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The symbiogenetic origin of organelles, such as chloroplasts, is established, and
organelle genomes provide evidence of prokaryotic ancestry. Nevertheless,
most organelle proteins are nuclear-encoded and function in concert with those
expressed from the organelle genomes, representing constitutive molecular
chimerism. The evolutionary forces generating chimerism have been widely
discussed, but without much evidence. Here we provide biochemical evidence of
transient molecular chimerism in nature, along with a possible mechanistic
explanation for chimerism. In the flagellate, Rapaza viridis, nuclear-encoded
proteins support photosynthesis in transient, xenogeneic chloroplasts (klepto-
plasts) acquired from the green alga Tetraselmis sp. We focused on two putative
kleptoplast-targeted proteins: a RuBisCO small subunit-like protein (RvRbcS-
like) and a RuBisCO activase homologue. Immunofluorescence microscopy
confirmed the kleptoplast localization of the proteins, and the knockdown and
knockout experiments demonstrated impaired photosynthesis, particularly for
RuRbcS-like. The unique carboxyl-terminal extension of the RuRbcS-like protein
suggests that it has an additional role in pyrenoid reorganization, a key step in
kleptoplast remodelling. Protein translocation into kleptoplasts requires rapid,
de novo assembly of transport systems after each acquisition, unlike the con-
stitutive chimerism of established organelles. This previously unreported phe-
nomenon in eukaryotes positions R. viridis as a unique, genetically tractable
model for investigating the molecular and evolutionary origins of organelles.

Eukaryotes are inherently chimeric. Although the core system origi- of other bacteria. Each integration arose in a specific physiological
nated in archaea, many eukaryote proteins were derived from different  context, which was probably endosymbiotic, where selection operated
bacteria of another domain’, and eukaryote organelles, such as mito-  at that moment, and the chimeric states found in modern eukaryotes
chondria and chloroplasts, resulted from the cellular-level integration are constitutive. Therefore, it is only natural that theories on
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organellogeneses”” hinge on two extremes: modern endosymbiotic
examples with little molecular-level integration'® and genetically fully
integrated organelles, although the proposed evolutionary processes
are not well evidenced. Nevertheless, there are some exceptional and
unique opportunities for evolutionary studies into the transient inte-
grations of xenogeneic bodies in some eukaryotic cells, such as the
phenomenon called kleptoplasty.

Kleptoplasty represents a distinct form of algal exploitation, in
which the host cells temporarily acquire chloroplasts from other algal
cells, presumably to exploit them for phototrophy, and the stolen
plastids are called kleptoplasts". Kleptoplasty has been reported in a
wide range of eukaryotes and, importantly, demonstrates a wide variety
of symbiogenetic modes. Some well-known examples of multicellular
host organisms include the sacoglossan sea slugs™”. However, uni-
cellular hosts are more common and have been reported in taxa with
diverse dinoflagellates, ciliates'?', and foraminiferans®>?, as well as a
kathablepharid®, a centrohelid®, and a euglenozoan’. Unlike mutualistic
algal endosymbiosis, the kleptoplasts that confer phototrophy to the
host are extracted from the original algal cells and can be considered as
symbiogenetic in nature, functioning as transient organelles. However,
the molecular basis of kleptoplast maintenance differs among cases*”.
For example, in the ciliate Mesodinium rubrum®*® and the dinoflagellates
Nusuttodinium aeruginosum® and Durinskia capensis'®, the nuclei of the
kleptoplast donor algae are retained in the host cytoplasm along with
the kleptoplasts. These kleptoplasts seem to be temporarily maintained
by the algal nuclei-encoded proteins, whose expression may or may not
be modulated by the host**°.

In other intriguing cases, even without algal nuclei, partial genetic
integrations have been proposed based on transcriptomic data to be
involved in prolonged maintenance of active kleptoplasts by asserting
the expression of host nuclear-encoded proteins in the xenogeneic
kleptoplast interior’?**"*, However, these hypotheses lacked bio-
chemical confirmation. Approximately 60 candidate kleptoplast-
targeted proteins were proposed in Dinophysis acuminate, which
included several components of the thylakoid photosynthetic appa-
ratus, sugar transporter, and some enzymes involved in pigment
biosynthesis®*% In the Ross Sea dinoflagellate, some photosynthetic
proteins encoded by the host nuclear genome may target and function
in the kleptoplasts, especially the photosystem I subunits, allowing
temporary establishment of cyclic electron transport®.

Recent findings have revealed an outstanding case of kleptoplasty in
the euglenozoan flagellate Rapaza viridis>***. This organism obtains its
kleptoplasts from the green alga Tetraselmis sp. through phagocytosis.
Although it retains the chloroplasts, the algal nucleus is expelled toge-
ther with the cytoplasm shortly after its ingestion. The resulting klep-
toplast is then split into smaller pieces and distributed to the daughter
cells, without being enlarged, maintaining high photosynthetic perfor-
mance for about 2 weeks before declining (Fig. 1)°. Most importantly, the
R. viridis transcriptome contained more chloroplast-related genes than
ever reported, with 274 identified according to the most conservative
estimate’, each encoding distinctive amino-terminal (N-terminal)
sequences similar to the bipartite targeting signals found in Eugleno-
phyceae algae, the sister clade of R. viridis possessing secondary chlor-
oplasts derived from Pyramimonas’*. Therefore, the phenomena
observed in the kleptoplasty of R. viridis, such as pyrenoid reorganization
and multiplication, persistence of photosynthetic activity, and accumu-
lation of photosynthetic products in the host cytoplasm, were tentatively
attributed to genes that are presumably acquired by horizontal gene
transfer from various algae’. However, in silico predictions alone are
insufficient to prove protein import and elucidate its mechanistic
underpinnings, highlighting the need for cellular-level biochemical
investigations™.

Here, we investigated kleptoplasty in R. viridis at the protein level,
focusing on the intracellular localization and function of host nuclear-
encoded genes. Using genetic engineering and biochemical approaches,

we show that selected highly expressed proteins with predicted chlor-
oplastic functions are translocated into kleptoplasts, where they are
crucial for the effective operation of this xenogeneic organelle.

Results

Host chloroplastic gene expression

From the time-series transcriptome data taken from four distinct
kleptoplastic stages (Fig. 1 and Supplementary data), we identified 37
R. viridis transcripts encoding proteins with conserved domains indi-
cative of chloroplastic functions®”. The expression levels of these
transcripts were comparable to those of key mitochondrial metabolic
genes (Supplementary Table 1 and Fig. 2a). The presence of a dis-
tinctive euglenid 5-spliced leader sequence® in these transcripts
(Supplementary Table 2) and the mapping of their open reading
frames (ORFs) to contigs in the draft genome, with or without introns
conforming to the canonical GT(GC)-AG splice rule* (Supplementary
Table 3), verifies their genuine expression from the R. viridis nuclear
genome. Phylogenetic analysis of the translated peptide sequences
showed that about 40% clustered with Euglenophyceae proteins,
consistent with previous reports’, and about 20% with Tetraselmis spp.
(Supplementary Table 4). However, none of the 37 sequences were
identical or highly homologous to the current kleptoplast donor strain
Tetraselmis sp. NIES-4478. This suggests any horizontal transfers of
these important genes occurred in the distant past, and the genes
evolved as unique components of R. viridis.

