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Pyrenoids are the key component of one of the most abundant biological CO2 con-

centration mechanisms found in nature. Pyrenoid-based CO2-concentrating mech-

anisms (pCCMs) are estimated to account for one third of global photosynthetic 

CO2 capture. Our molecular understanding of how pyrenoids work is based largely 

on work in the green algae Chlamydomonas reinhardtii. Here, we review recent ad-

vances in our fundamental knowledge of the biogenesis, architecture, and function 

of pyrenoids in Chlamydomonas and ongoing engineering biology efforts to intro-

duce a functional pCCM into chloroplasts of vascular plants, which, if successful, 

has the potential to enhance crop productivity and resilience to climate change. 
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An introduction to pyrenoids 

Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) catalyses net CO2 capture in all 
photosynthetic organisms. However, Rubisco is limited by a relatively slow catalytic rate and catal-
yses an energetically wasteful competitive oxygenation reaction [1]. To compensate, almost all 
eukaryotic algae have evolved a specialised microcompartment called the pyrenoid, in which 
Rubisco is sequestered. The pyrenoid works with inorganic carbon delivery components of the 
pCCM (see Glossary) to improve photosynthetic CO2 uptake by concentrating CO2 near Rubisco, 
preferentially driving carboxylation over oxygenation. It is suggested that pyrenoids arose in algae 
after the evolution of plants in response to the high atmospheric O2 and low CO2 during the late 
Permian, which may explain the lack of pyrenoids in almost all plant lineages [2–4], with the excep-
tion of several species of hornwort bryophytes (i.e., nonvascular plants), where pyrenoids may have 
evolved more recently [5]. 

Our understanding of how pyrenoids assemble and function is based primarily on work in the 
model green alga Chlamydomonas, although very recent efforts are expanding into diatoms, 
hornworts, and other algae [6–11]. The availability of mutant libraries [12] and efficient fluorescent 
protein tagging [13] in  Chlamydomonas has allowed researchers to characterise pCCM compo-
nents in vivo, and subsequently reconstitute key elements of the pyrenoid architecture in vitro 
[14–16]. Many pCCM components appear readily transferable into model C3 plants, such as 
Arabidopsis and tobacco, which has helped accelerate efforts to assemble a functional pCCM 
into crops (for recent reviews, see [4,17]). 

The Chlamydomonas pyrenoid is dynamic and can rapidly increase in size and complexity in re-
sponse to low CO2 conditions when the pCCM is active. The structural architecture of the pyrenoid 
has three characteristic features (Figure 1). First, the core of the pyrenoid comprises primarily 
Rubisco and the Rubisco-linker protein EPYC1, which phase-separate to form a liquid-like Rubisco 
matrix [18,19]. Second, the matrix is traversed by specialised pyrenoid tubules, which  are contin-
uous with the typical sheet-like thylakoid membranes in the surrounding chloroplast stroma [20]. 
How the pyrenoid tubules form remains unclear, but they assemble into a complex network and

Highlights 
Pyrenoid-based CO2-concentrating 
mechanisms (pCCMs) enhance CO2 

fixation in nearly all eukaryotic algae and 
some nonvascular plants (most hornwort 
species). The unicellular green alga 
Chlamydomonas reinhardtii has the 
most well-characterised pCCM. 

The Chlamydomonas pyrenoid has three 
characteristic architectural features: a 
liquid-like ribulose-1,5-bisphosphate 
carboxylase/oxygenase (Rubisco) ma-
trix, specialised tubular thylakoids called 
pyrenoid tubules, which traverse the ma-
trix; and a sheath of starch plates that 
surround the matrix. 

Recent work in Chlamydomonas and in 
planta has advanced our functional un-
derstanding of each of these architec-
tural features, and the components and 
energetic requirements of CO2 delivery 
to the pyrenoid. 

Models predict that introducing a func-
tional pCCM into plants could increase 
crop yield and resilience. Significant prog-
ress has now been made in engineering 
all three architectural features into plants.



gather in the centre of the pyrenoid to form a reticulated knot-like structure. Bicarbonate (HCO3 
– ) is  

channelled into the pyrenoid tubules from the stroma, likely via bestrophin-like proteins (BSTs) 
enriched in thylakoid regions at the periphery of the matrix [21], and then converted back into CO2 

by the lumenal carbonic anhydrase CAH3 located in the pyrenoid tubules [22,23]. This generates a 
localised source of CO2 that diffuses into the surrounding pyrenoid matrix for capture by 
Rubisco. Third, a sheath of starch plates surrounds the matrix, potentially to limit diffusion of 
CO2 away from the matrix [24,25]. Overall, molecular-scale modelling indicates that these struc-
tures can facilitate a threefold increase in CO2 fixation rate [26]. 
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Figure 1. Three key architectural 
features of the pyrenoid-based 
CO2-concentrating mechanism in 
Chlamydomonas. (1) The pyrenoid 
matrix predominantly comprises ribulose-
1,5-bisphosphate carboxylase/oxygenase 
(Rubisco) and the Rubisco-linker protein 
EPYC1, which binds to the small subunit 
of Rubisco and facilitates the formation of a 
phase-separated liquid-like condensate. 
(2) The pyrenoid matrix is traversed by 
a network of pyrenoid tubules, which 
converge in the centre of the matrix to 
form a reticulated knot-like region (see 
Figure 2 in the main text for more details). 
The tubules are contiguous with the wider 
chloroplast thylakoid membrane network 
and facilitate delivery of CO2. Bicarbonate  
(HCO3 

–) in the chloroplast stroma diffuses 
through bestrophin-like channels (BST1–3) 
into the thylakoid lumen. In the lumen, 
carbonic anhydrase 3 (CAH3) converts 
HCO3 

– into CO2, which subsequently 
diffuses into the pyrenoid matrix to be fixed 
by Rubisco. (3) CO2 in the pyrenoid matrix 
is prevented from diffusing away by a 
starch sheath, which forms a diffusion 
barrier around the pyrenoid.

