
New model for pyrenoid structure, biogenesis and regulation in different conditions
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• Localizations of proteins that disagree with 
proteomics-based localizations in 
Chlamydomonas: PRM1/PRMT, previously found in 
chloroplast; PHB2, previously found in 
mitochondria; SNE1, previously found in flagella

• Decision tree for assigning 
chloroplast proteins to specific 
subcellular locations.



FLAG



Large-scale affinity purification mass 
spectrometry (AP-MS) approach
• 38 candidates
• 2 different labeling protocols
• Co-localization criteria

Interesting localization of proteins of photosystem I, photosystem II, CAS 
and STT7 that are proteins involved in the regulation of photosynthesis 
activity 



Large-scale affinity purification
mass spectrometry (AP-MS) approach

Important to look closer in 
this interactome.

For example a missing step 
was the transfer of 
inorganic carbon from the 
external environment to the 
pyrenoid.

They identified 3 proteins 
that might be involved in 
bicarbonate transport.



The cellular organelle in algae responsible for one-third of global 
CO2 fixation

• Localizations and physical interactions 
of candidate CO2-concentrating 
mechanism (CCM) proteins were 
determined

• The data reveal three previously 
undescribed pyrenoid layers and 89 
pyrenoid proteins

• Plasma membrane inorganic carbon 
transporters LCI1 and HLA3 form a 
complex

• Carbonic anhydrase 6 localizes to the 
flagella, changing the model of the CCM



One potential approach for improving yields 
is the transfer of a CCM into higher plants to 
increase CO2-fixation rates



EPYC1, a novel protein correlated with RUBISCO activity



Co-immunopurification Mathematical models





The Pyrenoid Exhibits Both Fission and De Novo Assembly
To enable the first observations of pyrenoid matrix dynamics in living 
cells, we expressed pyrenoid matrix proteins tagged with the 
fluorescent protein Venus and imaged them in 3D with fluorescence
time-lapse microscopy during photoautotrophic growth.



tracked inheritance of the pyrenoid matrix by monitoring Venus-tagged Rubisco small 
subunit 1 (RBCS1) or Venus-tagged EPYC1 and recorded chlorophyll autofluorescence 
to follow cellular orientation and chloroplast division

Elongation and then fission



Pyrenoid recall liquid materials with a 
bridge between two daughter pyrenoids

RBCS1

EPYC1 

Need for better esolution…







The pyrenoid, a Rubisco-containing organelle that enhances 
carbon fixation, mixes internally and undergoes phase 
transitions.

• The pyrenoid undergoes a 
reversible phase transition during 
cell division
•Modeling reveals a ‘‘magic 

number’’ effect that governs phase 
transitions



• About 100 species

• Similar to liverwort

• Hornlike sporophyte

Bryophytes



Pyrenoids are generally found in algae but they are also present in a group of plants 
called hornworts, suggesting they had an important role during water-to-land 
transition in the green lineage

Tree of life, the soltis lab 

hornworts



When pyrenoid is present, 
only one chloroplast is 
present

Pyrenoid evolution might be 
associated to water 
submergence more then 
[CO2] in the atmosphere



Gains and losses of the pyrenoid (and putative CCM) in 
hornworts.
Pyrenoids evolved from five to six times.

In hornwort, the 
pyrenoid is 
composed of 
subunits of 
various shapes



wrap-up
• Pyrenoids convert 30% of world CO2 into organic carbon
• Pyrenoid-like structures could increase RUBISCO’s performances in 

C3 plants
• High-throughput approaches allowed to identify proteins involved in 

pyrenoid formation and transmission to new generations
• The pyrenoid undergoes a reversible phase transition during cell 

division
• Hornworts as possible organisms to engineer plant pyrenoids 



One potential approach for improving yields 
is the transfer of a CCM into higher plants to 
increase CO2-fixation rates









EPYC1 promotes 
pyrenoid formation in 

Arabidopsis 





WT plants

Arabidopsis Rubisco mutant 
complemented with an SSU from 
Chlamydomonas (S2Cr)

a native Arabidopsis SSU modified to 
contain the two α-helices necessary 
for pyrenoid formation from the 
Chlamydomonas SSU (1AAtMOD)



Arabidopsis            Chlamydomonas



In planta condensates behave like liquid−liquid phase-
separated microcompartments.

• Fixed with fomaldehyde



Immunogold labelling



EPYC1-mediated condensation of Rubisco has no 
negative impact on growth and photosynthesis.



The following step







• SAGA1::mCherry
localizes to the 
proto-pyrenoid and 
forms a ring around 
EPYC1::GFP.

• Representative TEM 
images of EP1S1-1 
chloroplasts with 
atypical spherical 
enclosed (E), 
adjacent (A), and 
typical stromal (S) 
starch granule 
labeled. The lighter-
staining pattern is 
highlighted with an 
asterisk. (Scale bar, 
0.5 μm.)



• SAGA1::mCherry
localizes to the 
proto-pyrenoid and 
forms a ring around 
EPYC1::GFP.

• Representative TEM 
images of EP1S1-1 
chloroplasts with 
atypical spherical 
enclosed (E), 
adjacent (A), and 
typical stromal (S) 
starch granule 
labeled. The lighter-
staining pattern is 
highlighted with an 
asterisk. (Scale bar, 
0.5 μm.)





Growth is reduced but not photosynthetic performance in EP1S1S2 lines. (A) 
Fresh weight of EP1S1S2 lines and their azygous (Az) segregants 32 d after 
germination. The S2Cr background line was used as a control for line 1 as the 
Az segregant line had consistent germination and growth problems. (B) Rosette 
expansion for S1 and EP1S1 lines measured over 30 d postgermination.



New frontiers are coming



Origin of Chloro-Nucleo communication
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•Chloroplast genome only 
contains 120 genes
•Chloroplast proteome about 
2500
•Synthesis of chloroplast proteins 
during acclimation is a concerted 
mechanism between plastid and 
nuclear genome

Chloro Mito

Nucleo

Chloroplast protein regulation

So what?



Which signals induce acclimation?
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New Discovery: 
nitroplast

A nitrogen-fixing organelle, or “nitroplast,” has 
been identified in a marine alga on the basis of 
intracellular imaging and proteomic evidence. 
This discovery sheds light on the evolutionary 
transition from endosymbiont to organelle. The 
image depicts the cell architecture and 
synchronized cell division of the alga 
Braarudosphaera bigelowii with nitroplast UCYN-
A (large brown spheres). 



The nitroplast: A nitrogen-fixing organelle, Volume: 384, Issue: 6692, Pages: 160-161, DOI: (10.1126/science.ado8571) 



Braarudosphaera bigelowii/UCYN-A lightdark 
cycle is highly coordinated.

Structural characterization during the light cycle
soft x-ray tomography (SXT)
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