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Photosystems are ganging up to form megacomplexes
in the dinoflagellate Prorocentrum cordatum
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Phytoplankton, although small in biomass, have been esti-
mated to account for around 45% of the global primary
production (Field et al. 1998). Among phytoplankton, dinofla-
gellates are an ecologically successful group of unicellular
eukaryotes that display high morphological diversity and
varying lifestyles ranging from free-living cells to endosym-
bionts and parasites (Taylor et al. 2008). Photosynthetic dino-
flagellates are evolutionarily distant from land plants and
green algae and have structurally variable chloroplasts that
originate from secondary and tertiary endosymbiosis
(Taylor et al. 2008; Kalvelage et al. 2024). Prorocentrum corda-
tum is a bloom-forming marine dinoflagellate found from
tropical to temperate waters (Heil et al. 2005). It is highly
adaptable to changing environments and tolerant to a wide
range of salinity and temperature (Dougan et al. 2023). The
large P. cordatum haploid genome (4.15 GB) is composed of
62 chromosomes with more than 85,000 gene models
(Dougan et al. 2023). The genome is characterized by a high
number of dispersed duplicate genes and gene families
(Dougan et al. 2023). The availability of genomic resources
enables the more detailed molecular characterization of the
highly adaptable P. cordatum.

In this issue of Plant Physiology, Kalvelage et al. (2024) re-
veal the intracellular structure of heterotrophic, free-living
P. cordatum, characterize the organization of the photosyn-
thetic complexes at the thylakoid membranes, and identify
the proteins involved in photosynthesis. The authors used fo-
cused ion beam scanning electron microscopy to reconstruct
a 3D model of P. cordatum cellular architecture and show
that the P. cordatum cell encloses one large barrel-shaped
chloroplast that lines the cell envelope occupying roughly

40% of the cell volume (Fig. 1A). The thylakoid membranes
within do not form distinct grana structures, as in land
plants, but are arranged as loose stroma-like membranes
with more compact regions, as previously seen in other
aquatic organisms (Grouneva et al. 2013). In P. cordatum,
the large chloroplast encases a single mitochondrion of
roughly 5% of the cell volume that forms distinct reticulate
structures with close contacts to the chloroplast, suggesting
a tight functional connection between the two organelles.
Using blue-native and denaturing gel electrophoresis ap-
proaches combined with mass spectrometry and the available
genome sequence, the authors characterized the photosyn-
thetic machinery of P. cordatum and compared it to the ter-
restrial model plant Arabidopsis thaliana. In contrast to land
plants, where photosystem ll-light-harvesting complex I
(PSII-LHCII) and photosystem I-light-harvesting complex |
(PSI-LHCI) complexes are spatially separated into grana
and stroma thylakoids (Rantala et al. 2017), the authors iden-
tified a large megacomplex of more than 1.5 MDa comprising
both PSIl and PSI, as well as chla-b binding light harvesting
complex proteins (LhcPs), chloroplast complex | (CCl), and
other pigment-binding proteins (PBPs) (Fig. 1, B and C)
(Kalvelage et al. 2024). This megacomplex contained most
of the PSI and LhcPs and a notable share of PSII. According
to their electrophoretic behavior, the LhcPs appeared more
tightly bound to the megacomplex compared to other
PBPs that were more loosely associated with the complex.
Taking a closer look at the photosynthetic PBPs, Kalvelage
et al. (2024) were able to identify as many as 140 predicted
PBP genes in the P. cordatum genome and detected 83 of
them with proteomic methods. The identified PBPs belonged
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Figure 1. The structure of P. cordatum cell and organization of the photosynthetic protein complexes in the thylakoid membrane. A) A 3D recon-
struction based on focused ion beam scanning electron microscopy micrographs showing a large barrel-shaped chloroplast (green) surrounding the
reticulate mitochondrion (red), Golgi apparatus (yellow), and nucleus (blue). In addition, phosphate storage bodies (black), lipid droplets (brown),
and starch granules (white) were identified. B) Model of the loosely arranged thylakoid membranes harboring the photosynthetic protein complexes
arranged as 1.5-MDa megacomplexes. C) A schematic presentation of the PSI/II-LHC-CCl-megacomplex and the photosynthetic electron transfer
routes. Figure was adapted from Kalvelage et al. (2024) Figs. 1 and 7.

to four categories: caroteno-chla—c binding proteins  previously observed in other microalgae and could represent
(CCBPs), fucoxanthin-chla—c binding proteins (FCPs),  an adaptation to low and fluctuating light conditions (Xu
LhcPs, and green-light absorbing proteorhodopsins (GPRs). et al. 2020; Bai et al. 2021).

CCBPs and FCPs were the most abundant categories. Many In land plants, electron flux between PSIl and PSI under
PBPs and FCPs organized into large supercomplexes were  changinglight conditions is balanced by state transitions where
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the composition of LHCs is regulated by phosphorylation of
mobile LHCIls. However, homologues of LHCII-regulating
kinases and phosphatases, state transition 7/8 and protein
phosphatase 1, were not identified in P. cordatum (Kalvelage
et al. 2024). The observed PSI/II-LHC megacomplex could
facilitate the efficient energy transfer and dissipation in
P. cordatum and provide different types of regulatory mechan-
isms for photosynthesis. The authors hypothesize that the
loosely bound PBPs could be recruited to the PSI/II-LHC mega-
complex in a light-dependent manner to balance light harvest-
ing. Notably, P. cordatum is missing the proton gradient
regulation 5 (PGR5) and PGR5-like photosynthetic phenotype
1 (PGRL1) proteins that are associated with cyclic electron
transport and balancing of ATP/NADPH ratios in chloroplast
via regulation of the proton gradient that drives ATP synthesis
(Grouneva et al. 2013; Kalvelage et al. 2024). Homologues of
PGRS5 were previously identified from diverse photosynthetic
organisms, including land plants, green algae, diatoms, and
cyanobacteria (Grouneva et al. 2013). In P. cordata, the proxim-
ity of the chloroplast and the mitochondrion may be essential
for balancing the ATP/NADPH ratio in the chloroplast and for
the exchange of additional metabolites between these two or-
ganelles (Bailleu et al. 2015). Altogether, the characterization of
the photosynthetic complexes of P. cordatum by Kalvelage
et al. (2024) gives a sneak-peek into the distinct differences
in the organization of photosynthetic machinery between
evolutionarily distant organisms. How the photosynthetic
machinery of P. cordatum is regulated under different light
regimes and environmental stresses remains a question for
future research.
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