Here, we review recent advances in our molecular knowledge of the biogenesis of these three ar-
chitectural features, how they enhance the concentration of CO2 in the Rubisco matrix, and how 
the pCCM is energized. We then highlight ongoing efforts to assemble functional pyrenoids into 
plants, which has helped to reveal much about the operation of the pCCM and its component 
proteins in Chlamydomonas. 

Biomolecular condensation of Rubisco to form the pyrenoid matrix 

Liquid–liquid phase separation (LLPS) underpins the assembly of the pyrenoid matrix in 
Chlamydomonas (Box 1), which forms through complex coacervation between Rubisco and 
the intrinsically disordered linker protein EPYC1 [27,28]. EPYC1 contains five near-identical 
~60 amino acid repeats. Each repeat contains a short helical Rubisco-binding motif (RBM) 

(sticker) and a longer disorder-promoting sequence (spacer), which provides flexibility between 
the stickers (Figure 2). The stickers on EPYC1 bind to the small subunit of the hexadecameric 
Rubisco complex (comprising eight large and eight small subunits; L8S8); thus, theoretically, 
EPYC1 can bind to up to five different Rubisco molecules and each Rubisco can bind up to 
eight different EPYC1 molecules [29]. In line with LLPS theory, the stickers have a weak affinity

Glossary 

Bestrophin-like protein (BST): 

protein with structural similarity to 
bestrophins. Bestrophins are found in a 
wide diversity of organisms, where they 
act as anion channels, with permeability 
to chloride and bicarbonate (HCO3 

– ), 
among other anions. 
C3 plants: plants that utilise C3 
photosynthesis, in which the first major 
carbon compound produced contains 
three carbon atoms. 
CO2-concentrating mechanism 

(CCM): set of molecular components 
that increase the concentration of CO2 

around Rubisco to improve its efficiency. 
Intrinsically disordered (protein): 

proteins that lack a well-defined 3D 
structure. 
Liquid–liquid phase separation 

(LLPS): separation of a mixture of 
components into two liquid phases. 
Protopyrenoid: pyrenoid-like matrix 
comprising EPYC1 and hybrid Rubisco 
consisting of the Chlamydomonas small 
subunit and plant (Arabidopsis) large  
subunit. 
Proxiome: collection of proteins found 
in close proximity to a particular target 
protein. 
Pyrenoid matrix: in Chlamydomonas, 
a liquid–liquid phase-separated 
condensate formed by the interaction of 
EPYC1 and Rubisco. The matrix 
contains several other proteins, such as 
Rubisco activase. 
Pyrenoid tubules: specialised 
thylakoid membranes that traverse the 
pyrenoid matrix. 
Rubisco-binding motif (RBM): 

common amino acid sequence found in 
proteins localising to the pyrenoid in 
Chlamydomonas. The motif interacts 
with two alpha-helices on the small 
subunit of Rubisco. 
Spacers: regions of a protein (typically 
disordered) involved in LLPS that do not 
engage in the protein–protein 
interactions required for phase 
separation. 
Starch sheath: arrangement of starch 
plates that forms around the periphery of 
the pyrenoid matrix in Chlamydomonas 

and many other pyrenoid-containing 
organisms. Models suggest it acts as a 
barrier to reduce diffusional loss of CO2. 
Stickers: protein regions involved in the 
protein–protein interactions that drive 
phase separation.
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(Kd = 3 mM) but multivalent binding enables LLPS and the observed properties of the 
Chlamydomonas pyrenoid [26,28,29].

Trends in Biochemical Sciences
OPEN ACCESS

In vitro and in planta work has shown that the presence of EPYC1 and the Chlamydomonas 

Rubisco small subunit (or a ‘Chlamydomonas-like’ small subunit) is sufficient to induce phase sep-
aration, with condensates in plants being dubbed ‘protopyrenoids’ (Figure 3A) [14,18]. Although 
Rubisco (Form I) is a somewhat unusual component for LLPS given its rigid cuboid shape [28], the 
quaternary structure of the L8S8 complex provides a large surface area, which has likely allowed 
for both specific and nonspecific interactions to evolve that can facilitate condensate formation (for 
further review, see [30]). A wealth of evidence supports the LLPS behaviour of the Chlamydomonas 

pyrenoid. The arrangement of Rubisco within the matrix has been modelled as being similar to the dis-
tribution of molecules within a fluid [19,30]. Pyrenoid division is coordinated with chloroplast cell divi-
sion and, before pyrenoid division via fission, rapid partial dissolution of the pyrenoid takes place, 
partitioning more Rubisco into the dilute phase (i.e., outside of the pyrenoid in the chloroplast stroma). 
Once divided, the stromal Rubisco rapidly recondenses within 1 min back into the pyrenoid in daugh-
ter cells. This can take place via nucleation, and then fusion, of smaller Rubisco assemblies, or by a 
process called Ostwald ripening, where Rubisco moves from smaller condensates to larger ones 
[30]. In addition, fluorescence recovery after photobleaching (FRAP) experiments have shown that 
the three major matrix components [Rubisco, Rubisco activase (Rca), and EPYC1] are mobile on 
the timescale of seconds within the condensate [19]. Many of these LLPS properties have also 
been recapitulated in vitro and in planta [14,18].

