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Plastid endosymbiosis has been a major force in the evolution of
eukaryotic cellular complexity, but how endosymbionts are in-
tegrated is still poorly understood at a mechanistic level. Dinofla-
gellates, an ecologically important protist lineage, represent a
unique model to study this process because dinoflagellate plastids
have repeatedly been reduced, lost, and replaced by new plastids,
leading to a spectrum of ages and integration levels. Here we describe
deep-transcriptomic analyses of the Antarctic Ross Sea dinoflagellate
(RSD), which harbors long-term but temporary kleptoplasts stolen
from haptophyte prey, and is closely related to dinoflagellates
with fully integrated plastids derived from different haptophytes. In
some members of this lineage, called the Kareniaceae, their tertiary
haptophyte plastids have crossed a tipping point to stable in-
tegration, but RSD has not, and may therefore reveal the order of
events leading up to endosymbiotic integration. We show that RSD
has retained its ancestral secondary plastid and has partitioned
functions between this plastid and the kleptoplast. It has also
obtained genes for kleptoplast-targeted proteins via horizontal
gene transfer (HGT) that are not derived from the kleptoplast
lineage. Importantly, many of these HGTs are also found in the
related species with fully integrated plastids, which provides direct
evidence that genetic integration preceded organelle fixation.
Finally, we find that expression of kleptoplast-targeted genes is
unaffected by environmental parameters, unlike prey-encoded
homologs, suggesting that kleptoplast-targeted HGTs have adapted
to posttranscriptional regulation mechanisms of the host.
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Endosymbiosis, or the uptake and retention of one cell within
another, is an important process in eukaryotic evolution,
resulting in countless cell-cell interactions and increasing cellu-
lar complexity, at the extreme leading to the origins of mito-
chondria and plastid organelles. While we are familiar with the
important outcomes of endosymbiosis, we know much less about
the process itself at a mechanistic level, partly because the best-
studied endosymbiotic events are so ancient that most clues as to
how they came to be are now lost. This is particularly true of the
mitochondria, which originated once, before the diversification
of all known eukaryotes, and have since largely evolved by rel-
atively rare functional change or reduction (1). The evolution of
the plastid is less straightforward, but its complexity offers more
glimpses into the process. Plastids (defined here as not including
the parallel case of Paulinella chromatophora) (2), also originated
once, from cyanobacteria, in a process described as primary
endosymbiosis. Unlike mitochondria, however, plastids have
since spread from one lineage to multiple others horizontally. In
this process, called secondary endosymbioses, one eukaryote
takes up a eukaryotic alga with a primary plastid, resulting in a
secondary plastid. Algae with a secondary plastid can also be
taken up yet again by another eukaryote, giving rise to tertiary
plastids. The resulting complex distribution of secondary and
tertiary plastids includes wide spectra of both age and degree of
integration with the host. At one end are fully integrated plastids
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where all other traces of the endosymbiont except the plastid are
erased (3), but there are also plastids that retain varying degrees
of their original complexity (4-7).

Secondary and tertiary plastids are diverse, but share one
fundamental characteristic: they have all stably integrated with
their host and are retained over long periods of evolutionary
time. In contrast, many temporary associations have also been
observed where an alga is engulfed and its plastid taken up for a
period of time but ultimately digested. These are called kleptoplasts,
or “stolen” plastids. Kleptoplasty is known in several lineages of
protists and animals and may persist anywhere from days to
months (8-11). The best-investigated examples are found in the
dinoflagellate Dinophysis and the animal Elysia. Elysia is a sea slug
that sequesters its plastids directly from its macroalgal food and
stores them in cells of the digestive tract and has been the center of
a long debate about the degree of integration between the plastid
and animal host (12). Dinophysis, on the other hand, obtains its
kleptoplasts through a series of transfers, by feeding on the ciliate
Mesodinium rubrum, which in turn acquired the kleptoplast by
eating cryptophytes possessing secondary plastids (13).

