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ABSTRACT

Eukaryotic phototrophs depend on the activity of two engines (the plastid and the mitochondrion) to generate the energy
required for cellular metabolism. Because of their overlapping functions, both activities must be closely coordinated. At the
plastid level, optimisation occurs through alternative electron transport, the diversion of excess electrons from the linear
transport chain and metabolic exchanges. A similar process takes place in the mitochondria, with documented evidence of
energy and redox equivalents being exchanged between the two organelles. Organelle-organelle energy interactions at the
physiological level are well established in diatoms, an ecologically significant member of phytoplankton. Yet the molecu-
lar components involved in this process remain largely unknown. Here, we identify a mitochondrial carrier family (MCF)
transporter, MCFc, located at the plastid envelope of Phaeodactylum tricornutum, which seems to be widely distributed in
complex algae. We then compare the performance of a wild-type and a mutant lacking MCFc. An analysis of spectroscopic
and oxygen exchange data unveiled altered energetic interactions in the mutant, suggesting that MCFc plays a role in plastid-
mitochondrion communication. In silico analysis of MCFc implies a similar substrate-specific model to that of ADP/ATP
carriers, although distinct motif differences in MCFc indicate potential variations in its function, with possible substrates
including arginine, aspartate/glutamate or citrate/isocitrate. Together, these findings support a role for mitochondrial energy
metabolism in sustaining diatom photosynthesis, likely mediated by MCFc, though further investigation is needed to deter-
mine the precise mechanism.

1 | Introduction subsequently utilised by the Calvin-Benson-Bassham (CBB)
cycle. Photosynthesis also requires ATP, but the ATP/NADPH
Photosynthesis relies on light-driven electron flow to gen- ratio generated by linear electron flow is thought to be insuf-

erate bioavailable reducing power (NADPH), which is ficient to fuel CO, assimilation (reviewed in Alric 2010 and
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Petersen et al. 2012). This ratio is changeable via the modula-
tion of linear (LEF) and alternative electron flow, comprising
cyclic electron flow (CEF) around PSI (Shikanai 2007) and
the ‘water-water cycles’ (i.e., flavodiiron proteins and Mehler
reaction). Exchange mechanisms between plastids and mito-
chondria have been characterised in land plants (Hoefnagel
et al. 1998a, 1998b). Thanks to these mechanisms, the ATP/
NADPH ratio undergoes continuous adjustments according
to light availability and cellular metabolic demands. As ob-
served in some microalgae, the close special association be-
tween plastids and mitochondria in diatoms has led to the
hypothesis that exchanges between the two organelles occur
through direct physical contacts, as shown by electron micros-
copy (EM) and focused ion beam milling (FIB)-EM imaging
(Bailleul et al. 2015). However, recent results obtained from
samples prepared in more native conditions (cryo FIB-SEM)
suggest that this may not be the case (Uwizeye et al. 2021),
reopening the question of plastid-mitochondria interactions.
In this context, we decided to re-evaluate the metabolic in-
teraction mechanisms between the two organelles in diatoms,
aiming at identifying specific molecular transporters. By com-
bining molecular, bioinformatic and physiological analyses,
we identified a candidate transporter (mitochondrial carrier
family chloroplastic, MCFc) and characterised the phenotypic
features of mutant lines lacking this function in the diatom
Phaeodactylum tricornutum.

The mitochondrial carrier family (MCF) proteins are a
group of nuclear-encoded and membrane-embedded pro-
teins usually localised at the inner membrane of mitochon-
dria. These proteins, small carriers with a molecular mass of
about 30-34kDa, facilitate the selective transport of essen-
tial metabolites, such as di- and tricarboxylates, keto acids,
amino acids, nucleotides and coenzymes/cofactors, across
the inner mitochondrial membrane, thereby linking mito-
chondria and the cytosol (Palmieri et al. 2011; Palmieri 2013).
This connection is vital, as many physiological processes re-
quire the cooperation of both intra- and extra-mitochondrial
pathways.

All MCF proteins share common structural features, consist-
ing of three tandemly repeated homologous domains, each
about 100 amino acids in length. Each domain contains two hy-
drophobic stretches separated by hydrophilic regions, with the
signature sequence motif PX[D/E]XX[K/R]X[K/R] (PROSITE
PS50920, PFAM PF00153, IPR00193), which is used to recog-
nise MCF members (Satre et al. 2007). Many MCFs catalyse
1:1 exchange reactions (antiport), though other transport
modes are also possible, like uniport and H*-compensated
anion symport (Palmieri and Pierri 2010). MCF transporters
are broadly classified as either electrophoretic (electrogenic)
or electroneutral, depending on the nature of the solute ex-
change they mediate. For instance, ADP/ATP and aspartate/
glutamate carriers are electrogenic, whereas carriers for inor-
ganic phosphate (Pi), glutamate, GTP/GDP, oxoglutarate and
ornithine function in an electroneutral manner. Given their
role in transporting a wide range of solutes and linking mul-
tiple metabolic pathways across cellular compartments, it is
plausible that our candidate MCF transporter belongs to this
family, or at least shares key functional characteristics with
its members.

2 | Materials and Methods
2.1 | P.tricornutum Cultivation

P. tricornutum (Ptl, CCAP 1055/3) cells were cultivated fol-
lowing the protocol outlined in Villanova et al. 2021. They
were grown in a modified enriched Seawater Artificial Water
(ESAW) containing a concentration of N and P 10 times higher
compared to the regular ESAW medium (Harrison et al. 1980)
modified in Berges et al. (2001), added Cu to 3.92x 10~8M and
removed silicate. Cells were maintained at 19°C under a light
intensity of 40 umol photon m=2s~! with a 12h light/12h dark
photoperiod and shaking at 90 rpm. They were collected in the
exponential phase and concentrated to a density of 2-5x10°
cells per mL.