These putative proteins include core components of the thylakoid
membrane photosynthetic machinery, including light-harvesting pro-
teins and subunits of photosystem II, cytochrome bgf, and ATP syn-
thase. Transcripts were also identified for proteins involved in the
Calvin—-Benson cycle, including ribulose 1,5-bisphosphate carboxylase/
oxygenase (RuBisCO) and its related factors, thylakoid membrane
proteases (FtsH homologs), a triose-phosphate/phosphate translo-
cator (TPT), pentose-phosphate/phosphate translocators, and other
enzymes. The peak transcript levels varied by gene (Supplementary
Table 1). Although many transcripts, including those for the electron
transport chain, peaked during the growth or stationary phases of the
phototrophic stage, others peaked in the late kleptoplast transfor-
mation stage (Fig. 2b). From the late kleptoplast transformation stage,
we selected two genes for further analysis: a homolog of the RuBisCO
small subunit (RvRbcS-like) and of RuBisCO activase (RvRca-like).
Quantitative polymerase chain reaction (qPCR) confirmed that
RVRbcS-like expression peaked during the transformation stage,
whereas RvRca-like expression peaked in the early to mid-growth
phase (Fig. 2c). If transported into kleptoplasts and functionally active,
these proteins are likely to be essential for carbon fixation in klepto-
plastic photosynthesis.

Host protein kleptoplast localization

We confirmed the expression of RvRbcS-like and RvRca-like in R. viridis
and their absence in their respective knockout strains by immuno-
blotting, with Tetraselmis sp. as a control (Fig. 3¢). Custom anti-peptide
antibodies were synthesized to recognize the corresponding amino
acid sequences from R. viridis NIES-4477 specifically (Fig. 3a), and both
proteins were detected in wild-type R. viridis but not in the knockout
strains (ARvVRbcS-like and ARvVRca-like, respectively).

The observed peptide sizes were much smaller than predicted.
RVRbcS-like encodes a 942-residue protein composed of four tandem
RbcS domains (cd03527%) flanked by a 177-residue N-terminal low-
complexity domain (NtLCD) and a 228-residue C-terminal low-
complexity domain (CtLCD), with an expected molecular weight of
~105 kDa (Fig. 3a). However, immunoblotting revealed a predominant
band a -90 kDa, consistent with the removal of the ~18 kDa NtLCD. Full-
length peptides were rarely observed; only one instance of a ~105 kDa
band was found in an early experiment (Supplementary Fig. 2). Simi-
larly, RvRca-like encodes a 542-residue protein containing a conserved

Nature Communications | (2026)17:2371


www.nature.com/naturecommunications

Article https://doi.org/10.1038/s41467-026-70516-x

Ingestion event Kleptoplast transformation stage

Declining stage

e

Rapaza viridis
NIES-4477

R. viridis
nuclear genome

=== Photosystem Il
—— Electron transport

Fig. 1| Schematic of kleptoplasty and pyrenoid transformation in R. viridis.
Chloroplasts/kleptoplasts are shown in green, and pyrenoids are shown in yellow.
a R. viridis ingests whole cells of a specific Tetraselmis strain by phagocytosis
(ingestion event), typically consuming them within several hours at a 1:3 cell ratio.
b In the kleptoplast transformation stage (15-20 h after ingestion), R. viridis expels
the algal cytoplasm and nucleus while retaining the chloroplasts as three-
membrane-bound kleptoplasts. The large, starch-sheathed algal pyrenoid then
transforms into multiple Rapaza pyrenoids associated with thylakoid membranes®.
The kleptoplasts are further subdivided, possibly by constricting the outermost
phagosomal membrane. ¢ During the phototrophic stage, kleptoplasts containing
one or more pyrenoids are inherited by daughter cells during exponential growth.

(Stationary culture phase)
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R. viridis remains highly photosynthetic for approximately 2 weeks, remaining
virtually autotrophic through a 1-week growth phase and a 1-week stationary phase.
This autotrophy is supported by suspended growth without external inorganic
nitrogen*, culture decline in the absence of light’, and cytosolic polysaccharide
accumulation in stationary phase cells’**. Kleptoplasts do not grow or replicate
during this period. d In the absence of new kleptoplast acquisition, vacuoles begin
to form after 3 weeks and gradually expand to occupy most of the cell. The cells
ultimately die after 4-5 weeks (declining stage). See Karnkowska et al.” for further
details. e A Venn diagram showing the distribution of genes encoding proteins
involved in key photosynthetic processes in the chloroplast genome, as well as in
the nuclear genomes of R. viridis and Tetraselmis sp.

Rca domain (PLN0O0020) and a 171-residue NtLCD, with a predicted
size of -59kDa (Fig. 3b). However, the detected band was -42 kDa
(Fig. 3d), consistent with cleavage of the ~17 kDa NtLCD.

These findings strongly suggest that both proteins undergo
NtLCD cleavage during or after translocation into the kleptoplast.
Because chloroplast-targeting sequences are typically removed during
import***, our data imply that these nuclear-encoded peptides are
translocated into kleptoplasts via their NtLCDs and subsequently
processed to their mature forms.

Next, we demonstrated the localization of these peptides within
the kleptoplasts using immunofluorescence microscopy. We

generated a genome-edited strain in which an epitope tag was fused to
RuRbcS-like because the custom anti-peptide antibody targeting
RuRbcS-like used above is unlikely to recognize the protein in its nat-
ural conformation, forming the RuBisCO complex. A 3xHA tag was
inserted immediately downstream of the fourth putative RbcS domain,
ensuring that the tag was exposed outside the putative complex (strain
RVRbcS-uCt-insHA3) (Supplementary Fig. 3). The resulting peptide,
~90 kDa after NtLCD removal, was detected by immunoblotting of the
total cellular proteins using an anti-HA antibody (Fig. 3e), confirming
successful tag insertion. After staining with the anti-HA antibody,
immunofluorescence microscopy of the HA-tagged RuvRbcS strain
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Fig. 2 | Highly expressed putative kleptoplast genes and their time-series
transcript level changes. a Thirty-seven R. viridis transcripts encoding well-
predicted full-length domains associated with putative chloroplast functions”
(solid bars), along with six mitochondria-targeted transcripts corresponding to
components of complex Il and the pyruvate dehydrogenase complex (open bars),
all exhibited similarly high maximum expression levels. b Normalized transcript
counts across four timepoints in a time-series transcriptome dataset. The vertical
axis shows normalized counts (mean; n =3 biological replicates per time point)
scaled to the maximum value of each gene; the horizontal axis marks the sampling
points corresponding to the early and late kleptoplast transformation phases and

two later timepoints in the growth and stationary phases of the phototrophic stage.
The genes are grouped according to the timepoint of peak expression. ¢ RNA-seq
counts and qPCR measurements for RvRbcS-like (black) and RvRca-like (red). Solid
squares with error bars represent normalized RNA-seq counts (mean + SEM; n=3
biological replicates per time point; left axis), and the solid circles represent nor-
malized qPCR values (single measurement per time point; n=1; right axis). gPCR
confirmed that RvRbcS-like peaked during the late kleptoplast transformation
phase, whereas RvRca-like peaked slightly later, between the late kleptoplast
transformation phase and the growth phase. Source data are provided as a Source
data file.

revealed fluorescent signals localized just inside the kleptoplasts,
demonstrating RuRbcS-like translocation into the kleptoplast (Fig. 3f).
Multiplex observations using a generic anti-RuBisCO large subunit
(RbcL) antibody showed significant overlap between the HA-tagged
protein and RbcL signals (Fig. 3f). This observation strongly suggests
that RuRbcS-like may function together with RuBisCO in the klepto-
plast pyrenoid®*. No HA signal was detected in wild-type cells (Fig. 3e,
g), validating the specificity of the reporter immunofluorescence.