Significance

Kleptoplasty is the process by which a heterotrophic predator
eats an algal prey cell and then steals and temporarily retains
the alga’s photosynthetic plastid organelle. Kleptoplasty is
relatively common in nature, but also represents a key step in
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host and host control over the plastid function occur early,
before the plastid is fully fixed in the cell, allowing us to see
the order of key events in plastid organelle origins.
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This spectrum of endosymbiotic integration should not auto-
matically be viewed as steps in some inevitable process where
every system is heading to the same endpoint. It does, however,
offer a chance to compare a variety of stages in several parallelly
evolving systems. And in some circumstances even more direct
links between stages can be made. These are clearest in the di-
noflagellates, where plastid evolution is at its most dynamic. The
archetypical dinoflagellate plastid is the “peridinin plastid,” a
secondary plastid derived from a red alga and named for its
carotenoid pigment. This plastid is ancestral to the lineage and
distinctive functionally, morphologically, and at the genomic level
(14). The peridinin plastid genome is the most reduced known,
since most plastid genes have moved to the nucleus and their
products are targeted back to the plastid via a bipartite leader
sequence consisting of a signal peptide (SP) followed by a transit
peptide. This transit peptide begins with a 4-residue-long motif
devoid of basic or acidic residues and is further distinguished by a
transmembrane region (TMR) that mediates the transit of plastid
proteins through the Golgi (15, 16). Many dinoflagellates have lost
the plastid genome, or even lost the plastid itself, and several have
replaced or supplemented the peridinin plastid with new second-
ary or tertiary plastids, or kleptoplasts.

The Kareniaceae are one such lineage, with some members
harboring stable, genetically integrated tertiary plastids derived
from haptophyte algae with secondary plastids (17). Although
the Kareniaceae hosts are closely related, the plastids of 2 gen-
era, Karenia and Karlodinium, have been shown to derive from
2 different haptophytes (18). In contrast to peridinin plastid-
targeting sequences, basic residues are particularly conserved
in the first 2 positions of transit peptides associated with such
tertiary haptophyte plastids. Also the transmembrane region
typical for the peridinin plastid transit peptide is absent (19).
This host lineage also includes a kleptoplastidic member, the
psychrophilic Antarctic Ross Sea dinoflagellate (RSD), which is
a heterotrophic Kareniaceae that obtains kleptoplasts from its
haptophyte prey, Phaeocystis antarctica (20). RSD is unable to
grow in the dark, even if supplied with prey, and is therefore an
obligate kleptoplastidic dinoflagellate (18). But the RSD system
is also unique because it is able to survive and maintain its
kleptoplasts in the absence of prey for at least 30 mo (20),
which is distinctly longer than has been described for any other
kleptoplast so far.

This range of plastid integration in close relatives may offer
unique insights into several outstanding questions surrounding
the mechanism of plastid endosymbiosis. Traditionally, the pro-
cess is (sometimes vaguely) described as starting with the uptake
of the endosymbiont, followed by gene transfer from the endo-
symbiont to the host and establishment of a protein-targeting
system (3, 21), and this genetic integration is sometimes con-
sidered the hallmark distinction between an organelle and an
endosymbiont. In contrast, recent models (e.g., the “shopping
bag hypothesis”) propose a period of serial, transient uptakes
and the establishment of protein targeting during this phase,
followed later by the fixation of one symbiont that ultimately
becomes the organelle (3, 21, 22). These models are very dif-
ferent mechanistically and lead to different predictions about
the origin of targeted proteins, but are nonetheless difficult
to differentiate in extremely old organelles. The plastids of
Kareniaceae, however, have a relatively recent origin, well-defined
source, and variety of levels of integration, all characteristics that
aid in differentiating between broadly defined “targeting-early”
and “targeting-late” models for endosymbiotic organelle origins.
To take advantage of these characteristics, we characterized
deep-transcriptomic datasets from RSD and its prey harvested
under various light and temperature conditions, and compared
RSD with other Kareniaceae. Overall, we find that RSD is ge-
netically complex, with plastid functions likely partitioned be-
tween the kleptoplast and a relict peridinin plastid. We also find
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many genes for kleptoplast-targeted proteins in RSD from var-
ious sources, and most importantly, find that many of these genes
are also in other Kareniaceae with integrated plastids. The
shared possession of these genes demonstrates that the ancestor
of Kareniaceae had already developed a system to acquire and
target plastid genes, and by extension that genetic integration
preceded fixation of the actual organelle. This provides the most
direct evidence to date in support of the emerging new models
for organellogenesis (3, 21, 22).