How pyrenoid dissolution and condensation is controlled in Chlamydomonas remains unknown. 
However, it has been proposed that both EPYC1 and Rubisco in the dilute and dense phases 
are regulated by post-translational modifications that could influence binding affinities and,

Box 1. The basics of biological liquid–liquid phase separation 

Biological LLPS is a key process for pyrenoid biogenesis and function. It can compartmentalise cellular processes and 
concentrate specific (bio)molecules. These compartments include P granules, nucleoli, Cajal bodies, and stress granules 
[72], with many additional structures and processes in both eukaryotes and prokaryotes proposed to be underpinned by 
LLPS [73,74]. 

The biological LLPS field uses concepts from polymer chemistry and soft matter physics. Proteins/nucleic acids are con-
sidered to be polymers in solution that can separate into a dense phase (condensate) and a dilute phase [72]. Two modes 
of action are associated with the creation of biomolecular condensates: (i) interactions via no-specific weak interactions 
(charge–charge, π–π, cation–π, hydrophobic contacts, and hydrogen bonds [75]; or (ii) multivalent binding of structured 
domains separated by disordered linker domains [39]. To unify these modes across scales, a ‘sticker’ and ‘spacer’ model 
was proposed (Figure IA) [76,77]. Stickers provide interactions, while spacers separate them and tune the solubility of the 
protein and condensate properties [76,77]. Proteins that are sufficient and necessary to form condensates are termed 
‘scaffolds’ or ‘drivers’, such as G3BP in stress granules [78] or NPM1 in nucleoli [79], whereas proteins partitioning into 
condensates are called ‘clients’ [80]. Homotypic separation is driven by a single biomolecule species, while heterotypic 
separation occurs where two or more different biomolecules are required for LLPS (i.e., the complex coacervation seen 
in pyrenoids). Phase diagrams illustrate conditions needed for phase separation, which are typically shown as a function 
of protein concentration against a specific condition (e.g., pH, temperature, or salt) (Figure IB). 

LLPS offers several advantages compared with membrane-bound or cross-linked organelles. The phase boundary can 
provide an energy barrier to partition certain biomolecules and exclude others without using membranes. This can increase 
the specificity for biochemical reactions, such as Rubisco carboxylation in the pyrenoid. The liquid properties of biomolec-
ular condensates allow for enhanced diffusion of substrates to enzymes, the ability to buffer biomolecule concentrations, 
and rapid responses to changing environmental parameters [80]. 

Whether condensates are formed via LLPS or alternative active processes requires thorough in vitro and in vivo evidence, 
with many proposed LLPS systems recently questioned [81,82] and the importance of LLPS unclear for others. By con-
trast, the Chlamydomonas pyrenoid provides a clear picture of phase separation driven by the interactions of two multiva-
lent proteins: Rubisco and EPYC1. Both are necessary and sufficient for LLPS [18,27,36], and biologically relevant for cell 
survival at atmospheric CO2 levels. Thus, the pyrenoid is an elegant model for investigating LLPS both in vitro and in vivo.
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hence, phase diagrams [31]. For example, EPYC1 phosphorylation may reduce sticker binding af-
finity, thus increasing the required saturation concentration for condensation, resulting in pyrenoid 
dissolution. Such a process would enable the rapid (i.e., faster than transcription or translation) ma-
trix assembly and disassembly observed in Chlamydomonas [30]. Until recently, it was unclear 
whether EPYC1 and Rubisco also interacted in the dilute phase. Two independent studies have 
now shown that, at least in vitro, EPYC1 and Rubisco do interact to form small oligomers in the di-
lute phase separate from the denser condensate [31,32]. Below the concentration threshold for 
condensation, EPYC1–Rubisco complexes typically contain only a single Rubisco, although at 
higher EPYC1 concentrations, multiple EPYC1 molecules can bind a single Rubisco. Evidence 
for EPYC1–Rubisco complex formation in the dilute phase remains lacking in vivo but should be
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Figure I. The stickers and spacers model applied to the Chlamydomonas pyrenoid. (A) The stickers and spacers 
framework can describe the underlying structural principles of phase separation at different scales. Nonspecific interactions, 
such as π–cation and π–π interactions between amino acids in a disordered protein region, serve as stickers (green 
residues), while the noninteracting amino acids are spacers (yellow residues). In the case of folded proteins, interacting 
domains are considered stickers, while the spacers are disordered regions between them [e.g., the disordered sequences 
separating the short helical ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco)-binding motifs (RBMs) in EPYC1 
in pink] or can be structured regions (e.g., in the case of Rubisco in blue). (B) Phase diagrams are used to describe the ther-
modynamic conditions under which phase separation occurs. The binodal curve separates the metastable state, where two 
phases can coexist and demixing will occur via nucleation and growth, from stable states (outside of the curve), where the 
components form one phase. The space under the spinodal curve describes the conditions where one phase is unstable 
and phase separation occurs spontaneously via spinodal decomposition.