2.2 | Phylogenetic Analysis

Candidate proteins were identified using ASAFind (Gruber
et al. 2015), a bioinformatic tool designed to detect nuclear-
encoded plastid-targeted proteins in complex algae. ASAFind
integrates results from SignalP (Petersen et al. 2011) to detect
N-terminal signal peptides and recognises conserved ASAFAP-
like motifs required for ER-mediated plastid import in diatoms.
We screened for transporters with predicted plastid targeting
and functional homology to ATP or redox transporters, narrow-
ing our focus to MCF homologs.

The broadly sampled orthogroup OGO0001460 (including
P. tricornutum MCFc) obtained in Van Vlierberghe, Philippe,
and Baurain (2021) was aligned with MAFFT (Katoh and
Standley 2013) and its largest photosynthetic subtree (=clan
0G0001460-8) was enriched using Forty-Two (Irisarri
et al. 2017; Simion et al. 2017) with sequences from 172 high-
quality transcriptomes of plastid-bearing lineages resulting
from the decontamination, pooling and dereplication of the
678 MMETSP samples (Keeling et al. 2014) performed in Van
Vlierberghe, Di Franco, et al. (2021). Amino-acid alignments
were filtered with ali2phylip.pl. from the Bio:MUST::Core
software package available on CPAN (https://metacpan.
org/dist/Bio-MUST-Core) and used to infer phylogenetic
trees using IQ-TREE 2 (Minh et al. 2020) with the ultrafast
bootstrap option under the C20 (Le et al. 2008) (or LG4X Le
et al. 2012) model. Raw trees, including progressively less out-
group sequences, were then automatically rooted, annotated,
colourised and collapsed based on NCBI Taxonomy using
format-tree.pl. (also from Bio::MUST::Core) and uploaded to
ITOL for further annotation and graphical rendering (Letunic
and Bork 2024). Alignments and trees are available at Figshare
under DOI: https://doi.org/10.6084/m9.figshare.28207955.

2.3 | Localisation

The construction of the MCFc::GFP fusion was performed as
in Liu et al. (2025). To visualise mitochondria, the mitochon-
drial probe TMRM (tetramethylrhodamine, methyl ester, per-
chlorate, Invitrogen MitoProbe) was added at a concentration
of 100nM. Imaging was performed using a Zeiss LSM 900 con-
focal microscope equipped with ZEN software (version 3.0,
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Blue edition). A 63%/1.4 M27 objective lens was used in con-
focal mode with an Airyscan 2 detector to ensure fast acquisi-
tion without compromising sensitivity, aided by a collimation
optic. Excitation for chlorophyll fluorescence was provided
by a 405nm blue laser, and emission was collected between
650 and 700 nm. GFP visualisation involved 488 nm excitation
with fluorescence collected between 500 and 536 nm, while
for TMRM, excitation was at 561 nm with fluorescence col-
lected between 570 and 613 nm. Images shown correspond to
maximum intensity projections from Z-stacks, allowing clear
visualisation of fluorescence signal distribution across the
chloroplast volume.

The protocol for ultrastructural expansion microscopy (U-ExM)
has been modified from Klena et al. (2023). P. tricornutum cul-
tures were grown to a concentration of 6.0x10° cells/200uL,
and then allowed to sediment to a 12mm round Poly-D-Lysine
(A3890401, Gibco) coated coverslip for 5min. Thereafter, the
following steps were performed:

1. Protein anchoring: Coverslips were incubated for 3h and
30min in 1.4% FA/2% acrylamide (AA) at 37°C in a 12-well
plate.

2. Gelation: Performed in monomer solution (21% sodium
acrylate (wt/wt); 10% acrylamide (A4058, SIGMA); 0.1%
N’-methylene-bis-acrylamide (M1533, SIGMA) in PBS) for
1h at 37°C.

3. Denaturation: Gel was transferred to the denaturation
buffer for 15min at RT and then shifted to 95°C for 1 h.

4. First gel expansion and antibody labelling: After denatur-
ation, gels were incubated in ddH,O at room temperature
for 30min (twice), then left in ddH,O overnight for com-
plete expansion. The next day, gels were washed in PBS
twice for 15min to remove excess water. Three different
primary antibodies were used: anti-GFP at 1/200 dilution
(Invitrogen A11122, host: rabbit), anti-PsbA (thylakoid,
PSII) at 1/500 dilution (Agrisera: AAS01016, host: hen)
and anti-RbcL (pyrenoid, Rubisco sub-unit) at 1/500 dilu-
tion (Agrisera: AS01017, host: hen). The primary antibody
incubation was performed in PBS-0.1% tween20 at 4°C
overnight, followed by four 10-min washes in PBS-Tween
0.1%. Incubation with the secondary antibody coupled
with fluorochrome, goat anti-rabbit IgG (H+L) highly
cross-adsorbed secondary antibody, Alexa Fluor Plus 647
(A32733, Thermo fisher) or goat anti-chicken IgY (H+L)
cross-adsorbed secondary antibody, Alexa Fluor Plus
488 (A32931, Thermo fisher), was performed for 2h and
30min at RT, followed by four additional 10-min washes
in PBS-0.1%. Tween20 (all wash steps were performed
with 100 rpm shaking at 20°C).

5. NHS-ester staining: Directly after antibody staining, gels
were incubated in 565 NHS-ester solution (Merck: 72464)
at 20pgmL~! in PBS for 2h and 30min at room temper-
ature on a shaker. The gels were then washed four times
for 10min with PBS-Tween 0.1% and the gels were incu-
bated in ddH,O at room temperature for 30min, then left
in ddH,O. A third round of expansion was performed in
water before imaging.