Results and Discussion

RSD Encodes Genes for Proteins Targeted 2 Functionally Distinct
Plastids. The tertiary plastids of Kareniaceae have long been
known to rely on numerous nucleus-encoded plastid-targeted
proteins (19, 23), but RSD is not closely related to either of the
other well-studied Kareniaceae genera (SI Appendix, Fig. S1)
(24), so whether the RSD kleptoplast is dependent on the nu-
cleus is unknown. To determine this, we searched for genes
encoding enzymes from plastid-associated pathways in RSD,
Karenia brevis and Karlodinium micrum (the only Kareniaceae
with transcriptomes), and Dinophysis acuminata (which has
cryptophyte kleptoplasts). Only transcriptome data are available
for the lineages in question, and indeed for nearly all dinofla-
gellates, because dinoflagellate genomes are notoriously large,
ranging from 1.5 Gb to over 200 Gb (25). No exact estimates are
available for RSD, but the genome size for its closest analyzed
relative K. brevis was estimated as 56 Gb (26). The pathways and
processes we analyzed were chosen because they are directly
associated with the photosynthetic function of the plastid (the
photosynthetic light reactions, including light-harvesting pro-
teins), or other known plastid metabolic pathways (isoprenoid,
heme, iron-sulfur cluster, and fatty acid biosynthesis pathways).
For each gene identified, we evaluated 3 questions: 1) The
phylogenetic origin of the gene—and particularly whether each
gene is specifically related to dinoflagellate or haptophyte ho-
mologs; 2) in which genome each gene is encoded—whether
specific features of the gene show it is encoded in the genome of
the dinoflagellate or the haptophyte; and 3) the probable cellular
location of the proteins encoded by those genes—to see if N-
terminal sequences suggest targeting to the kleptoplast or any
other location within the dinoflagellate. Accordingly, we recon-
structed single-gene phylogenies for each gene, analyzed the
translated peptides for distinct N-terminal plastid-targeting se-
quences, and investigated the corresponding transcripts for spliced
leader sequences. Spliced leader sequences are transspliced to
dinoflagellate transcripts during transcription, but no such system
exists in haptophytes, so a spliced leader is strong evidence that a
gene is encoded in the dinoflagellate genome (27).

Following this approach, we unexpectedly found that RSD
likely retains a relict peridinin plastid. Kareniaceae are thought
to have lost the peridinin plastid entirely, but we identified al-
most complete sets of enzymes for the isoprenoid, heme, and
iron-sulfur cluster biosynthesis pathways in RSD, and the pro-
teins are closely related to dinoflagellate homologs (Fig. 1, see
also “Metabolic Pathways Phylogenies” in the figshare repository
at 10.6084/m9.figshare.7851467 (28)). The single exception is
ispF, which we did not identify, but is also absent from many
dinoflagellate transcriptomes, suggesting a low level of expression.
Furthermore, these genes encode N-terminal extensions with typi-
cal peridinin plastid-targeting signals (Fig. 1). To unequivocally
confirm the presence of a cryptic plastid, direct experimental evi-
dence like protein localization is necessary; however, the presence
of 3 nearly complete pathways with proteins consistently predicted
to be targeted to the ancestral peridinin plastid strongly suggests the
retention of this plastid in RSD. Nonphotosynthetic peridinin
plastids have been described from many other dinoflagellates (29),
and it has been proposed that the isoprenoid biosynthetic function
makes them difficult to lose, since the analogous host cytosolic
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Fig. 1. Schematic depiction of evolutionary origin and N-terminal targeting information of (from top to bottom) plastidial isoprenoid, heme, iron-sulfur
cluster, and fatty acid biosynthesis enzymes in RSD, dinoflagellates with tertiary haptophyte plastids (K. brevis and K. micrum) and another dinoflagellate
with kleptoplasts (D. acuminata), in comparison with 2 dinoflagellates with nonphotosynthetic plastids (Noctiluca scintillans and Crypthecodinium cohnii).
Abbreviations beneath the dinoflagellate genus name indicate the origin of the gene (dino, dinoflagellate; hapto, haptophyte; crypto, cryptophyte or other).
Shaded gene names indicate HGTs from sources other than the current plastid or kleptoplast. Boxed shaded gene names correspond to HGTs shared among
Kareniaceae and Dinophysis. Mature proteins and N-terminal extensions are depicted with color-coded boxes (see legend). N-terminal extensions marked
with a cross indicate either the presence of a SP and/or TMR, but the extensions were not similar to any described targeting signal in dinoflagellates, or no SP
and/or TMR was predicted. 'Dinoflagellates retain the cytosolic as well as the plastidial form of hemY. The Kareniaceae group within a clade consisting of
haptophytes and stramenopiles, this clade is supported by unique sequence characteristics. %In the petH phylogeny, at least 5 isoforms were recovered for
Karenia. 3The Kareniaceae fabF cluster as only dinoflagellate representatives with mitochondrial isoforms in the phylogeny, but carry tertiary plastid-
targeting sequences, suggesting retargeting to the plastid. Crypthecod., Crypthecodinium.
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pathway was lost in the ancestor of dinoflagellates and apicom-
plexans (30). The presence of a kleptoplast might make this func-
tion appear redundant, but we speculate that its transient nature
means selection for the ancestral plastid is maintained.