36 Trends in Biochemical Sciences, January 2025, Vol. 50, No. 1



achievable using similar single molecule methods as applied in vitro. The implications for dilute 
phase binding are unclear, but are potentially important for understanding de novo pyrenoid assem-
bly, which is seen in daughter cells that fail to inherit a pyrenoid due to incorrect pyrenoid fission [32].
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Figure 2. Components involved in 
pyrenoid assembly in Chlamydomonas. 
(A) The structure of the pyrenoid is 
characterised by a dense, phase-separated 
matrix, surrounded by a sheath of  starch  
plates. Thylakoid membranes fuse at the 
pyrenoid periphery and enter through 
gaps between the starch plates, where they 
tubularise and traverse the pyrenoid matrix 
to meet in a central reticulated knot. (B) The 
structure of  the pyrenoid is maintained 
by proteins that share a common 
ribulose-1,5-bisphosphate carboxylase/ 
oxygenase (Rubisco)-binding motif (RBM) 
[36]. The matrix is held together by 
multivalent interactions between the linker 
protein EPYC1 and Rubisco, which 
facilitate phase separation. STARCH 
GRANULES ABNORMAL (SAGA)-1 and 
SAGA2 are large predominantly disordered 
proteins containing both carbohydrate-
binding domains and RBMs that recruit 
starch to the pyrenoid. SAGA2 localises to 
the interface between the matrix and the 
starch sheath, whereas SAGA1 localises in 
puncta at the points of thylakoid entry to 
the pyrenoid. SAGA1 also makes contact 
with the thylakoid membranes, recruiting 
MITH1, which then extends the thylakoids 

through the matrix. Further factors are required to tubularise the traversing membranes and form the reticulated knot at the 
centre. Pyrenoid tubule-localised proteins RBMP2 and Cre03.g172700 may contribute to the tethering of the Rubisco matrix 
to the tubules [34,36].

The interactions between EPYC1 and the Chlamydomonas Rubisco small subunit are now well 
characterised, but less is known about the association of the other 30–84 predicted proteins 
within the Chlamydomonas pyrenoid [13,33–35]. RBMs are a common feature of many 
pyrenoid-localised proteins [36]. Approximately 43% of a TurboID generated high-confidence py-
renoid proxiome (30 proteins) contain RBMs [34], supporting a central assembly role for 
Rubisco. Several more recently discovered RBM-containing components may have key roles in 
Rubisco maintenance, including Cre16.g655050, a highly disordered protein with a predicted 
N-terminal RbcX fold that may have a Rubisco chaperone role [13]. 

What of the proteins that do not have any predicted RBMs? For example, Rca is highly enriched in 
the pyrenoid but lacks an RBM and still binds Rubisco through transient interactions with the 
large subunit, a distinct interface from the EPYC1-binding region [37]. CPLD2 (Cre03.g206550) 
is a homolog of plant xylulose-1,5-biphosphate (XuBP) phosphatase that consumes XuBP, a 
misfire product of Rubisco and potent inhibitor of the enzyme [35,38]. Enrichment of CPLD2 in 
the matrix could allow for rapid removal of XuBP from the Rubisco pool and, thus, increase the 
total potential Rubisco activity for CO2 fixation. Additional examples could exist that do not rely 
on direct Rubisco interactions. SAGA2 interacts not only with CrRbcS through four RBMs, but 
also with EPYC1 [13,15], suggesting that other non-RBM domains help recruit proteins to the py-
renoid. Several characteristics determine whether a protein can undergo phase separation,
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including the presence of disordered or low-complexity domains, charge patterning, and amino 
acid composition [19,39,40]. 
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Figure 3. Progress toward engineering pyrenoid architecture in plant chloroplasts. Establishing a functional pyrenoid-based CO2-concentrating mechanism 
(pCCM) in a C3 plant is predicted to increase CO2 fixation capacity in the chloroplast by up to threefold [26]. The following assembly steps demonstrate recent 
achievements in assembling the architecture of a pyrenoid in the model plant Arabidopsis thaliana. (A)  A  liquid–liquid phase-separated ‘protopyrenoid’ matrix is 
generated by expressing the Chlamydomonas linker protein EPYC1 in Arabidopsis containing pyrenoid-compatible hybrid ribulose-1,5-bisphosphate carboxylase/ 
oxygenase (Rubisco) comprising A. thaliana large subunits and Chlamydomonas small subunits [14]. (B) Starch is recruited to the protopyrenoid by expressing the 
Chlamydomonas proteins STARCH GRANULES ABNORMAL (SAGA)-1 and SAGA2. Irregularly shaped starch granules surround and curve around the matrix 
periphery [15]. (C) Concurrent expression of tubule biogenesis proteins SAGA1 and MISSING THYLAKOIDS 1 (MITH1) drives the formation of one or more sheet-like 
thylakoid traversions across the protopyrenoid matrix. SAGA1 and MITH1 localise along the traversing membrane [43]. (D) Future efforts will focus on combining a 
starch sheath and thylakoid traversions through the protopyrenoid. Modelling shows that an efficient pCCM requires a starch diffusion barrier to prevent leakage of 
CO2 from the pyrenoid matrix [26]. Additional starch metabolism and/or binding components will likely be required to shape the starch granules. Thylakoid traversions 
will allow the delivery of CO2 to the protopyrenoid matrix and may require the expression of additional pyrenoid tethers.

