot 
74(3):707–722. https://doi.org/10.1093/jxb/erac465

Wang P, Khoshravesh R, Karki S, Tapia R, Balahadia CP, Bandyopadhyay A, Quick WP, Furbank R, 
Sage TL, Langdale JA (2017) Re-creation of a key step in the evolutionary switch from C3 to C4 
leaf anatomy. Curr Biol 27(21):3278–3287.e3276. https://doi.org/10.1016/j.cub.2017.09.040

Whitney SM, Houtz RL, Alonso H (2010) Advancing our understanding and capacity to engi-
neer nature’s CO2-sequestering enzyme, Rubisco. Plant Physiol 155(1):27–35. https://doi.
org/10.1104/pp.110.164814

Winter K, Holtum JAM (2024) Shifting photosynthesis between the fast and slow lane: facul-
tative CAM and water-deficit stress. J Plant Physiol 294:154185. https://doi.org/10.1016/j.
jplph.2024.154185

Yamano T, Toyokawa C, Shimamura D, Matsuoka T, Fukuzawa H (2022) CO2-dependent migra-
tion and relocation of LCIB, a pyrenoid-peripheral protein in Chlamydomonas reinhardtii. 
Plant Physiol 188(2):1081–1094. https://doi.org/10.1093/plphys/kiab528

Yang X, Cushman JC, Borland AM, Edwards EJ, Wullschleger SD, Tuskan GA, Owen NA, 
Griffiths H, Smith JAC, De Paoli HC, Weston DJ, Cottingham R, Hartwell J, Davis SC, Silvera 
K, Ming R, Schlauch K, Abraham P, Stewart JR et al (2015) A roadmap for research on crassu-
lacean acid metabolism (CAM) to enhance sustainable food and bioenergy production in a 
hotter, drier world [Note]. New Phytol 207(3):491–504. https://doi.org/10.1111/nph.13393

5 Bioengineering Photosynthesis to Drive Crop Improvement: Engineering…

https://doi.org/10.1093/jxb/erz537
https://doi.org/10.1007/s11120-022-00978-9
https://doi.org/10.1126/sciadv.ade9756
https://doi.org/10.1126/sciadv.ade9756
https://doi.org/10.1016/j.xplc.2023.100515
https://www.mdpi.com/1422-0067/24/17/13072
https://www.mdpi.com/1422-0067/24/17/13072
https://doi.org/10.1007/s12033-023-00693-3
https://doi.org/10.1007/s12033-023-00693-3
https://doi.org/10.3390/cells13020109
https://doi.org/10.1104/pp.19.01587
https://doi.org/10.3389/fpls.2024.1346759
https://doi.org/10.1111/tpj.17113
https://doi.org/10.1111/tpj.17113
https://doi.org/10.1093/jxb/erz509
https://doi.org/10.1093/jxb/erac465
https://doi.org/10.1016/j.cub.2017.09.040
https://doi.org/10.1104/pp.110.164814
https://doi.org/10.1104/pp.110.164814
https://doi.org/10.1016/j.jplph.2024.154185
https://doi.org/10.1016/j.jplph.2024.154185
https://doi.org/10.1093/plphys/kiab528
https://doi.org/10.1111/nph.13393


180

Yang X, Liu Y, Yuan G, Weston DJ, Tuskan GA (2024) Engineering crassulacean acid metabolism 
in C3 and C4 plants. Cold Spring Harb Perspect Biol 16(4). https://doi.org/10.1101/cshper-
spect.a041674

Yeh S-Y, Lin H-H, Chang Y-M, Chang Y-L, Chang C-K, Huang Y-C, Ho Y-W, Lin C-Y, Zheng J-Z, 
Jane W-N, Ng C-Y, Lu M-Y, Lai I-L, To K-Y, Li W-H, Ku MSB (2021) Maize Golden2-like 
transcription factors boost rice chloroplast development, photosynthesis, and grain yield. Plant 
Physiol 188(1):442–459. https://doi.org/10.1093/plphys/kiab511

Yuan Y, Mei L, Wu M, Wei W, Shan W, Gong Z, Zhang Q, Yang F, Yan F, Zhang Q, Luo Y, Xu 
X, Zhang W, Miao M, Lu W, Li Z, Deng W (2018) SlARF10, an auxin response factor, is 
involved in chlorophyll and sugar accumulation during tomato fruit development. J Exp Bot 
69(22):5507–5518. https://doi.org/10.1093/jxb/ery328

Yuan G, Hassan M, Liu D, Lim SD, Yim WC, Cushman JC, Markel K, Shih PM, Lu H, Weston 
DJ, Chen JG, Tschaplinski TJ, Tuskan GA, Yang X (2020) Biosystems design to acceler-
ate C3-to-CAM progression [Review]. BioDesign Res 2020:Article 3686791. https://doi.
org/10.34133/2020/3686791