In contrast to RSD, Karenia and Karlodinium express multiple
isoforms of several proteins in these pathways, particularly so for
isoprenoid and heme biosynthesis, sometimes with up to 3 different
phylogenetic origins (Fig. 1). Some genes are of dinoflagellate ori-
gin and encode the corresponding peridinin plastid-targeting pep-
tides. But others are of haptophyte origin, indicating endosymbiotic
gene transfer (EGT) from a haptophyte plastid host, and these
encode the distinct targeting peptide associated with tertiary
haptophyte plastids. Others still are of dinoflagellate origin, but
encode a tertiary haptophyte plastid-targeting peptide, and in 2 cases
haptophyte-derived genes encode peptides that would appear to
target the protein to the ancestral dinoflagellate plastid (Fig. 1).

These observations suggest the concurrent presence of both
plastid types at some point during the evolution of the haptophyte
plastids of Karenia and Karlodinium, as suggested previously (19),
but also that the peridinin plastid might still persist. The haptophyte
plastid is clearly functionally dominant, with almost all steps in
the heme, isoprenoid, and iron-sulfur cluster biosynthesis path-
ways having at least 1 haptophyte-plastid targeted representative.
However, many seemingly peridinin plastid-targeted forms also
exist, suggesting either a very recent loss of the peridinin plastid
or its persistence. Finally, the phylogenetic origins (dinoflagellate
or haptophyte) of individual genes are similar in Karenia and
Karlodinium; however, there are some clear differences (e.g., dxs
and hemE, Fig. 1 and “Metabolic Pathways Phylogenies” in the
figshare repository at 10.6084/m9.figshare.7851467 (28)) that pos-
sibly correlate with the independent uptake of 2 different hapto-
phyte plastids in those 2 genera, as has already been suggested by
plastid SSU rRNA phylogenies and the divergent evolution of the
plastid genomes in those 2 lineages (18, 23).

RSD Kleptoplast-Targeted Proteins Are Derived from a Different
Haptophyte than the One Providing the Kleptoplast. One of the
predictions of models where organelle-targeting precedes the
fixation of the organelle itself is that targeted proteins may be
derived from lineages other than the organelle. In the case of
RSD, such genes might be retained from the ancestral plastid, or
acquired by horizontal gene transfer (HGT) from previous
kleptoplastidic prey, or other sources. Since kleptoplasts are so
transiently retained, even genes that appear to be related to the
current prey lineage cannot unequivocally be attributed to the
exact compartment to which they are targeted, so we will refer to
these as HGTs rather than EGTSs, which specifically implies the
gene comes from the endosymbiont.

To identify candidate genes, we followed 3 approaches. First,
we reconstructed phylogenies of all spliced leader-encoding (i.e.,
host) transcripts to identify genes in the host genome, but de-
rived from haptophytes (i.e., food). Second, we specifically in-
vestigated the plastid-associated pathways listed above for
haptophyte-derived genes. And third, we reconstructed phylog-
enies for all haptophyte-derived genes already known from
Karenia/Karlodinium to see if any predate the divergence of these
hosts. To identify gene transfers with high confidence, we cu-
rated a comprehensive database of eukaryotes and prokaryotes
and refined all initial phylogenies with recently developed se-
quence filtering and alignment methods (31-33). All analyses in-
cluded RSD transcriptomes that were either cleaned of prey
sequences using a P. antarctica transcriptome (“RSDallclean
noPhaeo”), or without cleaning (“RSD Temp01”). The latter
version allows us to detect very recent gene transfers from the prey
that otherwise might have been removed in the cleaned version
due to very high similarity. To distinguish such transfers from a
possible contamination, we investigated candidates of interest for
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an N-terminal extension indicating targeting to a plastid and/or the
presence of a spliced leader.