Whether all pyrenoids are formed via LLPS remains an open question. Microscopy observations 
from a range of algae and hornwort species suggest that many pyrenoids display liquid-like behav-
iour [3,6]. Additionally, in vitro reconstitution of the Rubisco matrix from the diatom Phaeodactylum

38 Trends in Biochemical Sciences, January 2025, Vol. 50, No. 1



tricornutum and the green alga Chlorella sorokiniana supports LLPS of divergent pyrenoids. 
However, the rigidity of the matrix varies between species both in vitro and in vivo [7,9,10]. 

Trends in Biochemical Sciences
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Insights into the formation of the pyrenoid-traversing thylakoid network 

Currently, little is known about the biogenesis of Chlamydomonas pyrenoid tubules. Due to the 
relative complexity of the network (including the presence of apparent ‘minitubules’ within each 
tubule [20]), multiple components may be involved, including membrane remodelling proteins 
for tubule formation, proteins involved in establishing the network architecture, and tether pro-
teins to link the tubules to the Rubisco matrix [20,29]. For the latter, several RBM-containing pro-
teins that localise to the tubule network have been identified, including BST4 (previously RBMP1), 
RBMP2, and, more recently, Cre03.g172700, with both BST4 and RBMP2 containing predicted 
transmembrane domains [13,34,36]. 

BST4 contains a conserved bestrophin domain similar to the putative bestrophin-like HCO3 
– chan-

nels BST1-3 [21] (Figure 1), but also has an extended disordered C terminus containing two RBMs 
[36], which suggests a potential dual function for BST4 as a tether and an anion channel. However, 
recent work in Chlamydomonas has shown that pyrenoid structure and the thylakoid network ap-
pear unaffected by the absence of BST4. Furthermore, heterologous expression of BST4 in trans-
genic Arabidopsis engineered to produce protopyrenoids showed that BST4 was enriched in the 
thylakoid stromal lamellae surrounding the protopyrenoid, but was not present in the Rubisco ma-
trix. Subsequent transmission electron microscopy (TEM) imaging confirmed that there were no 
thylakoids traversing the matrix, indicating that BST4 was not sufficient to drive thylakoid incorpo-
ration in planta. Overall, these data suggest that BST4 is either not a tether protein or has a redun-
dant tethering role in Chlamydomonas. Additional characterisation work revealed that BST4 may 
have a role in regulating oxidative stress within the pyrenoid tubules. Thus, BST4 may help to co-
ordinate the light reactions with CO2 fixation under pCCM-induced conditions [41]. 

RBMP2 contains six RBMs, the most identified in a pyrenoid-localised protein to date [13]. Compared 
with BST4, RBMP2 localises more centrally in the pyrenoid tubule network within the reticulated knot 
region [17,36]. Cre03.g172700 is predicted to be a largely disordered protein that contains four 
RBMs [34]. Based on its subpyrenoid localisation, Cre03.g172700 may be associated with the pyre-
noid tubules. RBMP2 and Cre03.g172700 have yet to be validated as bona fide tethers that link the 
tubules and Rubisco matrix, although they appear to be strong candidates. In planta engineering 
work with RBMP2 has thus far been limited due to low transgene expression [15]. 

More recently, STARCH GRANULES ABNORMAL (SAGA1) and MISSING THYLAKOIDS 1 
(MITH1, previously SAGA3 [42]) were identified as central regulators in the initiation of thylakoid 
traversions through the matrix (Figure 2B) [43]. SAGA1 localises in puncta at the interface between 
the matrix and the starch sheath, potentially at the entry points of the pyrenoid tubules between 
the starch plates. Previous work showed that SAGA1 is a crucial component for normal starch 
sheath morphology and pyrenoid formation, because saga1 mutants have multiple pyrenoids, 
most of which lack a thylakoid tubule network [24]. MITH1 is a homolog of SAGA1, which localises 
to the tubules, and mith1 mutants display a CCM-defective phenotype similar to that of saga1. Cru-
cially, mith1 has no tubules traversing across the pyrenoid, although thylakoid membranes were 
observed to cross the starch sheath and stop at the edge of the matrix. Hennacy et al. proposed 
a model whereby SAGA1 facilitates tubule biogenesis on the surface of the matrix [43] and  MITH1  
then draws the membranes through the pyrenoid. This hypothesis was directly supported by co-
expression of MITH1 and SAGA1 in transgenic Arabidopsis protopyrenoid lines, which led to the 
formation of thylakoid membrane traversions through the protopyrenoid matrix (Figure 3C). Thus, 
SAGA1 and MITH1 appear necessary and sufficient to induce thylakoid traversions.
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Notably, the traversions in planta retained a sheet-like appearance similar to typical plant thylakoid 
membranes [43]. Thus, it is likely that the components involved in tubule formation and maturation 
in Chlamydomonas remain to be discovered. Two candidates have already emerged [34]. 
STRUCTURAL MAINTENANCE OF CHROMOSOMES 7 (SMC7) has a comparable localisation 
to SAGA1 and could work through a similar mechanism. Cre09.g394510 also lines the matrix– 
starch interface and contains a t-snare domain, known for acting in vesicle fusion [34,44]. Thus, 
Cre09.g394510 may have a role in the remodelling of thylakoid membranes into pyrenoid tubules. 