6. Sample mounting and imaging: 1 X 1 cm gel pieces were cut
from the expanded gel and attached to 24 mm round poly-
D-lysine-coated coverslips to prevent gel sliding and avoid
drift during imaging. Imaging was done on a Zeiss LSM
900 microscope. Image has been processed with the ZEN
software (version 3.0, Blue edition)

2.4 | Construction of the MCFc Mutants

P. tricornutum mutant MCFc strains have been generated
through CRISPR/Cas9 according to the protocol described in
Giustini et al. (2024).

The following target sequence was designed using
the PhytoCRISP-Ex web tool (Rastogi et al. 2016):
5'-GTCAGCCGAGAAGCCGACGA-3". The target sequences
were inserted into the pKSdiaCas9_sgRNA plasmid (Addgene
#74923). The resulting plasmids and the pAF6 plasmid, con-
ferring a resistance to zeocin (100pugmL~') were coated
on tungsten beads and used for biolistic transformation of
the cells with the PDS-100/He system (Bio-Rad; 1,672,257).
Genomic DNA from zeocin-resistant transformants was ex-
tracted, amplified by PCR using the following primers 5'-
ACGCGCATGTAGTTACAGTTAGCGTATTT-3' (forward)
and 5-CCTGGGTAGCGGGAAGCGTTT-3’ (reverse) and se-
quenced for mutant identification.

2.5 | Protein Extraction and Immunoblot Analysis

Proteins were extracted and analysed as described in Seydoux
et al. (2022). In short, cells (approximately 8.0x 10°) were pelleted
and resuspended in 50mM HEPES buffer (pH 7.5) supplemented
with an EDTA-free protease inhibitor cocktail (cOmplete, Roche).
Cell lysis was achieved using a Precellys Evolution Homogeniser
(Bertin) with the following settings: 2cycles of 30s at x, with a 30-s
pause between cycles at 4°C. Proteins were then precipitated using
80% acetone by centrifugation at 4°C and resuspended in lysis
buffer (100mM Tris-HCl, pH6.8, 4% SDS, 20mM EDTA) supple-
mented with the protease inhibitor.

For immunoblot analysis, 10-30ug of protein were separated by
SDS-PAGE in Tris-Glycine buffer (25mM Tris, 190mM glycine,
0.05% SDS). Proteins were transferred onto a nitrocellulose mem-
brane using the same buffer supplemented with 20% ethanol for
80min at 100V. Immunodetection was performed using a guinea
pig anti-MCFc serum raised against the full-length recombinant
protein (dilution 1:3000; Charles River Laboratories, Strasbourg,
France) and an anti-AtpB antibody (dilution 1:5000; AS05085;
Agrisera). Detection was carried out with an HRP-conjugated sec-
ondary antibody, and the signal was developed using the Clarity
Western ECL Substrates kit. Images of the blots were captured
using a CCD imager (ChemiDoc MP Imaging System, Bio-Rad).

2.6 | Oxygen Exchange Measurements

Oxygen consumption (respiration) and production (photo-
synthesis) at Photosystem II (PSII) were monitored using
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temperature-controlled oxygen electrode systems maintained
at 19°C (Hansatech Instruments). To modulate respiratory ac-
tivity, salicylhydroxamic acid (SHAM) and antimycin A (AA)
(both from Sigma) were added at final concentrations ranging
from 400 uM to 2mM for SHAM, and from 2 to 10uM for AA.

Measurements with stable isotopes of carbon (}3C) and oxy-
gen (**0) in MIMS were performed as described in Fitzpatrick
et al. (2022). Cells were taken at around 2.0 10° cells mL~!
and concentrated to approximately 10 ug chlorophyll mL~! in
darkness. The sample was purged with N, to minimise back-
ground %0, before a bubble of *0, (99% Cambridge Isotope
Laboratories Inc.) was loaded into the stirring liquid, bringing
the concentration of the heavier isotope up to approximately
500 uM. 13C bicarbonate was added to 10mM concentration.
The conversion to *CO, was enhanced by adding a small vol-
ume of Carbonic Anhydrase (Sigma) at 1 mgmL~!. Data were
recorded in darkness and later at 25 and 250 umol photons
m~2s~1. Measurements were performed for 5min at each light
condition. Fluxes were calculated with equations described in
Beckmann et al. (2009), which include offsets for the changing
relative concentrations of '°0, and 130,

2.7 | Fluorescence and Spectroscopic
Characterisation of Photosynthetic Light Reactions

Chlorophyll fluorescence was imaged in 100uL of cell sus-
pension placed on a 96-well plate. Cells were dark-adapted
for 10min before measurement. Fluorescence was quantified
using a Speedzen III fluorescence imaging setup (JBeam Bio).
Maximum fluorescence was determined during the application
of saturating red light pulses (250 ms, 3000 umol photons m=2s71),
either in the dark (yielding F, ) or during actinic light exposure
at 900 umol photons m~2s~! (yielding F,'). Fluorescence was
detected using short blue (470nm) detection pulses (10 us). The
chlorophyll fluorescence was then measured before (F) and
during the saturating pulse (F,), and the electron transfer rate
(ETR) was calculated as (F,'—F)/F,'XPARX0.5, where PAR
is the intensity of actinic light used to stimulate photosynthesis
and the term 0.5 represents 50% of the probability that one elec-
tron goes to PSII (instead of PSI).

In vivo spectroscopic analysis was performed with a JTS-10
spectrophotometer (Biologic), equipped with a white LED
source filtered through appropriate interference filters, and
BG39 filters to protect the photodiodes. The filtered white
LED served exclusively as a measuring beam, while photo-
synthetic changes, including variations in the proton motive
force (pmf) revealed by the electro chromic shift (ECS) at
520-545nm, were monitored. This difference disentangles
ECS signatures from spurious changes associated with either
cytochrome b6f complex activity (Joliot and Joliot 1994) or
with the 535nm shift that reflects a modification of the xan-
thophyll diatoxanthin during the onset (or relaxation) of NPQ
(Blommaert et al. 2021).