Similarly, immunofluorescence microscopy using the anti-RvRca-
like antibody revealed signals localized in the kleptoplasts in wild-type
cells (Fig. 3g), but not in ARvRca-like cells (Fig. 3g), confirming that the
detected signal represented naturally folded RuRca-like. These find-
ings demonstrate that RuRca-like is also translocated into the
kleptoplasts.

Function of host-derived proteins

Next, we examined the phenotypic consequences of knocking out
RvRbcS-like and RvRca-like by genome editing to assess their functional
importance. In batch cultures of the ARVRbcS-like strain with precisely
equal initial cell concentrations at the ingestion event (Fig. 1), ARVRbcS-
like exhibited markedly reduced growth, reaching less than half of the
wild-type level (Fig. 4a). Most ARVRbcS-like cells died by day 22, much
earlier than the wild-type survival of approximately 5 weeks’. Addition-
ally, the accumulation of cytoplasmic polysaccharide grains®**** was
markedly diminished in ARVRbcS-like compared with that in wild-type
cells (Fig. 4b, d). Photosynthetic activity per cell in ARVRbcS-like was

suppressed to about half of that of the wild-type activity (Fig. 4c). Dark
oxygen consumption, a measure of respiratory activity, was also sig-
nificantly reduced, suggesting suppressed cellular activity due to the
reduced supply of photosynthetic products. Supporting these findings,
RNA interference targeting RvRbcS-like also impaired photosynthesis
(Supplementary Fig. 4). Although gene silencing was incomplete, the
light-response curves showed that the net oxygen evolution per cell in
the RNA interference-treated culture was significantly reduced to about
half of the control level (Supplementary Fig. 4).

These results highlight the critical role of RvRbcS-like in main-
taining photosynthetic efficiency in kleptoplasts. Because orthodox
RbcS is an essential subunit of RuBisCO in algal and plant chloroplasts,
RuRbcS-like is likely to be involved in carboxylation activity in klep-
toplasts. Although RbcL is encoded by the chloroplast genome and
may continue to be expressed in kleptoplasts, the original Tetraselmis
sp. nuclear-encoded RbcS protein (TsRbcS) is unlikely to be produced
after the kleptoplast transformation stage (Fig. 1), during which the
algal nucleus is eliminated from the R. viridis cells’.

A time-series immunoblot analysis of total cellular proteins using
a general plant RbcL antibody showed no significant changes in the
RbclL levels in the first week after the ingestion event (Fig. 1) in wild-
type cells (Fig. 4e), indicating maintenance of intact RuBisCO. Because
RbcL and RbcS are balanced in a stoichiometric ratio to form the
RbcLgRbcSg heterohexadecameric RuBisCO complex, the RbcL levels
are expected to be regulated by the availability of RbcS*2. Thus, the
maintenance of RbcL levels after the ingestion event is expected to
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Fig. 3 | Characterization of the translation products of RvRbcS-like and RvRca-
like. a, b Schematic representation of the translated products of RvRbcS-like and
RvRca-like ORFs, respectively. Both peptides include an extended NtLCD. RuRbcS-
like comprises four tandemly concatenated RbcS domains, each with slightly dif-
ferent sequences, connected by unique linker sequences, and an extended CtLCD
enriched in repeated tetrapeptide motifs, such as SY[G/A/E/D/-1Q and SY[R/Q]P
(highlighted in blue). The anti-peptide antibody target sequences are highlighted in
red. ¢, d Immunoblotting of RuvRbcS-like and RuRca-like using respective anti-
peptide antibodies. The signals were exclusively detected in wild-type R. viridis and
were absent in Tetraselmis sp. and the corresponding gene knockout strains, con-
firming the specificity of the antibodies. e Immunoblotting of wild-type and
RVRbcS-uCt-insHA3 strains using anti-RvRbcS-like peptide antibody (1, 2) and anti-
HA tag antibody (3, 4). No anti-HA signal was detected in the wild-type cells. By
contrast, the HA-tagged strains showed a major band matching the RuRbcS-like

signal, along with additional fragments, which were more clearly detected by anti-
HA antibody. Equal protein loading was verified using Coomassie brilliant blue
staining (Supplementary Fig. 1). f Fluorescence and bright-field images of RvRbcS-
uCt-insHA3 and wild-type cells, respectively. Inmunofluorescence signals indicat-
ing HA tag expression (yellow) were only detected in RvRbcS-uCt-insHA3 cells and
were predominantly localized in the kleptoplast, as shown by the colocalization
with chlorophyll autofluorescence (magenta). The HA-tagged RuRbcS-like signals
(yellow) were centered and largely overlapped with RbcL (blue), suggesting their
colocalization. Scale bars: 10 pm. g Merged fluorescence and bright-field images of
wild-type and ARVRca-like cells, respectively. Inmunofluorescence signals from the
anti-RuRca-like peptide antibody (green) were exclusively detected in wild-type
cells and localized within kleptoplasts, as indicated by chlorophyll auto-
fluorescence (red). Scale bars: 10 pm. Source data are provided as a Source data file.

depend on RbcS or its functional equivalent. Indeed, in wild-type cells,
TsRbcS levels gradually declined, whereas RuRbcS-like levels increased
over 7 days, as detected using anti-peptide antibodies specific to each
protein (Fig. 4e). This interpretation was further supported when the
immunoblot signals were evaluated in terms of protein abundance per
culture volume (i.e., the total amount of each protein within a unit
volume of culture; Fig. 4f), a measure independent of cell proliferation
and associated variation in total protein content. By contrast, in the
ARVRbcS-like cells, which lacks the supply of RuRbcS-like, RbcL levels
also decreased (Fig. 4e, f), strongly indicating the effective loss of
RuBisCO.

The phenotype of another knockout strain, ARvRca-like, was
considerably milder, despite the well-recognized essential role of
RuBisCO activase in RuBisCO function*’. The growth rate of ARvRca-
like cells during the first week after the ingestion event was nearly

comparable to that of wild-type cells, with only a slightly lower final cell
concentration (Fig. 4a). However, phenotypic differences became
apparent during the stationary phase, because the ARvRca-like cells
did not show the accelerated accumulation of cytoplasmic poly-
saccharide grains that was observed in wild-type cells (Fig. 4b). Nota-
bly, the photosynthetic rate of ARvRca-like cells on day 8 was
significantly lower than that of wild-type cells (Fig. 4c). These obser-
vations suggest that the ARvRca-like phenotype manifests more gra-
dually than the ARVRbcS-like phenotype, reflecting a delayed but
substantial reduction in RuBisCO efficiency.

NtLCDs in kleptoplast-targeted proteins

We demonstrated that the NtLCD of RvRbcS-like alone is sufficient to
mediate the translocation of a downstream peptide into the klepto-
plast. Specifically, based on the results indicating that the NtLCDs of
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Fig. 4 | Phenotypic comparison of wild-type R. viridis and knockout strains for
RVRbcS-like and RvRca-like. a Cell growth curves over 2 weeks following the
ingestion event, normalized to the initial cell density of R. viridis (8.0 x 10* cells/
mL), in batch cultures with three equal numbers of Tetraselmis sp. cells for pha-
gocytosis (mean = SEM; n = 3 biological replicates per time point; some error bars
are smaller than the markers). b Quantification of insoluble polysaccharide grains
per 10° R. viridis cells (mean + SEM; n =3 biological replicates per time point).