Although tubules are present in the Chlamydomonas pyrenoid, many other pyrenoid-containing 
species (such as C. sorokiniana and the model diatom P. tricornutum [7,9]) retain ‘simpler’ 
sheet-like thylakoid traversions that lack minitubules, akin to those observed in transgenic 
Arabidopsis [3,43]. From a plant engineering perspective, this is encouraging because reconsti-
tution of the complex pyrenoid tubule network observed in Chlamydomonas may not be essential 
for assembling a functional pCCM in plants. 

How does Chlamydomonas build a starch sheath? 

An efficient pCCM requires a robust CO2 diffusion barrier around the Rubisco matrix to minimise 
CO2 leakage [26]. In Chlamydomonas and several other algae, the CO2 diffusion barrier is formed 
by a sheath of starch plates. Although the requirement for a starch sheath for a functional pCCM 
in Chlamydomonas has been debated [45], recent experimental evidence and modelling support 
that the starch sheath is necessary to maintain elevated CO2 concentrations in the matrix [25,26]. 
The morphology of the sheath varies dramatically between species, from a single plate to two, or 
more commonly, multiple plates [3]. Species that lack a starch sheath (e.g., some hornworts and 
diatoms) may limit CO2 leakage by surrounding the pyrenoid with tightly packed thylakoid mem-
branes [6] or, as recently discovered in diatoms, a proteinaceous sheath of pyrenoid shell 
(PyShell) proteins [8,10]. Although the effectiveness of the latter strategies is still to be determined, 
modelling of the cyanobacterial CCM shows that the carboxysome protein shell provides a highly 
efficient barrier for CO2 retention [46], while Fei et al. predicted that a starch sheath could retain up 
to 33% more CO2 in the Rubisco matrix compared with appressed thylakoid membranes [26]. 
Thus, for engineering a functional pCCM into plants, it appears that there are several ways to 
build a CO2 diffusion barrier around the Rubisco matrix. 

Understanding how the curved starch plates in Chlamydomonas form is an ongoing area of re-
search, but SAGA1 and SAGA2 appear essential for normal starch plate biogenesis (Figures 2 
and 3) [24,36]. Both proteins contain RBMs and an N-terminal starch-binding domain (CBM20), 
and both are proposed to co-mediate interactions between the matrix and the starch sheath. 
SAGA1 at least appears to have a multifaceted role in the Chlamydomonas pCCM. As highlighted 
in the previous section, SAGA1 is also important for the initiation of the traversing thylakoid tubule 
network [43], but is additionally necessary for the expression of numerous pCCM genes and ap-
propriate localisation of the important stromal carbonic anhydrase LCIB [47,48]. However, these 
could be pleiotropic effects driven by a breakdown of pyrenoid function due to incorrect pyrenoid 
tubule assembly. 

Atkinson et al. recently expressed SAGA1 in transgenic Arabidopsis protopyrenoid lines and ob-
served that SAGA1 not only localised to the matrix, but was also sufficient to recruit starch [15]. 
Furthermore, expression of SAGA1 produced a nonlipid based ‘network structure’ within the ma-
trix. Expression of both SAGA1 and SAGA2 resulted in >70% of chloroplast starch associating 
with the protopyrenoid, with large, plate-like starch granules observed around the edges of the 
matrix (Figure 3B). In some cases, these granules completely encircled the protopyrenoid in a 
conformation resembling the starch sheath in Chlamydomonas.
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Further plant engineering work will be required to build a starch barrier that more fully encases the 
matrix and allows insertion points for the traversing thylakoids. There are several candidates al-
ready available that could help to achieve this. LCI9 is a protein with two CBM20 domains, 
which localises between the starch plates and the pyrenoid matrix and may have role in coordi-
nating plate growth and positioning [13]. ALPHA AMYLASE 3 (AMA3) is a starch-metabolising en-
zyme located in the pyrenoid and is enriched in response to low CO2 [34]. The expression of these 
proteins and/or other starch-associated proteins, such as STA2, SBE3, or SBE4, which localise 
to the pyrenoid and are thought to help shape the starch granules, could help to further develop a 
protopyrenoidal starch sheath. 

Delivery of inorganic carbon to the pyrenoid 

Rubisco in the pyrenoid matrix requires a regular supply of CO2 to meet its carbon fixation poten-
tial. This involves the uptake of inorganic carbon (Ci; CO2, HCO3 

– , H2CO3, and  CO3 
2– ) from the  

external environment and its transport into the pyrenoid tubules to be delivered as CO2 to the ma-
trix (Figure 4). The uptake system is under the control of a transcriptional regulator, CIA5, which 
upregulates many of the CCM genes under CO2-replete conditions [49–51]. In addition, the 
CO2 delivery pathway to the Chlamydomonas pyrenoid changes depending on CO2 availability.