The amplitude of the ECS signal was normalised to a signal
corresponding to 1 charge separation, that is, the amplitude
induced 150us after exposure to saturating single turnover
laser flashes. Because PSII was inactivated by the addition of

saturating amounts of the inhibitors DCMU (20 uM) and hy-
droxylamine (1mM), only PSI is active in these conditions,
and therefore, the ECS amplitude corresponds to one charge
separation per photosynthetic electron transfer chain (Bailleul
et al. 2010).

2.8 | Metabolite Analysis

Metabolites were extracted and analysed as described in
Villanova et al. 2017. Ten million cells were harvested on a
Durapore-HV membrane filter disc 2.5cm in diameter and with
a pore size of 0.45um (Millipore) by vacuum filtration. The filter
with the cells was then transferred into a 1.5mL tube and frozen
in liquid nitrogen. Frozen samples were stored at —80°C until
metabolite extraction. Metabolites were extracted by immersing
the filter in 1 mL of 90% (v/v) methanol containing 0.1 ugmL~1U
13C sorbitol as an internal standard. The tubes were sonicated in
a water bath-type sonicator for 1 min in ice-cold water and then
incubated at 4°C for 1h with shaking. The remaining solution
was centrifuged at 22000g for 5min at4°C. A 50 uL aliquot of the
supernatant was used to determine chlorophyll concentration,
while a 900 uL aliquot was reduced to dryness using a SpeedVac
vacuum concentrator (Thermo Fisher Scientific). Samples were
derivatised by adding 40uL of methoxyamine hydrochloride
(20mgmL~! in pyridine), which was used to resuspend the
metabolites by shaking for 2h at 37°C. Subsequently, 70 uL of
MSTFA (prepared by mixing 1mL MSTFA with 20uL. FAME
mix) was added, followed by an additional 30-min incubation
with shaking at 37°C. The resulting supernatant was trans-
ferred to GC sample vials for GC-MS analysis. Chromatograms
and mass spectra were analysed using ChromaTOF software.
Metabolite identification was manually verified using the
mass spectra and retention indices from the Golm Metabolome
Database. Peak intensities of mass fragments were normalised
based on the fresh weight of the sample and the quantity of the
internal standard (ribitol) added. Statistical differences between
groups were assessed using Student's t-test on raw data, with
significance defined as p <0.05. Relative metabolite levels were
calculated as the ratio of each line to the mean value of the corre-
sponding wild-type (WT).

2.9 | Statistical Analysis

For all statistical analyses, unpaired t-tests with Welch's correc-
tion were performed using GraphPad Prism (version 10.4.1 for
Mac OS X, GraphPad Software, Boston, Massachusetts, USA,
www.graphpad.com). Statistical significance was denoted as
follows: *p <0.05, **p <0.01 and ***p <0.001.

3 | Results

3.1 | Identification of a Putative Transporter
Involved in Chloroplast-Mitochondria Energetic
Interactions

While previous functional studies in diatoms support the exis-
tence of energy exchange between plastids and mitochondria,
the molecular components mediating this interaction remain
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unknown. We explored potential players in this process, and
identified a candidate MCF transporter, hereafter referred to as
MCFc (Phatr3_J46742, also PTI_11G01630 in Pico-PLAZA 3
and PTI_11G01280 in Pico-PLAZA 2), predicted to be plastid-
targeted and potentially involved in the exchange of ATP or
reducing equivalents across organellar membranes. According
to the Ensembl Protists Gene Browser (protists.ensembl.org),
Phatr3_J46742 is located on Chromosome 11 and encodes the
protein B5SY3NO (UniProt). The structure of MCFc has been

... Insertion: +1 bp

modelled with high confidence in the AlphaFold database
(Varadi et al. 2024) (Figure 1A and Figure S1).

We performed a 3D structural homology search using the
PDB repository and AlphaFold DB (van Kempen et al. 2024),
revealing clear similarities to four well-characterised mito-
chondrial transporters in mammals and fungi. This approach,
along with its classification within the MCF family, suggests
that MCFc may transport amino acids, carboxylic acids, fatty
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FIGURE1 | MCFc, a chloroplastic mitochondrial carriers family. (A) Predicted structure of MCFc and its root-mean-square deviation from ca-
nonic MCF (B) Phylogenetic tree of MCFc inferred under the C20 model. Monophyletic groups are collapsed at the family level and coloured by
taxonomic affiliation (light green: green algae, darker greens: chlorarachniophytes and euglenids, orange: cryptophytes, violet: haptophytes, pink:
ochrophytes, blue: dinophytes, red: colpodellids). Diatoms are shown in boldface and the group including Phaeodactylum MCFc (Phatr3_J46742) is
denoted by an asterisk (*). Nodes with ultrafast bootstrap support (UFBS) >85% are indicated by a semi-transparent circle. (C) Subcellular localisa-
tion of MCFc. The MCFc-GFP fusion protein colocalises with chlorophyll autofluorescence, but not with mitochondrial markers, indicating plastid
localisation. (D) Ultrastructure Expansion Microscopy (U-ExM) confirms the localisation of MCFc within the plastid while excluding its presence in
the pyrenoid. The use of NHS-ester staining reveals the total protein content, allowing visualisation of the overall cell morphology. Note the differ-
ence in scale bars: Panel (D) shows an expanded cell (scale bar =20 um), whereas Panel (C) is unexpanded (scale bar =2 um). (E) Molecular charac-
terisation of MCFc KO mutants. Sequencing of Mcf ¢ gene in mcf-a and mcf-b indicates that both clones bear a stop codon after 90 codon triplets due
to the insertion of 2 and 1 base pairs, respectively. (F) Western blot analysis confirms the successful knocking out of the Pt-MCF gene by revealing

the absence of a specific protein at around 40kDa in the two mutant lines, ATPg is the loading control.

acids, cofactors, inorganic ions or nucleotides (Ruprecht and
Kunji 2020). Based on its structural similarity to known plastid-
targeted MCF transporters such as the land plant ADNT1 for
ADP/ATP exchange and an arginine transporter (BAC1), both
from Arabidopsis thaliana (Table S1; Figures S3 and S4), MCFc
appears to be a plastidial protein that potentially plays a role in
chloroplast-mitochondria crosstalk.