¢ Light-response curves based on the oxygen evolution rates per 10° R. viridis cells.
Negative values indicate oxygen consumption exceeding production, and the
values at zero light intensity represent mitochondrial oxygen consumption (dark
respiration rate) (mean + SEM; n = 3 biological replicates per time point; some error
bars are smaller than the markers). d Time-course observations of cell morphology
and intracellular polysaccharide accumulation using differential interference con-
trast microscopy. Scale bars: 10 um. The arrowheads on day 10 indicate host

Time after feeding Tetraselmis sp. (days)

cytosolic polysaccharide grains. Wild-type cells accumulated polysaccharides after
day 10, whereas ARVRbcS-like lacked grains and ARvRca-like showed partial
reduction. e Immunoblotting of protein expression in wild-type and ARvRbcS-like
strains. The anti-RuRbcS-like peptide antibody detected a -91 kDa band in the wild-
type strain only (top panel). The anti-RbcL antibody detected signals in all cells, but
the levels decreased significantly after day 4 in ARVRbcS-like strains (second panel).
The anti-TsRbcS peptide antibody detected signals in all cells but decreased
markedly in both wild-type and ARVRbcS-like strains after day 4 (third panel). Equal
protein loading was assessed by detecting a-tubulin on the same membrane after
stripping and reprobing (bottom panel). f Time-series measurements of relative
TsRbcS and RbclL levels per unit volume of sampled batch cultures (mean + SEM;
n =3 biological replicates per time point). Source data are provided as a Source
data file.

RVRbcS-like function as translocation signals and are cleaved during
maturation (Fig. 3c and Supplementary Fig. 2), we tested this
hypothesis using a NanoLuc luciferase reporter system*’. We gener-
ated a transformant line expressing luciferase without an NtLCD
(Fig. 5a) and another line expressing luciferase fused to the NtLCD of
RuRbcS-like at the N-terminus (Fig. 5b). In the absence of the NtLCD,
luciferase bioluminescence was detected throughout the cytosol but
not in kleptoplasts (Fig. 5c). In contrast, when fused to the NtLCD,
luciferase was mainly localized in kleptoplasts (Fig. 5d). These results
provide direct evidence that the NtLCD is sufficient for transporting
nuclear-encoded proteins into kleptoplasts.

Importantly, NtLCDs ranging from 134 to 320 amino acids (mean
194 + 37) were identified in 35 of the 37 putative kleptoplast-targeted
proteins listed above (Fig. 2a and Supplementary Table 3). These
NtLCDs structurally resemble chloroplast-targeting presequences in
Euglena gracilis***, which typically include one or two transmembrane
helices (TMHs). Based on this similarity, the R. viridis NtLCDs could be
classified into four types (Fig. 6a): the most common RvClass IA, which
features two TMHs flanking a 90-100 residue hydrophilic segment
enriched in hydroxylated residues at both ends, basic residues in the
center, and acidic residues toward the C-terminus (Fig. 6b); RuvClass IB,
which includes an additional TMH in the C-terminal extension; RuClass
IC, which has a shorter spacer (40-80 residues) lacking the acidic
C-terminal region (Fig. 6b); and RuClass Il, which lacks a second TMH

and has a simplified hydrophilic structure similar to RuClass IC
(Fig. 6b). The NtLCD of RuRbcS-like falls into RuClass IA.

These findings suggest that at least 20 candidate proteins with
RuClass IA NtLCDs, including RuRbcS-like and RuRca-like, and possibly
three with RuClass IB NtLCDs (Fig. 6a), are likely transported into
kleptoplasts via an evolutionarily conserved but unidentified translo-
cation mechanism. All NtLCD classes identified in R. viridis are struc-
turally comparable to the N-terminal targeting signals of E. gracilis
chloroplast proteins (Fig. 6¢)***. Based on this similarity, the remain-
ing 12 proteins with RuClass IC or Il NtLCDs (Fig. 6a) are also likely to be
transported into kleptoplasts, because Class Il signals similar to
RuClass 1l were sufficient for chloroplast import in E. gracilis*®. By
contrast, the two proteins lacking extended NtLCDs showed con-
stitutive expression patterns across all kleptoplastic stages (Supple-
mentary Table 1). RUTPT1 encodes a predicted TPT, which may
function on the outermost kleptoplast membrane of phagosomal
origin’*, rather than within the kleptoplast itself. Among four addi-
tional TPT genes with lower expression (Supplementary Table 5), three
(RUTPT2-4) carry RuClass IA NtLCDs, suggesting that they are directed
to inner membranes derived from algal chloroplasts.

Discussion
R. viridis is the first organism in which nuclear-encoded proteins were
biochemically shown to be expressed in a transient xenogeneic
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Fig. 5 | Reporter assays testing the NtLCDs of R. viridis nuclear-encoded pro-
teins as kleptoplast-targeting signals. a Gene construct used to induce the
expression of codon-optimized luciferase (optNluc) and the G418 resistance mar-
ker gene (neo), flanked by the E. gracilis pyruvate: NADP(+)-oxidoreductase gene
(EgPNO) promoter and the Arabidopsis thaliana heat shock protein gene (AtHSP)
terminator. b Gene construct incorporating an NtLCD sequence from RvRbcS-like
(519 bp) upstream of the optNluc-neo’ cassette. ¢ Bioluminescence microscopy of R.
viridis transformant expressing luciferase without an NtLCD sequence, showing
cytosolic bioluminescence spatially separated from chlorophyll fluorescence.

d Bioluminescence microscopy of the transformant expressing luciferase fused to
the NtLCD of RuRbcS-like, showing overlapping bioluminescence and chlorophyll
fluorescence, indicating localization to the kleptoplast.

organelle. This finding indicates that the mature kleptoplasts in R.
viridis exhibit molecular chimerism, not merely structural incorpora-
tion. The progressive formation of this chimerism appears to be phy-
siologically necessary to sustain photosynthesis because the
kleptoplast is no longer replenished with authentic Tetraselmis-
derived proteins once the algal nucleus is lost. Moreover, chimerism
develops heterogeneously, whereby different host factors are incor-
porated at distinct stages. For example, although RuRca-like is tran-
scriptionally upregulated early (Fig. 2), the knockout experiments
reveal that the disruption causes functional deficiency only after the
stationary culture phase, about 1 week after the ingestion event (Fig. 4).
By contrast, RuRbcS-like is critical throughout the phototrophic stage,
accumulating as TsRbcS levels rapidly decline (Fig. 4e). This contrast
likely reflects the different stabilities of these proteins, with TsRca
persisting longer and delaying phenotypic effects in the absence of
host-derived RuRca-like.

Among these host-derived proteins, RuRbcS-like stands out and
implies that the molecular chimerism in R. viridis involves host-driven
remodeling of kleptoplasts, not just to compensate for the lost Tet-
raselmis proteins. A striking example is the rapid pyrenoid reorgani-
zation during the kleptoplast transformation stage (Fig. 1)°*, a
phenomenon absent in the original algal chloroplast, that is likely to be
driven by host-derived proteins. Notably, RvRbcS-like comprises four
tandem RbcS domains flanked by extended NtLCDs and CtLCDs
(Fig. 3a). This structure superficially resembles the eight-domain RbcS

precursor in E. gracilis (EgRbcS), which is cleaved in chloroplasts to
yield single-domain RbcS peptides*’. However, RuRbcS-like appears to
remain intact, aside from the removal of NtLCD, and its linker
sequences differ markedly from the conserved decapeptide cleavage
motifs in £gRbcS, which likely precludes similar processing.