Under very-low CO2 (VLCO2) conditions (<0.03% CO2), the CCM largely relies on the uptake of 
HCO3 

– from the extracellular environment (Figure 4A). Given that membranes do not easily facilitate 
the diffusion of anions, HCO3 

– uptake relies on a series of channel proteins. High light-activated 
protein-3 (HLA3), an ATP-binding cassette (ABC) transporter, is thought to facilitate HCO3 

– trans-
port across the plasma membrane [16,52–55]. HLA3 forms a complex with autoinhibited Ca2+ pro-
tein 4 (ACA4) [12], a plasma membrane H+-ATPase in group IIIA, which is known to be involved in 
H+ export while expending ATP [56]. Given that ACA4 is likely generating alkaline conditions in the 
cytosol immediately adjacent to the plasma membrane, this may prevent the dehydration of HCO3 

– 

to CO2 and its subsequent leakage out of the cell. Alternatively, or in combination, the acidification 
of the periplasmic space may increase the CO2 in the extracellular environment. 

HLA3 expression is co-regulated with the chloroplast envelope channel low carbon-inducible 
gene (LCI)-A [47,56]. LCIA is a formate/nitrate transporter, which is thought to facilitate HCO3 

– 

passage out of the cytosol into the chloroplast stroma. The activity of LCIA as a HCO3 
– channel 

has been documented in a range of heterologous systems [16,47,57], most recently in planta 
[58]. Stromal HCO3 

– is then channelled into the lumen of the thylakoid membranes, likely by 
three homologous BSTs (BST1–3) [21]. BSTs are passive anion channels [59] that rely on the 
concentration gradient between the slightly alkaline stroma (~pH 8) and  the acidified lumen 
(~pH 5.5). Once in the thylakoid lumen, HCO3 

– is dehydrated to form CO2 by CAH3 located within 
the pyrenoid tubules, whereafter CO2 diffuses out into the surrounding matrix. BST1–3 and CAH3 
are enriched in the pyrenoid tubules at the pyrenoid periphery and within the pyrenoid, respec-
tively [22,23,60]. Modelling predicts that the localisations of BST1–3 and CAH3 are key for the ef-
ficient delivery of CO2 to Rubisco in the pyrenoid matrix [26]. 

Although the pyrenoid starch sheath helps to reduce CO2 leakage, some CO2 is thought to es-
cape the pyrenoid matrix into the chloroplast stroma, which then must be recaptured by a stromal 
CA by catalysing its hydration back into HCO3 

– . Previous work has provided indirect evidence 
that LCIB was key to this recovery [59], but only recently has the CA activity of LCIB been dem-
onstrated, albeit indirectly, in yeast and plant heterologous systems [61]. LCIB forms an 
hexameric complex with the homologous protein LCIC in the stroma. Although LCIC has not 
been shown to have CA activity, it has been indirectly implicated in the relocalisation of LCIB 
under VLCO2 conditions [46].
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Figure 4. Pathways of inorganic carbon (Ci) delivery to the pyrenoid matrix. (A) Under  very  low (<0.03%) CO2 

(VLCO2) conditions, external Ci is predominantly taken up in the form of bicarbonate (HCO3 
– ) through high light-activated 

protein-3 (HLA3). HCO3 
– is then channelled across the chloroplast envelope via LCIA and down a pH-driven HCO3 

– 

gradient into the thylakoid lumen via BST1–3. In the lumen, HCO3 
– is dehydrated by CAH3 enriched in the pyrenoid 

tubules, generating CO2, which diffuses out into the matrix for fixation by ribulose-1,5-bisphosphate carboxylase/ 
oxygenase (Rubisco). CO2 that diffuses away from the matrix is recaptured as HCO3 

– by low carbon-inducible gene (LCI)-
B, which relocalises to the pyrenoid periphery under VLCO2 conditions. (B) In ambient CO2 (0.03–0.05% CO2), Ci uptake 
is predominantly in the form of CO2, which passes through LCI1 or diffuses through the plasma membrane. CO2 travels 
down its concentration gradient, crossing the chloroplast envelope either by diffusion or an as-yet unidentified CO2 

channel. CO2 is then converted to HCO3 
– by LCIB, which is more diffuse throughout the chloroplast at ambient CO2, to  

maintain the concentration gradient. HCO3 
– then enters the thylakoid lumen as in (A). (C) Ci uptake is energised by a 

combination of photons, electrons, and ATP. Photosynthetic cyclic and pseudo-cyclic electron flow (CEF and PSEF) use 
photons and electron transport to generate protons. These protons acidify the lumen and drive the uptake of HCO3 

– 

through bestrophin-like proteins (BST1–3) and facilitate its dehydration to CO2 by carbonic anhydrase 3 (CAH3). CEF and 
PSEF also provide protons for ATP production by thylakoid membrane ATPase. Mitochondria are another source of ATP 
and are thought to use photosynthetic reducing power for ATP generation, a process known as chloroplast-mitochondrial 
electron flow (CMEF) [64]. ATP is needed for active Ci uptake by directly driving HCO3 

– uptake by HLA3 at the plasma 
membrane and/or indirectly by modifying CO2:HCO3 

– ratios by driving the export of protons through autoinhibited Ca2+ 

protein 4 (ACA4).