To address the evolutionary origin and taxonomic distri-
bution of MCFc, close homologues were analysed using a
dataset of orthologous groups inferred from high-quality
proteomes (Van Vlierberghe, Philippe, and Baurain 2021).
The corresponding orthogroup (0G0001460) included three
sequences from P. tricornutum. A preliminary phylogenetic
tree (C20 model, Figure S1A) showed that one gene copy
(PTI_10G03480=Phatr3_J46612, putative mitochondrial
copy) belongs to a large group containing both photosynthetic
(PS) and non-PS lineages (UFBP support 76%). Another copy
(PTI_01G05580 = Phatr3_J42874) is specific to PS hetero-
konts (=ochrophytes) (UFBS 89%), whereas the third copy
(PTI_11G01280=Phatr3_J46742 =MCFc) lies in a large group
that includes many, but only, PS lineages, among which are
basal green algae but no land plants or red algae (UFBS 70%).
Finally, many diatoms (except Phaeodactylum) and a few other
lineages displayed a fourth copy, which was provisionally con-
sidered as mitochondrial too (UFBS 55%).

The two other PS subtrees (clan OG0001460-8) were then en-
riched with high-quality transcriptome sequences from PS
lineages (Van Vlierberghe, Di Franco, et al. 2021) to clarify
the phylogenetic environment of the diatom MCFc gene, yield-
ing a relatively well-supported tree (C20 model, Figure S1B).
Ochrophytes were split into two distinct groups, corresponding
to the two remaining gene copies of Phaeodactylum, with dia-
toms each time forming a maximally supported monophyletic
group (UFBS 96-100%). This prompted us to root the tree on
the ochrophyte-specific copy. Similarly, haptophytes were split
into two (unequal) groups, but both coincided with the gene
copy found in most PS lineages. In the large PS subtree, cryp-
tophytes non-robustly (UFBS 25-55%) appeared near the base
of a densely sampled group of red complex algae (i.e., ochro-
phytes, colpodellids), thus supposedly exhibiting a ‘red copy’,
even though the highly supported (UFBS >90%) nested posi-
tions of complex green euglenids and chlorarachniophytes may
seem odd. Surprisingly, most haptophytes grouped with green
algae rather than with this red copy. Moreover, the positions

of dinophytes showed strong evidence (UFBS >90%) of lateral
gene transfer (LGT) from either ochrophytes (non-peridinin
plastids) or, more strangely, from green algae (both peridinin
and non-peridinin plastids). Finally, a third inference focusing
on the MCFc subtree alone was built to further analyse those re-
lationships while minimising potential reconstruction artefacts
(Felsenstein 1978; Gouy et al. 2015). In this well-supported tree
(Figure S1B,C), we chose to use green algae as the outgroup, in
line with the relatively long branch (UFBS 99%) separating their
‘green copy’ from the putative red copy of all complex algae.
Most relationships remained unchanged in this last analysis,
but the evolutionary interpretations are different (see Section 4).

Subcellular localisation studies using an MCFc:GFP fusion
revealed co-localisation with chlorophyll autofluorescence
(Figure 1C) and with the chloroplastic protein PsbA (Figure S2),
but not with mitochondria (Figure 1C). The GFP signal was dis-
tributed throughout the plastid, with a notably stronger signal
observed near the pyrenoid region. This apparent enrichment
may result from the lower chlorophyll autofluorescence in the
pyrenoid, which typically interferes with GFP detection else-
where in the chloroplast but allows clearer visualisation in
this zone of reduced chlorophyll. Consistently, expansion mi-
croscopy (u-ExM), which removes chlorophyll during sample
preparation, revealed a homogenous GFP distribution across the
chloroplast with no overlap with Rubisco (Figure 1D), the main
component of the pyrenoid. Although fluorescence imaging
showed an apparent fluorescence enrichment near the pyrenoid,
it likely reflected an envelope-associated signal located above
the pyrenoid, where reduced chlorophyll autofluorescence al-
lows enhanced detection. These observations support the hy-
pothesis that this MCF member belongs to a peculiar subfamily
that is targeted to the plastid.

3.2 | Generation of MCFc Knockout Mutant
Strains

To investigate the potential role of MCFc in chloroplast-
mitochondria interactions, we generated knockout (KO) strains
using CRISPR-Cas9 technology (Giustini et al. 2024). After
transformation, zeocin-resistant P. tricornutum (Ptl) colonies
were sequenced, revealing two independent clones with mu-
tations in the Phatr3_J46742 gene (MCFc). These mutations
introduced a stop codon after 90 or 82 amino acids due to the
insertion of 2 and 1 base pair(s), respectively (Figure 1E).
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We confirmed the absence of the MCFc protein by immunode-
tection analysis using a custom-made antibody that recognised
a40kDa band in the WT, corresponding to the predicted molec-
ular weight of the MCFc protein. This band was absent in the
mutant lines, confirming the successful generation of KO lines
for the Phatr3_J46742 gene (Figure 1F).