We propose that the unique 228-residue CtLCD of RvRbcS-like
contributes to liquid-liquid phase separation (LLPS)-driven pyrenoid
reorganization. This domain contains repeated tetrapeptide motifs,
including serine-tyrosine-[glycine/alanine/glutamate/aspartate/-]-glu-
tamine (SY[G/A/E/D/-]Q) and serine-tyrosine-[arginine/glutamine]-
proline (SY[R/Q]P), and SYGQ-resembling motifs are found in LLPS-
prone proteins, such as the human RNA-binding protein FUS". Pyr-
enoids are LLPS-mediated assemblies essential for carbon fixation, and
a low-complexity repeat protein is crucial for their formation in the
green alga Chlamydomonas reinhardtii**. The CtLCD may similarly
facilitate pyrenoid remodeling in R. viridis. Thus, RvRbcS-like may have
dual roles of supporting RuBisCO function and of enabling the for-
mation and inheritance of multiple pyrenoids in daughter kleptoplasts.

This remodeling requires effective delivery of host-derived pro-
teins into kleptoplasts after each ingestion event, necessitating rapid
assembly of a translocation mechanism. To achieve effective delivery,
the system that recognizes the NtLCD as a signal sequence must be
established de novo either in or even prior to the kleptoplast trans-
formation stage. The de novo establishment of the system must be a
fundamental difference from the constitutive chimerism observed
among established organelles. However, because the only clue to this
mechanism lies in the structural properties of the NtLCDs of the
putative kleptoplast-targeted proteins, the protein translocation sys-
tem in the chloroplasts of Euglenophyceae should be considered.
Despite representing constitutive chimerism, Euglenophyceae share
targeting sequences that are structurally similar to the NtLCDs of R.
viridis.

Insights into the underlying mechanisms can be drawn from stu-
dies of E. gracilis, where two elements are thought to be involved in
protein translocation into its chloroplast. The first is an endoplasmic
reticulum-targeting signal peptide containing the first TMH, which
enables vesicular delivery to the outermost membrane of the triple-
membrane envelope. The second is a downstream transit peptide-like
region (Fig. 6¢). This second segment is thought to mediate import via
a presumed translocon analogous to the outer/inner chloroplast
membrane (TOC/TIC) complexes of primary chloroplasts, although
nearly all of these components, except one, remain unidentified in E.
gracilis*.

In R. viridis, a key distinction is that the original TOC/TIC com-
plexes from Tetraselmis appear to be retained in the inner two mem-
branes, at least initially. Accordingly, the first TMH of the NtLCD may
act as the endoplasmic reticulum-targeting signal, whereas the acidic
residue-depleted N-terminal half of the hydrophilic region in RuClass
IA resembles a transit peptide (Fig. 6a). However, relying solely on
Tetraselmis machinery cannot account for the additional NtLCD fea-
tures: an acidic residue-rich C-terminal segment, a second TMH, and a
downstream low-complexity domain extension (Fig. 6b). These fea-
tures are absent from green algal chloroplast-targeting signals,
including those of Tetraselmis, suggesting the presence of a distinct,
previously unrecognized translocation mechanism.

Understanding the molecular protein transport mechanism may
reveal a more broadly conserved eukaryotic system underlying klep-
toplasty in R. viridis. It is impossible to reconstruct the ecophysiolo-
gical state of the last common ancestor of Rapaza and Euglenophyceae
definitively, or determine whether the last common ancestor pos-
sessed transient kleptoplasts or permanent chloroplasts. However, it is
likely that this ancestor had already developed translocation machin-
ery, which was later inherited and adapted for Euglenophyceae
chloroplasts and R. viridis kleptoplasts, given their apparently shared
signals. The ancestral machinery probably evolved through
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Fig. 6 | Characterization of the NtLCDs in putative kleptoplast-targeted pro-
teins. a Of the 37 sequences examined, 35 exhibited extended NtLCDs. These were
classified according to the number of predicted TMHs and the features of the
hydrophilic peptide regions located between the TMHSs. b Characteristics of
RuClass 1AL, 1A2, and Il NtLCD sequences. The figure shows the averaged fre-
quencies of amino acid categories calculated using a 15-residue sliding window for
nonpolar (A, F,G,1,L,M,P,V,W), polar (C,N, Q), hydroxylated (S, T, Y), acidic (D, E),

and basic (H, K, R) amino acids. White capital letters indicate the peaks of enrich-
ment: H (hydroxylated), A (acidic), and B (basic). The sequences in each class were
aligned and averaged by position. ¢ Features of class IA targeting sequences of E.
gracilis*** from selected chloroplast-targeted proteins corresponding to the R.
viridis kleptoplast proteins discussed here. Peptide sequence alignments under-
lying the analyses shown in Fig. 6b, c are provided in the Supplementary data.
Source data are provided as a Source data file.

modification or recombination of pre-existing systems, possibly rela-
ted to intraphagosomal processing. For example, differential degra-
dation of ingested components is common among algivorous
heterotrophs, where the chloroplast structure often degrades after
phototoxic chlorophylls*’, suggesting that specific protein delivery
into engulfed cells may have pre-dated kleptoplasty. Interestingly, the
putative chloroplast-targeting sequences in dinoflagellates, organisms
from a distinct eukaryotic supergroup, share structural features with
those in Euglenophyceae chloroplast-targeting presequences®, and
hence with R. viridis NtLCDs. Although this may reflect convergent
evolution driven by the need to transport proteins across triple-
membrane-bound plastids, an underlying molecular homology based
on a more fundamental eukaryotic mechanism cannot be excluded.
All organisms exist in evolutionarily transient states, shaped by
continuous evolutionary refinements as they adapt to ever-changing
conditions to ensure their survival through successive generations,

and R. viridis is no exception to this. This species cannot be definitively
placed on a trajectory toward acquiring chloroplasts. Nevertheless, R.
viridis represents a new example of the unexplored ecophysiological
potential of eukaryotic cells. Thus, the introduction of R. viridis as an
experimental model phototroph that may be amenable to genetic
engineering, alongside other kleptoplastic phototrophs that have been
and will be studied, will expand our understanding of the molecular
mechanisms by which eukaryotes interact with the bacterium-derived
photosynthetic machinery. Beyond the direct structural manipulation
by host-supplied proteins, the interaction may involve precise ante-
rograde and retrograde signaling between the host nucleus and the
organelle’®?, which would be essential for regulating photosynthesis
to prevent the xenogeneic object from merely becoming a source of
reactive oxygen species. We believe that a deeper, multidimensional
understanding of the transient molecular chimerism demonstrated in
R. viridis will provide valuable insights into the evolutionary potential
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of eukaryotic cells, which have given rise to a diverse array of orga-
nelles throughout their evolutionary history.