This resulted in more than 1,500 single-gene trees, which were
manually searched for RSD-encoded transcripts that fall within
the haptophytes. We identified 13 candidates that we conclude
are encoded in the dinoflagellate genome (based on the presence
of a spliced leader and/or the absence of a corresponding tran-
script in the prey transcriptome) but cluster with haptophyte
homologs in phylogenies. These will be termed “haptophyte
HGTs” throughout this study (Fig. 2). Importantly, these can-
didates are, with 1 possible exception, not closely related to
Phaceocystis (SI Appendix, Fig. S2 A-M) and are therefore un-
likely to have originated from the same lineage as the kleptoplast
itself. It is more likely that these genes have been transferred
from other haptophytes previously associated with the host (e.g.,
preyed upon). It is impossible to know if those haptophytes were
stable endosymbionts, transient food, or even kleptoplasts. Four
of the gene transfer cases play a role in photosynthesis, another
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Fig. 2. Schematic depiction of evolutionary origin and N-terminal targeting
information of the 13 haptophyte HGTs in RSD that are (A) putatively tar-
geted to the kleptoplast or (B) carry extensions that could not be identified
as indicating targeting to either plastid and the corresponding homologs in
dinoflagellates with tertiary haptophyte plastids (K. brevis and K. micrum)
and another dinoflagellate with kleptoplasts (D. acuminata). (A) HGTs pu-
tatively targeted to the kleptoplast (based on the presence of a signal
peptide, at least 1 basic amino acid residue in the first 2 positions of the
transit peptide and the absence of a transmembrane domain) or the peri-
dinin plastid (based on the presence of 2 TMRs, the second one followed by
basic residues). (B) HGTs with N-terminal extensions that could not be
identified as indicating targeting to either plastid. See also Dataset S1.
Shaded gene names correspond to HGTs shared among Kareniaceae and, in
some cases, Dinophysis. Mature proteins and N-terminal extensions are
depicted with color-coded boxes (see legend). N-terminal extensions marked
with a cross indicate either the presence of a SP and/or TMR, but the ex-
tensions were not similar to any described targeting signal in dinoflagellates,
or no SP and/or TMR was predicted. A green vertical line represents HGTs with
plastidial function and/or clustering with plastidial homologs in their re-
spective phylogenies. Spliced leader information is only depicted for RSD. 'The
2 stramenopile HGTs in Karlodinium have separate origins in different groups
of stramenopiles. >The Karenia/Karlodinium and Dinophysis HGTs for PPA are
in a plastidial clade paralogous to the clade containing the RSD HGT.
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4 in carbohydrate metabolism, 3 encode chaperones, 1 is an iron-
sulfur cluster assembly protein, and the last one is an inorganic
pyrophosphatase (Dataset S1). Interestingly, several of haptophyte
HGT genes exist as numerous isoforms, and some are distinguished
by unusually long N-terminal extensions to the mature protein
(relative to haptophyte homologs: SI Appendix, Fig. S3). Most
of these extensions are similar to the above-described targeting
peptides in tertiary haptophyte plastid-targeted proteins in the
other Kareniaceae, also showing conservation of basic residues
in the beginning of, and lacking the transmembrane region
within the transit peptide (Dataset S1). Such extensions are
present on 8 of the 13 haptophyte HGT candidates (Fig. 2),
suggesting that at least those candidates may be targeted to the
kleptoplast. The 2 fusions, psaE-petC and psaE-htpX (Fig. 2), are
specific for RSD and were recovered in both independently as-
sembled transcriptomes (Dataset S1), suggesting that they are
not misassembled.

The electron transport protein, cytochrome c6 (pet/), represents
the only case where the gene may have been transferred from a
close relative of the current kleptoplast (S Appendix, Fig. S24). In
the corresponding alignment we recovered an isoform of this gene
(RSD_Temp01@32625) that, in contrast to the other RSD-
encoded pet] isoforms, is identical to homologs from P. antarc-
tica over the length of the predicted cytochrome ¢ domain, sug-
gesting a very recent HGT. However, the transcript includes a
spliced leader, confirming it is encoded in the host, and its N-
terminal extension is different from the extension of the P. ant-
arctica homolog, suggesting functional changes to targeting, as
would be expected (SI Appendix, Fig. S34, isoform 2 and Dataset
S1). The remaining isoforms are distinct at the nucleotide level,
but also cluster with the Phaeocystis clade, and may therefore
represent transfers from earlier stages of the current association.