We explored the potential role of MCFc in diatom energetics,
monitoring the growth and photosynthetic capacity of the two
KO mutant strains. We combined the results from both clones
because their phenotypes were indistinguishable. Although no
growth defects were observed (Figure 2A and Figure S5A), we
found that the KO lines had lower photosynthetic performance
(electron transport rate [ETR]) compared to WT cells (Figure 2B;
Figure S5B and Table S2). To complete the physiological char-
acterisation of the mutants, we assessed their ability to main-
tain a pmf (A¥d) in the dark, a functional trait revealing the
chloroplast-mitochondria interactions (Bailleul et al. 2015). This
parameter was quantified using the Electrochromic Shift (ECS)
signal, which responds to changes in membrane A¥ with lin-
ear (at 520nm) and quadratic (at 565nm) dependencies (Bailleul
et al. 2015; Joliot and Joliot 1989). The AWd signal was approx-
imately 25% lower in the mutant strains compared to the WT
(Figure 2C and Figure S5C), indicating that MCFc contributes to
energy interactions between these two organelles. However, this
role appears to be partial and is likely complemented or compen-
sated by other metabolic exchanges, which may help to mitigate
the impact of MCFc disruption.

3.3 | MCFc Modulates the Relationship Between
Photosynthesis and Respiration

We monitored the relationship between oxygen production
(from water-splitting in PSII) and oxygen consumption (via
respiration) (Figure 3A and Figure S6A). In diatoms, these pro-
cesses are linearly correlated, suggesting the existence of a link
between the export of excess reducing power from the plastid to

the mitochondria, its use for ATP production, and the subsequent
import of ATP into the chloroplast to drive CO, assimilation
(Bailleul et al. 2015). Since MCFc may influence photosynthetic
ETR and the membrane potential in the dark (A¥d) as part of
the pmf, we examined the interplay between photosynthesis
and respiration under varying concentrations of SHAM and
Antimycin A, two inhibitors of mitochondrial respiration that
gradually reduce mitochondrial activity. We observed a linear
relationship between the two mechanisms (respiration and pho-
tosynthesis) in WT cells (Figure 3A and Figure S6A), indicating
that increased activity in one process enhances the other. This
result aligned with previous findings (Bailleul et al. 2015). The
linear relationship observed here was preserved in the absence
of MCFec, although the slope of oxygen evolution versus con-
sumption was less steep (Figure 3A and Figure S6A), suggesting
that organelle crosstalk was weakened.

We corroborated these findings using the more specific mem-
brane inlet mass spectrometry (MIMS) technique (reviewed in
Burlacot et al. 2020). MIMS is particularly well-suited for de-
tecting dynamic, short-term effects, such as alternative flows
through less efficient transporters driven by elevated substrate
concentrations, often obscured under steady-state conditions by
compensatory mechanisms. By employing %0 and !3C isotopes,
we simultaneously recorded PSII O, evolution and cellular res-
piration rates under varying light conditions. Photosynthetic O,
evolution and '*CO, fixation rates followed a similar trend in
the mutant and WT strains, showing an approximately linear
relationship with light intensity. However, the 80, uptake rate
increased sharply under high-light conditions in the mutant
(Figure 3B,C and Figure S6B,C).

Additionally, the oxygen uptake of the mcf, strain exhibited a
brief spike (lasting about 10s) after transitioning to high light be-
fore stabilising at a lower steady-state uptake, suggesting a tran-
sient accumulation of undefined respiratory substrates due to
the absence of the MCFc transporter. Overall, the O, evolution-
to-uptake ratio was significantly lower in the mcf, mutant
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Data+SD from six biological replicates. Datapoints refer to the following concentrations of salicylhydroxamic acid (SHAM) and Antimycin A (AA),
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brane inlet mass spectrometer (MIMS) in presence of ¥0-labelled O, representative traces shown in (B). Cells were dark-adapted before the experi-

ment. Black bars indicate the dark period, white bars the light period. (C) Average +SD of four independent replicates extracted from (B).

compared to the WT under high light conditions (Figure 3B,C
and Figure S6B,C), explaining the differential slope observed in
Figure 3A. Based on the notion that MCFc is involved in en-
ergy exchanges between the chloroplast and mitochondria, this
transient increase in O, consumption might indicate increased
respiration activity due to an over-reduction of PSII.

3.4 | Metabolite Analysis-Based Analysis
of Chloroplast-Mitochondria Exchanges

To investigate the nature of the metabolite(s) exchanged through
MCFc. We performed a comparative metabolomics analysis. The
absence of MCFc resulted in a significant decrease in several
amino acids, including aspartic acid (Asp), glutamic acid (Glu),
asparagine (Asn), leucine (Leu) and 2-ketoglutarate (2-KG, the
precursor of Glu). In contrast, arginine (Arg) levels were elevated
in the mutant compared to the WT (Figure 4 and Table S3).

3.5 | InSilico Analysis of MCFc Putative Structure
and Substrate Specificity

The transport mechanism of mitochondrial ADP/ATP carriers
is well described and likely generalisable to other mitochondrial
carriers (Ruprecht and Kunji 2020; Palmieri and Pierri 2010).

These carriers typically have a single substrate-binding site and
two substrate recognition gates on each side of the membrane
(Figure S7). The coordinated movement of six transmembrane
(TM) helices facilitates the alternating opening and closing of
the matrix or intermembrane space (confluent with the cyto-
sol), preventing proton leakage from the lumen. The coupling
between TM helices 1-2, 3-4 and 5-6 is driven by interactions
between similar sequence motifs that complement the joint TMs
within the doublets, conferring substrate specificity (Ruprecht
and Kunji 2020).

An analysis of the corresponding motifs in MCFc homologs,
based on structural alignment and motif scoring (Figure S7),
revealed that the odd-numbered TM helices (1, 3 and 5) share
very similar motifs. At the same time, this pattern did not hold
for the even-numbered TMs, suggesting a potentially different
structural mechanism. By evaluating MCFc similarity to known
MCEF proteins, possible substrates could include aspartate/gluta-
mate, ATP-Mg/Pi or citrate (Table S1).

4 | Discussion
In this work, we sought to identify potential factors that in-

fluence the optimal dialogue between organelles in diatoms.
These organisms, which represent the complex red lineage of
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phototrophs, share the most fundamental characteristics of ox-
ygenic photosynthesis found in primary algae. However, a com-
plete understanding of the molecular components responsible
for optimising the photosynthesis process in diatoms remains
incomplete.