Zang K, Wang H, Hartl FU, Hayer-Hartl M (2021) Scaffolding protein CcmM directs multiprotein 
phase separation in β-carboxysome biogenesis. Nat Struct Mol Biol 28(11):909–922. https://
doi.org/10.1038/s41594-021-00676-5

Zhang A, Zhang W (2022) Characterization of transposon-derived accessible chromatin regions in 
rice (Oryza sativa). Int J Mol Sci 23(16). https://doi.org/10.3390/ijms23168947

Zhang Y, Tian L, Lu C (2023) Chloroplast gene expression: recent advances and perspectives. 
Plant Commun 4(5):100611. https://doi.org/10.1016/j.xplc.2023.100611

Zhao W, Li J, Sun X, Zheng Q, Liu J, Hua W, Liu J (2023) Integrated global analysis in spider 
flowers illuminates features underlying the evolution and maintenance of C4 photosynthesis. 
Hortic Res 10(8). https://doi.org/10.1093/hr/uhad129

Open Access   This chapter is licensed under the terms of the Creative Commons Attribution 4.0 
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate 
credit to the original author(s) and the source, provide a link to the Creative Commons license and 
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative 
Commons license, unless indicated otherwise in a credit line to the material. If material is not 
included in the chapter’s Creative Commons license and your intended use is not permitted by 
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder.

M. K. Kandjoze and P. Singh

https://doi.org/10.1101/cshperspect.a041674
https://doi.org/10.1101/cshperspect.a041674
https://doi.org/10.1093/plphys/kiab511
https://doi.org/10.1093/jxb/ery328
https://doi.org/10.34133/2020/3686791
https://doi.org/10.34133/2020/3686791
https://doi.org/10.1038/s41594-021-00676-5
https://doi.org/10.1038/s41594-021-00676-5
https://doi.org/10.3390/ijms23168947
https://doi.org/10.1016/j.xplc.2023.100611
https://doi.org/10.1093/hr/uhad129
http://creativecommons.org/licenses/by/4.0/

	Chapter 5: Bioengineering Photosynthesis to Drive Crop Improvement: Engineering Carbon-Concentrating Mechanisms, Kranz Anatomy, Chloroplast Mimics, and New Cellular Compartments
	5.1 Introduction
	5.2 Background
	5.2.1 Brief Evolution of Carbon Concentrating Mechanisms
	5.2.2 Agricultural Benefits of CCMs

	5.3 Pyrenoid-Based Carbon-Concentrating Mechanisms
	5.3.1 Understanding Pyrenoid-Based CCM and Strategies for Engineering in Land Plants
	5.3.1.1 The Optimal Pyrenoid-Based CCM
	Approach 1: Understanding Pyrenoid Phase Separation and Rubisco Condensation
	Approach 2: Localising the Thylakoid to the Rubisco Matrix
	Approach 3: Expressing HCO3− Transporters in Thylakoid Membranes
	Approach 4: Targeting Functional CA to Pyrenoid Membrane Tubule Lumens
	Approach 5: Creating a Diffusion Barrier



	5.4 Carboxysome-Based Carbon-Concentrating Mechanisms
	5.4.1 Introduction to Carboxysomes
	5.4.2 Strategies for Carboxysome Engineering
	5.4.2.1 Step 1: To Insert Cyanobacterial HCO3− Transporters in Chloroplast Membranes
	5.4.2.2 Step 2: To Eliminate Endogenous CA from the Chloroplast Stroma
	5.4.2.3 Step 3: To Assemble a Functional Carboxysome in the Chloroplast Stroma


	5.5 Biochemical Carbon-Concentrating Mechanisms
	5.6 Background and Brief Evolution C4 Photosynthesis
	5.6.1 Toward a C3 to C4 Anatomical Transition
	5.6.1.1 Increasing Vein Density
	5.6.1.2 Increasing Chloroplast Density in BS Cells

	5.6.2 The Road to Kranz: Engineering Enhanced Photosynthetic Leaf Anatomy
	5.6.3 Intercellular Communication Through Plasmodesmata
	5.6.4 Toward a C3 to C4 Biochemical Transition

	5.7 CAM Photosynthesis
	5.7.1 Reprogramming C3 Circadian Regulation to Induce CAM
	5.7.2 Engineering CAM Anatomy

	5.8 Engineering Chloroplast Genomes and New Cellular Compartments
	5.8.1 Chloroplast Genome Engineering

	5.9 New Cellular Compartments
	5.10 Conclusions and Future Perspectives
	References