Methods

Cell culture

R. viridis (NIES-4477) and Tetraselmis sp. (NIES-4478) were cultured
under axenic conditions in Daigo IMK medium (Nihon Pharmaceutical,
Tokyo, Japan; maintenance medium) at 20 °C under illumination of
100-150 pmol photons m2s™ with a 14-h light/10-h dark cycle
(14 L:10D). R. viridis cultures were generally established by mixing
Tetraselmis sp. cells into fresh medium at a ratio of 1:1-1:3 (depending
on the experiment) as a source of new kleptoplasts. After inoculation,
the Tetraselmis sp. cells were typically completely consumed by R.
viridis within 0.5-3h, depending on the initial ratio, resulting in
monospecific cultures containing only R. viridis. The maintenance
culture conditions were described in previous reports’**. Experimental
R. viridis cultures used for the time-series transcriptome and qPCR
analysis were initiated by mixing Tetraselmis sp. cells at a 1.1 ratio,
resulting in rapid consumption of the kleptoplast donor within 0.5 h.
The remaining experiments were initiated by mixing Tetraselmis sp.
cells at a 1:3 ratio. The cell numbers were counted using a particle
counter/analyzer (CDA-1000, Sysmex, Kobe, Japan).

Microscopy

Differential interference contrast images were obtained using an
inverted microscope (IX71, Olympus, Tokyo, Japan) equipped with a
color CCD camera (FX630, Olympus) and a Flovel Image Filing System
(Flovel, Chofu, Japan). Live cells were placed between two glass cov-
erslips (0.13-0.17 mm) and observed.

Time-series transcriptomic analysis

To obtain the transcriptomes of R. viridis NIES-4477, we also analyzed
the transcriptome of the kleptoplast donor alga Tetraselmis sp. NIES-
4478 from the unialgal culture. This was done to subtract any potential
contaminating sequences, although all Tetraselmis cells are typically
consumed shortly after inoculation, and the cytoplasm and nucleus are
eliminated early during kleptoplast formation. R. viridis cells were
sampled from quintuplicate batch cultures at 8,18, 120, and 360 h after
initial inoculation, and Tetraselmis was sampled from quintuplicate
unialgal cultures. The collected cells were pelleted by centrifugation
and immediately frozen in liquid nitrogen. Total RNA was extracted
from all samples using the NucleoSpin RNA XS kit (TaKaRa, Kusatsu,
Japan), and the three replicates with the highest RNA yields were
selected for downstream experiments. Then, 2.0-22.4 ng of the total
RNA samples were sent to Macrogen Co. (Tokyo, Japan) for library
construction and sequencing using a sequencing system (HiSeq X,
Illumina, San Diego, CA, USA).

The RNA-seq raw reads were cleaned using cutadapt ver. 2.8% by
trimming low-quality-value ends (<QV20) and adapter sequences and
discarding any reads shorter than 50 bp. The trimmed reads from the
R. viridis samples were assembled de novo using Trinity ver. 2.11.0°* in
the paired-end mode with the option “--min_contig_length 300”. When
splicing variants of a gene were found, the longest transcript was
selected as the representative mRNA sequence. The ORFs were pre-
dicted using TransDecoder ver. 5.5.0 (http://transdecoder.github.io).
The de novo transcriptome sequences were then filtered against the
genome data from Tetraselmis sp. (methods described below; Sup-
plementary data deposited in Figshare®™), although reads attributable
to the Tetraselmis sp. genome were, in fact, miscellaneous in the R.
viridis RNA-seq reads. Therefore, the contigs with 97% identity to
Tetraselmis nucleotide sequences evaluated by BLASTN search were
omitted, and the remaining contigs were used as a reference for the R.
viridis transcripts. We confirmed that none of the omitted sequences
contained the euglenid 5-spliced leader sequence’. To estimate the
function of the predicted orf, BLASTP searches were conducted using

the Uniprot/Swiss-Prot database (Uniprot release 2020_6, downloaded
from https://www.uniprot.org/uniprotkb). To obtain gene expression
scores, one side of the trimmed reads was mapped to the reference
using Bowtie2 ver. 2.4.2°°. SAMtools ver. 1.11/, BEDtools ver. 2.92.2%,
and R ver. 4.0.3°° were used to calculate the number of reads mapped
to contigs (raw count) and the reads per kilobase of transcript per
million mapped reads. To analyze the time-series transcriptomic
changes of R. viridis, genes with low mapped read counts were omitted
using the filterLowCountGenes command (low.count =10) in the TCC
package ver. 1.30.0°° in R. The data were then normalized using the
calcNormFactors command, and differentially expressed genes (DEGs)
were identified using the estimateDE command of TCC in R. R. viridis
contigs were defined as DEGs if the false discovery rate was <0.05
(Supplementary data deposited in Figshare®). The normalized count
was obtained using the getNormalizedData command of TCC.

For genome assembly of Tetraselmis sp. NIES-4478 in association
with the above R. viridis RNA-seq analysis, genomic DNA was extracted
from a stationary-phase monoxenic culture using the DNeasy Plant
Mini Kit (QIAGEN, Venlo, Netherlands). The purified DNA was sent to
Macrogen Co. (Tokyo, Japan) for library preparation and sequencing
on an Illumina HiSeq X system. Raw reads were processed with cuta-
dapt ver. 2.1¥, trimming adapter sequences and low-quality bases
(<QV20), and discarding reads shorter than 50 bp. A total of 19 million
paired-end reads were assembled using SPAdes version 3.13.0, and
the resulting scaffold FASTA file was used to eliminate Tetraselmis
contigs from the R. viridis transcriptome reference, as
described above.

Nuclear genomic DNA sequencing and assembling

Genomic DNA was purified from a stationary phase monoxenic culture
of R. viridis containing Tetraselmis sp. using the standard phenol/
chloroform/isoamyl alcohol method. The purified DNA sample was
sent to Macrogen Co. for library construction and sequencing using a
sequencing system (NovaSeq6000, Illumina). After trimming and
quality control procedures using the FASTX-Toolkit (http://hannonlab.
cshl.edu/fastx_toolkit/), 152 million paired-end reads were retained.
Genome assembling was carried out using MaSuRCA version 4.0.7%* as
follows. To determine the reliable insert size and standard deviation
(SD) of the insert size for paired-end reads, a preliminary scaffold was
constructed using 10% of paired-end reads with SPAdes version 3.15.4%
and default setting. Mapping analysis against the preliminary scaffold
was performed using Bowtie2*®, and the insert size and SD were esti-
mated to be 120 bp and 110 bp, respectively. The MaSuRCA assembly
was subsequently performed using all 152 million quality-controlled
paired-end reads with the CABOG assembly option. Finally, a total
primary scaffold length of 508 Mbp with an average coverage depth of
91x was obtained.

Amplification and sequencing of specific cDNA and gDNA loci

The full-length cDNA and genomic DNA (gDNA) sequences of RvRbcS-
like and RvRca-like, including the flanking regions, were amplified and
sequenced (DDBJ accession numbers: LC877979-LC877982). Total
RNA (>200 bases) was extracted from R. viridis using ISOGEN II (Nip-
pon Gene, Toyama, Japan) and reverse-transcribed with SuperScript IV
(Thermo Fisher Scientific, Waltham, MA, USA) and the GeneRacer
oligo-dT24 primer (Thermo Fisher Scientific). Rapid amplification of
cDNA ends (RACE) was performed to determine the 5’ and 3’ termini
using primers for the spliced leader sequence and the GeneRacer
adapter, as described by Nakazawa et al.>. The target gDNA regions
were identified by BLASTN searches against the DNA-seq contigs, and
amplicons spanning from the first to the last exon were cloned and
sequenced by next-generation sequencing (Plasmid-EZ, Azenta, South
Plainfield, NJ, USA), which also identified missing gaps in the DNA-seq
data, typically enriched short repeats. The RvPsbR gene was also par-
tially re-sequenced due to discrepancies between its cDNA and contig
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sequences. All primers used in this study are listed in Supplementary
Table 6. All resulting sequence data have been deposited in Figshare™.