4.1 | Optimising ATP/NADPH Stoichiometry
and Strategies

Photosynthesis relies on maintaining an optimal ATP/NADPH
ratio, which is established during the light reactions. This
balance is typically regulated by adjusting the contributions
of linear and alternative electron flow processes. One mech-
anism involves the export of reducing equivalents from the
plastid to mitochondrial oxidases (Kinoshita et al. 2011). This
process enables mitochondria to support photosynthetic activ-
ity under specific conditions and has been observed in green
plants, with particularly high activity in some microalgae.

For instance, KO strains with double mutations in respiratory
complexes (Cardol et al. 2009; Lemaire et al. 1988) exhibit severe
growth defects, underscoring the critical role of mitochondrial
function in green algae such as Chlamydomonas. Remarkably,
the Chlamydomonas mutant strain Fud50su, which lacks the
plastidial ATP synthase, can restore phototrophic growth in a
revertant strain. This recovery is achieved through enhanced
ATP import from mitochondria via the ATP/ADP transporter
(Merchant et al. 2007; Lemaire et al. 1988), highlighting the in-
terplay between plastids and mitochondria energy metabolism.

In diatoms, direct energetic exchange plays a crucial role
(Bailleul et al. 2015; Murik et al. 2019). Computational simula-
tions and experimental analyses suggest that organelle crosstalk
plays a key role in regulating light-dependent metabolic changes
in these organisms (Prihoda et al. 2012). In addition to direct
metabolic exchanges, several ‘indirect’ interactions between or-
ganelles have also been well documented. For instance, CO, pro-
duced by oxidative phosphorylation can be immediately refixed
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in the plastid (Busch et al. 2013; Riazunnisa et al. 2006), O,
generated by photosynthesis can be consumed by mitochondria
before diffusing out of the cell (Lavergne 1989), and functional
studies in Arabidopsis suggest that H,0, accumulation can trig-
ger coordinated responses between plastids and mitochondria
to relieve PSI acceptor-side limitations (Fitzpatrick et al. 2022).
Consistent with this possibility, increased light-dependent re-
spiratory CO, evolution was seen when infiltrating Arabidopsis
plants with Methyl viologen (MV). These experiments were
consistent with a possible H,O, priming of mitochondria to ac-
cept excess energy, potentially through the malate shuttle. The
MCFc mutations generated in this work affect both photosyn-
thesis (Figure 2) and respiration (Figure 3). Thus, they alter
the relationship between these two processes in mutant cells
(Figure 3A).

4.2 | Molecular Players Involved in Organelle
Exchanges in Diatoms

Despite functional studies (Bailleul et al. 2015), and modelling
approaches (Levering et al. 2016; Broddrick et al. 2019), the
molecular mechanisms governing plastid-mitochondria inter-
actions in diatoms and complex red plastids in general remain
poorly understood. Previous research has identified bacteria-
like plastidial nucleotide transporters (NTTs) in diatoms, which
are localised in the plastid envelope (Ast et al. 2009; Gruber
and Haferkamp 2019). These transporters may play a role in
supplying nucleotides to the plastid for energy metabolism, but
their exact energetic role is unclear, as they do not catalyse ATP/
ADP exchange like in primary plastids (Ast et al. 2009; Chu
et al. 2017).

Several other diatom transporters localised to the thylakoid or
envelope membranes have been studied (reviewed in Marchand
et al. 2018; Finazzi et al. 2015; Carraretto et al. 2016). These
transporters primarily include carriers of ions and a limited
number of metabolites. However, their known activities and
substrate specificities do not align with the functions investi-
gated in this study.

Bioinformatic, molecular and physiological analyses suggest
that MCFc is a member of the MCF group. Moreover, confocal
imaging of GFP-tagged strains confirms that Phaeodactylum
MCFc is specifically targeted to the plastid, as are Arabidopsis
ADNT1 and BACI. Yet, in terms of sequence homology, MCFc
is distant from both these plastid-targeted MCF transporters,
since the three proteins were recovered in different orthogroups
(clans 0G0001460-8, OG0000089-40 and OG0000128-21, respec-
tively) by Van Vlierberghe, Philippe, and Baurain (2021), each
group containing closer homologs from non-PS organisms (e.g.,
Figure S1A). Whereas MCFc orthologues are widespread in com-
plex algal lineages, whether equipped with a red or a green plastid,
they are much scarcer in primary algae (Figure 1B,C), with no
representative in glaucophytes (apparently), red algae or beyond
basal green algae (i.e., Prasinodermophyta, ‘prasinophytes’ and
Chlorodendrophyceae). This observation suggests either early
parallel losses of the primary gene after endosymbiotic trans-
fer of the red copy to complex algae or recruitment from a non-
primary source. Regarding the second possibility, there exists a
close paralogous copy of MFCc (Phatr3_J42874) that is specific to

ochrophytes and might be at the origin of MCFc in all complex
algae (Figure S1B). In any case, many gene transfers are needed
to explain the distribution and phylogeny of MCFc sequences re-
ported in this work, for example, in complex green algae and in
multiple types of dinophytes. A recruitment of MFCc from an-
other compartment after duplication, as proposed for several key
genes such as the plastid-targeted GAPDH (GapC-I) of complex
red algae, initially of cytosolic origin (Harper and Keeling 2003;
Petersen et al. 2014; Van Vlierberghe, Di Franco, et al. 2021), seems
implausible here (see the legend of Figure S1 for more discussion).

While its precise substrate remains unidentified, the deletion of
MCFc significantly impacts the accumulation of the key amino
acid precursor 2-KG (a-ketoglutarate) and other amino acids.
This disruption is likely due to impaired partitioning of aspar-
tate, glutamate, asparagine, and arginine between the plastid
and cytosol. Our analysis suggests different hypotheses to ex-
plain its function (Figure 4C).