In a few cases, we cannot distinguish recent transfer from prey
contamination because the presence of spliced leaders cannot be
confirmed. For example, the plastidial Clp protease subunit,
clpB, clusters with Phaeocystis but contains long insertions absent
from Phaeocystis. However, it lacks a spliced leader, either be-
cause the transcript is truncated, because spliced leaders are not
universal to all dinoflagellate transcripts (34), or possibly be-
cause it is not actually encoded in RSD.

One haptophyte HGT, aldose-1-epimerase, clusters with plastid-
targeted homologs in the tree, but appears to encode a peridinin
plastid-targeting peptide (SI Appendix, Figs. S2I and S3A4). This
suggests a possible role for this enzyme in the relict peridinin
plastid, which is not consistent with the apparent functions of the
organelle. The remaining 3 haptophyte HGTs, peptidyl-prolyl cis-
trans isomerase chaperone (FKBP), soluble inorganic pyrophos-
phatase (PPA), and glucose-6-phosphate 1-dehydrogenase (G6PD),
also all encode extensions, but not clearly matching the charac-
teristics of a plastid-targeting peptide. However, G6PD clusters
with plastid-targeted homologs in the respective phylogeny (S
Appendix, Fig. S2L), the PPA tree contains plastid-targeted paralogs
(SI Appendix, Fig. S2K), while the FKBP extension is predicted to
encode a signal peptide (S Appendix, Fig. S3B), suggesting putative
plastid function for all but one of the identified HGTs (Fig. 2).
Some genes were present as multiple isoforms (SI Appendix, Fig.
S3B), suggesting that more than one HGT can be integrated and
targeted to the kleptoplast, or that a single HGT was followed by
duplication. In the case of FKBP (SI Appendix, Fig. S2J) and G6PD,
repeated transfer from different haptophytes seems more likely,
since RSD isoforms are related to different haptophytes.

Most importantly, homologs for nearly all of the haptophyte
HGT:s found in RSD are also found in Karenia and/or Karlodinium,
where they are predicted to function in the tertiary haptophyte
plastid. The exceptions are PGAM_1 in both of the other
Kareniaceae, PPA and PGM-like in Karlodinium, and the petC in
Karlodinium; and the origin of the Karlodinium petC cannot be
unambiguously resolved (Fig. 2). The presence of homologous
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proteins targeted to both the RSD kleptoplast and the fully in-
tegrated but independently derived plastids of Karenia and
Karlodinium suggest very strongly that the plastid-targeted pro-
teins and targeting systems must both have predated the fixation
of the organelles.

A Complex History of HGT in Tertiary Plastids and Kleptoplasts. In
addition to the horizontal gene transfer candidates identified by
their similarity to haptophyte homologs described above, we also
identified several more through searches for any gene relevant to
specific plastid pathways, including heme, isoprenoid, and iron-
sulfur cluster biosynthesis, as well as nuclear-encoded photo-
system subunit genes (Fig. 1 and SI Appendix, Table S2, “Met-
abolic Pathways Phylogenies” and “Photosynthesis Phylogenies”
in the figshare repository at 10.6084/m9.figshare.7851467 (28)).
RSD encodes 2 genes from the unrelated stramenopiles (ispH
and sufS), both of which encode N-terminal extensions consistent
with targeting to the kleptoplast. Karenia encodes a previously
reported gene transfer from the unrelated Viridiplantae (35),
and several stramenopile genes. Karlodinium also encodes sev-
eral genes from stramenopiles, and Dinophysis encodes several
genes from stramenopiles and haptophytes. Additionally, genes
of bacterial origin were found in RSD, Karenia, Karlodinium,
and/or Dinophysis. In the hemH phylogeny, a clade consisting of
RSD, Karenia, and Dinophysis branches with Firmicutes, distinct
from a bacterial HGT previously identified in Chromera/Vitrella
and Apicomplexans (“Metabolic Pathways Phylogenies” in the
figshare repository at 10.6084/m9.figshare.7851467 (28). The
RSD and Dinophysis genes encode N-terminal extensions (in
contrast to their homologs encoded in bacteria) of unknown
function, while the Karenia sequence is probably incomplete. A
second bacterial hemH, was identified in Karenia and Karlodinium,
which clusters with the cyanobacterium Synechococcus and, unlike
the cyanobacterium, encodes bipartite N-terminal extensions
putatively targeting them to the haptophyte plastid.

Interestingly, Dinophysis was also found to share a handful of
haptophyte-derived genes with Kareniaceae (Figs. 1 and 2),
some with N-terminal extensions, which, together with their
predicted function, suggest a kleptoplast localization. What this
means is unclear, since Dinophysis and Kareniaceae are not
considered to be closely related.