Under ambient CO2 conditions (0.03–0.5% CO2), there are key differences to the Ci delivery pathway 
(Figure 4B). First, Ci predominantly enters the cell through the passive diffusion of CO2 across the 
plasma membrane. Some CO2 has also been shown to be actively transported into the cell by 
LCI1, a CO2 channel localised to the plasma membrane [60,62],  which interacts with HLA3  [13]. Cy-
tosolic CO2 is then thought to diffuse across the chloroplast envelope into the stroma, where it is con-
verted to HCO3 

– by LCIB. This maintains the CO2 gradient from the cytoplasm, enables the 
concentration of Ci in the stroma, and prevents CO2 from leaking from the cell. HCO3 

– can then
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How is the pCCM Ci delivery pathway energised? 

Understanding the energetic processes that enable the delivery of Ci to the pyrenoid is a key focus of 
recent research. pCCM energisation relies on a combination of photons (light), electrons, and ATP 
generated by pseudo-cyclic electron flow (PCEF), cyclic electron flow (CEF), and chloroplast-
mitochondrial electron flow (CMEF) [64]. In brief, PCEF and CEF are energised by light and generate 
protons that accumulate in the lumen [65–67], which help to drive the pCCM (Figure 4C). Proton ac-
cumulation acidifies the lumen, generating an electrochemical gradient that allows for uptake of 
HCO3 

– by BST1–3. The protons are also available to CAH3 to catalyse the dehydration of HCO3 
– 

into CO2 [21,68]. PCEF and CEF are thought to be sufficient not only to drive Ci flow in the 
pCCM, but also to provide a sufficient proton pool for ATP production by ATPase [65,68]. 

Mitochondria are also closely connected to the energisation of the pCCM and relocalise to the pe-
riphery of the chloroplast under ambient CO2 conditions [69]. A recent study observed a de-
crease in Ci affinity when mitochondrial activity was inhibited [68], which was attributed to 
decreased CMEF (i.e., the reducing power produced by photosynthetic electron transport is 
transferred from the chloroplast stroma to the mitochondria to generate ATP). The latter ATP is 
important to facilitate the active transport mechanisms of Ci uptake, such as ATP utilised by 
ACA4 and HLA3 at the plasma membrane. 

The energy transfer between these metabolic processes is likely complex. Photosynthesis not 
only energises the pCCM, but also places demands on the Ci budget of the cell. For example, ex-
posure to high light causes an increase in NADPH and ATP, which enables more flux through the 
Calvin cycle, and increases Ci demand. This results in upregulation of the pCCM components to 
compensate for the increased Ci demand and to cope with excess light energy in a manner that 
does not harm the cell. The pCCM master regulator CIA5 not only controls key pCCM compo-
nents, but is also able to regulate the photoprotective response of Chlamydomonas to high 
light [69–71]. These studies show that, while we do not yet fully understand the mechanisms be-
hind the integration of the CCM into wider cellular processes, the field is now starting to address 
these knowledge gaps, and we anticipate significant advances in the near future. 

Concluding remarks 

Although significant recent successes have been made in developing the architecture of the py-
renoid in planta, next key challenges for functionalising the pCCM include examining and appro-
priately localising the activities of BST1–3 and CAH3 in plants, and investigating whether the 
energisation requirements of the pCCM are compatible with plant mesophyll chloroplasts (and 
mitochondria) (also see Outstanding questions). Current modelling efforts predict that an engi-
neering approach using a minimal set of components is feasible to develop a basic functional 
plant-based pCCM, which could lead to enhanced crop productivities and resilience to environ-
mental stresses [24]. Future testing of this model and the development of future models will help 
inform the Design–Build–Test–Learn cycle in this exciting field of engineering biology research. 
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Outstanding questions 
What components are required for 
tubularisation of the pyrenoid tubules in 
Chlamydomonas and the generation of 
the central reticulated knot? 

How crucial are pyrenoid tubules for 
pCCM function? 

Are minitubules found in algae other 
than Chlamydomonas, and  if  so, to  
what extent? 

Are pyrenoid tubules necessary for 
engineering a pCCM into plants or 
would sheet-like pyrenoid-traversing 
thylakoids similar to those observed in 
other species be sufficient? 

How is the pyrenoidal starch sheath 
shaped in Chlamydomonas, and which 
proteins will be required to establish a 
more complete starch barrier around a 
pCCM in planta? 

How do proteins without  Rubisco-
binding motifs localise to the pyrenoid? 

What role does post-translational 
modification have in directing pyre-
noid assembly? 

What is the mechanistic role of BST4 in 
the pyrenoid? 

Are the energisation requirements of a 
plant-based pCCM compatible with 
plant mesophyll chloroplasts? 

How does CAH3 localise  to the  pyrenoid,  
and can CAH3 activity be appropriately 
localised in planta? 

Do regulatory mechanisms of pyrenoid 
division, growth, and dissolution, as 
seen in Chlamydomonas, need to be 
engineered in plants?
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