Hypothesis 1, (Figure 4C: MCFc transports 2-KG inside the
plastid [maybe against glutamate]). Indeed, the reduced levels
of Glu and 2-KG in the mutant likely originate from the chlo-
roplast, which is about 10 times larger than the mitochondrion
(Uwizeye et al. 2021). Usually, nitrogen fixation occurs in the
plastid through the combined action of glutamine synthetase
and GOGAT, but de novo 2-KG synthesis happens exclusively in
the mitochondrion. Therefore, our first hypothesis would be that
2-KG import into the plastid of the MCFc mutant is hindered,
which could account for the decreased Glu synthesis. Since Glu
is required for Asp production, a reduction in Glu would lower
Asp concentrations in the plastid (AspP in Figure 4C), assum-
ing amino acid demand is maintained and subsequently reduces
amino acids derived from Asp, such as Leu, isoleucine (Ile) and
Asn (following AspP export).

As a result, nitrogen fixation in the MCFc mutant may rely
more heavily on cytosolic glutamine synthase, given the re-
duced utilisation of NH,* in the plastid due to decreased 2-KG
availability and the diffusion of NH,* from the plastid. The
interplay between nitrogen and carbon metabolism indicates
that carbon is essential for nitrogen assimilation and vice versa
(Smith et al. 2019; Obata et al. 2013; Huppe and Turpin 1994).
Consequently, excess nitrogen in the cytosol could be redirected
towards Arg synthesis via cytosolic glutamine synthase and po-
tentially towards a hypothesised urea cycle in diatoms (Allen
et al. 2011), which also involves arginine (as shown in the lower
right of the scheme). These adjustments align with the need
for nitrogen to sustain photosynthetic processes while main-
taining carbon assimilation. These changes would explain the
significant increase in cytosolic Arg, the most prominent dif-
ference observed among the metabolites analysed (Figure 4C,
Hypothesis 1), and account for the lower functional effect of the
mutation in nitrogen-limited conditions.

Hypothesis 1 can explain (1) a lower ETR (decreased electron
sink in the plastid), (2), metabolomics data (see above), (3)
MIMS results (default in 2-KG import into the plastid would re-
route this metabolite towards complete respiration in the TCA
cycle) and (iv) it would be consistent with in silico predictions.
In land plants, oxoglutarate/glutamate exchange is carried out
by the combined action of DIT1 (2-KG, /malate ) and DIT2
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(glutamate  /malate, ), resulting in no net malate transport but
net export of fixed nitrogen. The ortholog of DIT1 in P. tricor-
nutum encoded by Phatr3_EG02645, shares domain homology
with the Arabidopsis DIT1 2-oxoglutarate-malate exchanger.
However, the gene model lacks an ER transit peptide signal
and the diatom plastid targeting signal (Gruber et al. 2007).
Additionally, the occurrence of plastid-localised enzymes in P.
tricornutum that use malate as a substrate has not been found
yet in the genome (Broddrick et al. 2019), raising doubts about
DIT1/DIT2 cooperation in diatoms.

While this hypothesis is plausible, although the effect of mu-
tation is diminished in the absence of nitrogen, measure-
ments across different nitrogen levels revealed a similar trend
(Figure S7), suggesting that alternative explanations should be
considered.

Alternatively, Hypothesis 2, deficient import of isocitrate into
the plastid (Figure 4C, grey pathways) could also lead to a sim-
ilar metabolic phenotype, as isocitrate could provide 2-KG via
plastidial isocitrate dehydrogenase (ICDH) activity (Huang
et al. 2021). A putative substrate suggested by in silico analy-
sis is indeed citrate (Figure S8 and Table S1). Tricarboxylate
transporters transport both citrate and isocitrate (Picault
et al. 2002), but citrate does not have any known documented
metabolic role in the plastid of diatoms, nor in land plants. A
plastidial isocitrate dehydrogenase (catalysing the reaction isoci-
trate + NADP+ < —>2-KG + NADPH + CO,) has been identified
in both land plants (see http://chlorokb.fr) and P. tricornutum
(Huang et al. 2021). If this plastidial enzyme functions in the
direction of isocitrate decarboxylation (Direction 1), then cyto-
solic isocitrate must be imported into the plastid. This pathway
would provide an alternative source of 2-KG for nitrogen assim-
ilation. Defective isocitrate import (isocitrate dehydrogenase
operating in Direction 1) could also explain MIMS results and
the metabolic profile. The concomitant production of NADPH
by isocitrate dehydrogenase—apparently unnecessary in the
plastid during the light phase—may explain why the role of this
enzyme is not yet fully understood. However, if the isocitrate
dehydrogenase works in the carboxylation direction (Direction
2, 2-KG+NADPH + CO, — > isocitrate + NADP*), it could serve
as a mechanism to alleviate redox pressure in the plastid and
provide isocitrate to the cytosol for lipid synthesis. Regardless of
the direction in which the enzyme operates, isocitrate transport
across the plastid envelope is essential, although no such trans-
porter has yet been identified.

Finally, in silico comparative analysis of the MCFc predicted
structure suggests that another possible substrate (Hypothesis
3) could be ATP (Table S1 and Figure S8). Changes in the pmf
observed in the dark would be consistent with this hypothesis.
However, the lower dark plastidial pmf might be an indirect con-
sequence of metabolic perturbation, such as a lower pH in the
stroma due to modified abundant amino acid concentrations.

In conclusion, this study underscores the intricate nature of
intracellular metabolite transport and its connection to energy
metabolism in diatoms. Although many key molecular players
remain elusive, our integrated approach—encompassing molec-
ular biology, bioinformatics and physiology—provides valuable

insights and lays a strong foundation for advancing our under-
standing of these unique organisms in the years to come.
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