The taxonomic diversity of sources for HGT suggests that
Kareniaceae (and Dinophysis) have previously interacted with
numerous transient endosymbionts and/or food, some of which
left longer-term footprints in the form of HGT. Indeed,
Dinophysis isolates have been reported to contain plastids from
not just cryptophytes but also stramenopiles and chlorophytes
(36). Karenia, Karlodinium, and Takayama currently possess fully
integrated plastids acquired from a haptophyte, but are never-
theless known to ingest other food: K. brevis can feed on cya-
nobacteria (37), Karlodinium armiger is an omnivorous feeder
taking up on many different types of prey (38, 39), K. micrum can
feed on cryptophytes (40), and Takayama helix even feeds on a
wide range of other dinoflagellates (41). The possibility that they
harbored a variety of kleptoplasts during their evolutionary his-
tory is likely and consistent with the presence of the diverse
shared HGTs. As with the haptophyte HGTs, the presence of
additional nonhaptophyte HGTs provides further evidence most
compatible with the protein-targeting system predating the
current organelle.

Overall, the data are increasingly consistent with models for
plastid origins where the first stage has the host taking up and
retaining prey in a series of transient relationships (3, 10, 21).
Over time, this is hypothesized to lead to the establishment of a
protein-targeting system, which allows for the accumulation of
genes for plastid-targeted proteins that are retained and retar-
geted to subsequent transient kleptoplasts, and ultimately tar-
geted to the endosymbiont that is finally fixed to become the
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organelle. This series of events could conceivably explain the
origin of other endosymbiotic organelles, but there is no reason
to assume that all organelles must have originated by exactly the
same process as one another, so each case should be considered
independently. In the case of mitochondria, for example,
whether the host had already evolved phagocytosis is currently
debated (42), and this is a requirement for this model. In-
terestingly, however, similar models are emerging from obser-
vations of diverse endosymbiotic associations not generally
classified as organelles, like those between bacteria and insects
(43), suggesting this process might be relevant beyond secondary
or tertiary plastids and may be one plausible explanation for
endosymbiotic integration in other systems more generally.

RSD Encodes Genes Mediating Cyclic Electron Transport in the
Kleptoplast. The suite of genes for kleptoplast-targeted proteins
raises the question: Does the function of the organelle change
when it is taken over by its new host? The RSD nucleus encodes
kleptoplast-targeted subunits of photosystem I (PSI; i.e., psaE)
and the cytochrome b¢/f complex (ie., petC), as well as the
electron transport protein pet/ (cytochrome c6). All of these are
also nucleus encoded in the prey, P. antarctica, and intriguingly
psaE and petC are the only subunits of their respective complexes
that are nucleus encoded in Phaeocystis (SI Appendix, Table S2).
Moreover, pet] provides a link between the 2 complexes by
mediating electron transfer from cytochrome bg/f to PSL. In
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contrast, however, we did not find a single subunit of photosys-
tem II (PSII) in the RSD nucleus, whereas P. antarctica encodes
several (SI Appendix, Table S2). This correlates with measurements
showing a severely diminished PSII activity in the kleptoplast
compared to P. antarctica plastids (44).

The lack of PSII activity and protein-targeting together sug-
gest an absence of canonical linear flow through the photosyn-
thetic electron transport chain, and that the kleptoplast performs
cyclic electron transport instead (Fig. 3 4 and B). Cyclic electron
transport requires only PSI and the cytochrome b¢/f complex to
drive ATP synthesis without the production of NADPH. Cyclic
electron flow is less efficient, so why would the kleptoplast lose
PSII function? One interesting possibility is simply because PSII
function requires more HGT. The host can sustain PSI function
after only 2 HGT events, but to support PSII function requires
both of these plus another 7 independent HGT events. There is a
clear tradeoff between the relative likelihood of acquiring the
few genes necessary to establish cyclic electron flow and the
greater benefit but lower likelihood of acquiring many more
genes to maintain linear electron flow.