Phylogenetic analysis

BLASTP searches were conducted against the NCBI nr database using
the translated peptide sequences of each highly expressed gene listed
in Supplementary Table 1 as queries. Homologs from the chloroplast
donor Tetraselmis sp. and the Euglenophyceae algae Eutreptiella spp.
and E. gracilis were retrieved from in-house RNA-seq data and manually
incorporated into the dataset. Sequence alignment was performed
using the MAFFT algorithm with default parameters (MAFFT package
v7.520)%, followed by trimming with trimAl 1.2rev57%. Short and
ambiguously aligned positions were manually removed. Maximum
likelihood trees were inferred using IQ-TREE software v1.6.12°°, and the
number of nonparametric bootstrap replicates and substitution
models are specified in each figure. The resulting trees were manually
inspected to assess the relationships between R. viridis sequences and
those of other organisms in the database.

qPCR analysis

Wild-type R. viridis cells were sampled from a batch cultures at 1, 6, 12,
18, 24, 48,72, 96, 144, 192, 240, 288, and 336 h after initial inoculation.
The cells were pelleted by centrifugation and immediately frozen in
liquid nitrogen. Total RNA was extracted using ISOGEN II (Nippon
Gene), and cDNA was synthesized by reverse transcription using the
PrimeScript RT Reagent Kit (TaKaRa). The RvRbcS-like and RvRca-like
transcript levels were quantified using a real-time PCR system (Light-
Cycler 96 system, NIPPON Genetics, Tokyo, Japan) with KAPA SYBR
Fast Universal (NIPPON Genetics) with the primers listed in Supple-
mentary Table 6.

RNAi

Silencing experiments targeting RvRbcS-like were performed following
the method described by Maruyama et al.**. Double-stranded DNA
templates were amplified from R. viridis cDNA using specific primers,
each containing a 5’ extension with a T7 promoter sequence (Supple-
mentary Table 6). Double-stranded RNA (dsRNA) corresponding to a
434 bp fragment of RvRbcS-like was synthesized and purified using the
MEGAscript RNAi Kit (Thermo Fisher Scientific). The dsRNA was
introduced into R. viridis cells through two consecutive electropora-
tion treatments. For the first electroporation, R. viridis cells 5 days after
inoculation with the prey Tetraselmis sp. were used. A total of 4 x10°
cells were resuspended in 200 pL of the RNAi electroporation buffer (1/
20-strength artificial seawater (ASW; 5% (v/v)) with 500 mM trehalose)
containing 15 pg of dsRNA and electroporated using a GENE PULSER Il
system (Bio-Rad, Hercules, CA, USA) at 0.45kV and 50 pF in a 0.2cm
gap cuvette. Immediately afterward, the cells were transferred to fresh
IMK medium and incubated for 2 days (half a day in the dark followed
by a light-dark cycle at 20 °C). Negative control experiments were
conducted in parallel without dsRNA. The electroporation was repe-
ated once, 2 days later, using the same procedure. The treated cells
were again kept in the dark for half a day and then fed with Tetraselmis
sp. to acquire new kleptoplasts, thereby establishing RNAi-knockdown
batch cultures.

CRISPR/Cas9 genome editing

CRISPR/Cas9 genome editing experiments were performed following
the general procedure described by Maruyama et al.**, with the fol-
lowing design-specific modifications. Target CRISPR RNAs (crRNAs)
were designed using the CHOPCHOP (version 3) webtool®” and are
listed in Supplementary Table 7. Custom crRNAs were synthesized by
Integrated DNA Technologies (Coralville, IA, USA). Guide RNAs were
prepared by hybridizing each crRNA with tracrRNA (Alt-R CRISPR-Cas9
tracrRNA, Integrated DNA Technologies) and then were incubated
with Alt-R S.p. HiFi Cas9 Nuclease V3 (Integrated DNA Technologies) to

assemble the ribonucleoprotein (RNP) complexes. The expected
cleavage sites in the RvRbcS-like and RvRca-like coding regions of the
gDNA are shown in Supplementary Fig. 5.

To generate knockout strains (ARVRbcS-like and ARvRca-like),
pairs of RNPs targeting two distinct loci in the first exon of each gene
(Supplementary Fig. 5), together with a single-stranded oligonucleo-
tide (ssODN) donor (Supplementary Table 7), were introduced into R.
viridis cells through an electroporation treatment described in the next
section. This procedure enabled precise deletions of 200 and 120 bp at
the target sites in RvRbcS-like and RvRca-like, respectively, while
simultaneously introducing stop codons at the resulting junctions
(Supplementary Fig. 5). To generate the HA-tagged RuRbcS-like strain,
an RNP targeting a single site on the 3’ side of the sequence encoding
the fourth RbcS domain in the second exon was used (Supplementary
Table 7). In this case, four partially overlapping ssODN fragments were
introduced together with the RNPs, allowing for seamless in-frame
integration of the HA tag sequence at the cleavage site through com-
plementary base pairing (Supplementary Fig. 5).

For electroporation, R. viridis cells 1 week after inoculation with
the prey Tetraselmis sp. were used. A total of 2 x10° cells were
resuspended in 50 pL of the CRISPR/Cas9 electroporation buffer (1/10-
strength ASW (10% (v/v)) supplemented with 450 mM trehalose) con-
taining 100 uM of each RNP and 200 uM of each ssODN, and electro-
porated using a GENE PULSER Il system at 0.45 kV and 50 yF ina 0.2 cm
gap cuvette. Immediately afterward, the cells were transferred to fresh
IMK medium and incubated at 26 °C in the dark for 24 h. The RNP-
transfected R. viridis cells were then fed with an equal number of
Tetraselmis sp. cells and further cultured for 72 h in a 14 L:10D cycle at
26 °C before being transferred to the standard culture condition at
20 °C (primary culture). Clonal strains were generated from the pri-
mary culture by aseptically separating individual R. viridis cells into
culture plates using a microcapillary method using glass tubes. The
targeted genomic region of each clone was PCR-amplified and
sequenced to identify successfully edited clones.

Immunoblotting

R. viridis cultures were harvested by centrifugation at designated
timepoints following the kleptoplast acquisition and unialgal Tetra-
selmis sp. cultures, and the cell pellets were immediately snap frozen in
liquid nitrogen. For protein extraction, the pellets were resuspended in
lysis buffer containing 1mM phenylmethanesulfonyl fluoride and
5mM 6-aminocaproic acid, followed by sonication. The lysates were
centrifuged at 20,000 x g for 1 min, and the resulting supernatants
were mixed with 2x sodium dodecyl sulfate (SDS) sample buffer
(500 mM Tris-HCI, pH 6.8, 10% [w/v] SDS, 0.01% [w/v] bromophenol
blue, 10% [v/v] B-mercaptoethanol, 20% [v/v] glycerol). The samples
were heat-denatured for 10 min at 90 °C or 3 min at 100 °C. Protein
concentrations were determined by the Bradford assay (XL-Bradford
KY-1040; Apro Science Inc., Tokushima, Japan). Equal amounts (3 pg)
of total protein were loaded onto SDS-polyacrylamide gels (12.5%) and
electrophoresed. The proteins were transferred to polyvinylidene
difluoride membranes (Immobilon-P, Merck Millipore, Burlington, MA,
USA) by electroblotting. The membranes were probed with the fol-
lowing antibodies: rabbit polyclonal anti-RvRbcS-like (epitope: HSLA-
KAHRREGGET, amino acids [aa] 491-505; Eurofins Genomics KK,
Tokyo, Japan), rabbit polyclonal anti-RvRca-like (epitope: AIASDDN-
VERFGKK, aa 181-189; Eurofins Genomics KK), rabbit polyclonal anti-
TsRbcS (epitope: RISTALPIEKRSVA, aa 131-144; Eurofins Genomics
KK), rabbit polyclonal anti-RbcL (#AS03-037; Agrisera, Vannds, Swe-
den), and mouse monoclonal anti-HA (clone 16B12, #901513; BioLe-
gend, San Diego, CA, USA). For reprobing, antibodies were stripped
from the membranes using Restore Western Blot Stripping Buffer
(Thermo Fisher Scientific), followed by incubation with monoclonal
anti-a-tubulin antibody produced in mouse (clone B-5-1-2, #T5168;
Sigma-Aldrich). Immunoreactive bands were detected using
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horseradish peroxidase (HRP)-conjugated secondary antibodies (anti-
mouse immunoglobulin [IgJG[H+L] or anti-rabbit IgG[H+L]; Cell
Signaling Technology, Danvers, MA, USA) and Immobilon western
chemiluminescent HRP substrate (Merck KGaA, Darmstadt, Germany).
Signals were visualized with an image analyzer (LAS-4000, GE
Healthcare, Chicago, IL, USA) and a multi imager (Multilmager II
ChemiBOX, BioTools, Gunma, Japan). The signal intensities were
quantified using ImageJ software®®,

Immunofluorescence microscopy

Immunostaining of fixed cells was performed using mouse monoclonal
anti-HA (clone 16B12, #901513; BioLegend) and rabbit polyclonal anti-
RbcL (#AS03-037; Agrisera) antibodies to examine the colocalization
of HA-tagged RuRbcS-like and RbcL, and with rabbit polyclonal anti-
RuRca-like (epitope: AIASDDNVERFGKK, Eurofins Genomics KK) anti-
body to examine the localization of RuRca-like. Secondary antibodies
included Alexa Fluor 555-conjugated anti-mouse IgG and Alexa Fluor
488-conjugated anti-rabbit IgG (Thermo Fisher Scientific). Images for
colocalization analysis of HA-tagged RvRbcS-like and RbcL, as well as
for RuRca-like localization, were acquired using a confocal laser scan-
ning microscope (LSM700, Zeiss, Oberkochen, Germany) equipped
with a100x oil-immersion objective lens (EC Plan-Neofluar 100x/1.3 Oil
Ph3 M27, Zeiss). Alexa Fluor 488-labeled RbcL or RvRca-like was exci-
ted with a 488 nm laser, and fluorescence was recorded between 505
and 550 nm. Alexa Fluor 555-labeled HA-tagged RuRbcS-like was exci-
ted at 555nm, and fluorescence was recorded between 560 and
615 nm. Chlorophyll autofluorescence was excited at 488 nm, and
fluorescence above 650 nm was recorded. Z-stack images were cap-
tured at 0.4-pum intervals and processed by maximum intensity pro-
jection using Image) software.

Photosynthetic activity measurement

Wild-type and knockout strains of R. viridis (2x10° cells), as well as
RNAi-knockdown cells, were harvested by gentle centrifugation from
batch cultures at 8 days after initial inoculation and immediately
resuspended in fresh IMK medium (2 mL). To avoid carbon limitation
during measurement, 1M NaHCOj3 (10 uL) was added to the suspen-
sion. Oxygen evolution was then measured using a temperature-
controlled liquid-phase oxygen electrode system (OXYT-1, Hansatech
Instruments, Kings Lynn, UK).

Quantification of polysaccharide grains
Polysaccharide grains were extracted from R. viridis cells and purified
using a previously described method’. The resulting insoluble poly-
saccharide precipitate was dissolved in 1M NaOH, and its concentra-
tion was determined using the phenol-sulfuric acid assay®, with
glucose solution as the standard reference.

NanoLuc reporter assay

Transformants expressing NanoLuc luciferase were generated using
the procedure described by Nakazawa et al.**. For the construct lacking
an NtLCD sequence, a DNA cassette was assembled consisting of the E.
gracilis PNO promoter region (118 to -1), the NanoLuc gene codon-
optimized for E. gracilis (optNluc), and a G418 resistance gene (neo")
fused downstream via a linker encoding the peptide GSSGAIA, fol-
lowed by the Arabidopsis thaliana heat shock protein (AtHSP) termi-
nator. For the construct containing the NtLCD of RvRbcS-like, the same
expression cassette was used, with the NtLCD sequence inserted
upstream of the optNluc gene. Both constructs were introduced into R.
viridis cells using the electroporation protocol described by Nakazawa
et al.**. Following electroporation, the cells were inoculated into Daigo
IMK medium (15 mL), cultured for 10 days, and then transferred twice
at weekly intervals. After complete consumption of Tetraselmis cells in
the third culture, G418 was added at a final concentration of 10 pg/mL.
Eight days later, a fourth transfer was performed, and the G418

concentration was increased to 20 pg/mL. Weekly transfers continued
for 1 month, after which the clonal strains were isolated using glass
microcapillaries and maintained in G418-free medium. To screen for
successful transformants, 25 pL of the supernatant from the R. viridis
lysates were assessed using a luciferase assay system (Nano-Glo, Pro-
mega, Madison, WI, USA) with a 20/20n Luminometer (Promega).
Positive clones were further validated by cDNA PCR amplification of
the inserted gene constructs. For luminescence imaging, the cells were
briefly suspended in 100% methanol to immobilize them and increase
substrate permeability, and then they were resuspended in IMK med-
ium before imaging with a luminescence imaging system (LV200,
Olympus).

Statistics and reproducibility

Statistics and reproducibility. No statistical method was used to pre-
determine sample size. No outliers were excluded from the analyses.
For the time-series RNA-seq experiment, three biological replicates
with the highest RNA yields were selected from five independent cul-
tures for library preparation and sequencing. The experiments were
not randomized. Investigators were not blinded to allocation during
experiments and outcome assessment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All next-generation sequencing data generated in this study are avail-
able at Figshare (https://doi.org/10.6084/m9.figshare.29356226)>.
This includes the time-series transcriptome data (FASTA files con-
taining 69,444 cDNA and predicted peptide sequences, and differ-
ential expression analysis in Excel format), the draft genome assembly
of Rapaza viridis (FASTA file of 269,570 contigs), and sequences of
amplified cDNA and gDNA loci. All raw RNA-seq data for R. viridis NIES-
4477, DNA-seq data for Tetraselmis sp. NIES-4478, and DNA-seq data
for R. viridis generated in this study, along with their assembled contig
sequences, have been deposited in the DDBJ Sequence Read Archive
under BioProject accession codes PRJDB35573, PRJDB35574, and
PRJDB35577, respectively. Molecular phylogenetic trees correspond-
ing to Supplementary Tables 1-5 are also available in Figshare (https://
doi.org/10.6084/m9.figshare.29356226)%. Source data are provided
with this paper®.
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