However, for cyclic electron flow to work, it requires 1 addi-
tional step. In angiosperms it can take place through either of
2 pathways: 1 dependent on Proton Gradient Regulation 5
(PGRS5) and PGRS5-like protein 1 (PGRLI1), and the other on a
type I NADH dehydrogenase complex (NDH-1) (45), which may
have been substituted by a plastidial type Il NADH single-subunit

ATP ADP +P;

NADP* +{H®  NADPH

s ATP ADP +P;
NADP* +{H*}  NADPH

Fig. 3. Scheme of the photosynthetic electron transport chain in (A) the plastid of P. antarctica and (B) the kleptoplast of RSD, adapted from ref. 51. Green
fill indicates plastid-encoded proteins; purple fill/writing, haptophyte-nucleus encoded proteins; orange fill, dinoflagellate-nucleus encoded proteins; and
blue fill, plastoquinone. Black arrows indicate electron flow; the red arrow shows cyclic electron flow; and the blue arrows indicate proton movement.
Transparent features indicate absence of the corresponding proteins/reactions in RSD. y, ATP synthase subunit gamma; Cyt be/f, cytochrome bg/f complex;
petF, ferredoxin; petH, ferredoxin-NADP reductase; petC, cytochrome bg/f complex iron-sulfur subunit; petJ, cytochrome c6; PQ, plastoquinone; PSI/Il, pho-

tosystem I/ll; psaE, photosystem | subunit IV.
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enzyme (NDH-2) in some plants and microalgae (46). We found
both PGR5 and PGRL1 transcripts as well as a homolog for NDH-
2 in the P. antarctica prey, indicating it can potentially perform
both pathways, in addition to linear electron flow (Fig. 34). Di-
noflagellates, on the other hand, contain homologs for PGR5 and
PGRL1, including a PGRL1-PGRS fusion in Karenia, Karlodinium,
and Dinophysis, but neither was identified in RSD transcriptomes
(81 Appendix, Fig. S4 A and B), either because they were not
sampled or are not present. NDH-2 is less well investigated,
but we reconstructed an NDH-2 phylogeny and recovered
2 dinoflagellate plastid clades (SI Appendix, Fig. S4C). Neither
homologs of RSD nor of the other Kareniaceae are represented
in either clade, but interestingly genes from both form a separate
NDH-2 clade, which branches within a larger group of plastid-
targeted proteins, including the experimentally localized protein
from Chlamydomonas, Nda2 (SI Appendix, Fig. S4C) (47). The
RSD homologs encode an N-terminal extension, but not one that
is clearly a targeting peptide. Many other algal proteins in this
extended clade, such as the peridinin-plastid dinoflagellates,
however, do encode plastid-targeting leaders. This would suggest
another putative HGT event of functional significance, although
the plastid localization clearly requires more direct evidence. If
this plastid-targeted NDH-2 is kleptoplast targeted as well, a
preliminary model for photosynthetic electron flow in the RSD
kleptoplast (Fig. 4B) would use NDH-2 to recycle electrons from
PSI to plastoquinone with either NADH or NADPH as electron
donors, like their Chlamydomonas counterpart (47). We also
failed to identify a transcript for the kleptoplastidic ATP synthase
subunit gamma (afpC) in RSD, which is the only nucleus-encoded
ATP synthase subunit in P. antarctica (SI Appendix, Table S2). It is
therefore unclear whether the ATP synthase complex in the
kleptoplast is fully functional, but given photosynthesis is func-
tional, some form of the complex must be operating.

Kleptoplast-Targeted Genes Have Lost Transcriptional Regulation.
The presence of kleptoplast-targeted proteins encoded in the RSD
genome means the host may be able to regulate its kleptoplasts.
As a first step to investigate this, we analyzed expression levels
of all kleptoplast-targeted genes with haptophyte origin in RSD

Color Key
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under different light (light vs. deep chlorophyll maximum [DCM]
vs. dark) and temperature (0° vs. 5°) conditions (SI Appendix, SI
Materials and Methods). The presence of about 1% prey P. antarctica
in the RSD cultures during RNA extraction for transcriptome
sequencing prevented us from testing the response of the genes
encoded within the kleptoplast genome itself. Of the 13 transcripts
for kleptoplast-targeted proteins, only 1, G6PD, showed increased
expression in light vs. dark conditions under our parameters
(minimum 2-fold change, false discovery rate [FDR] < 0.05).
However, the N-terminal extension, and therefore the location
of this protein, could not be unambiguously identified. All other
transcripts were unaffected.

We compared this response with the same genes in P. ant-
arctica cultures exposed to the same environmental conditions.
In contrast to RSD, 7 out of 13 of the P. antarctica transcripts
displayed at least a 2-fold change in expression under different
light and temperature conditions (Fig. 4). Transcripts signifi-
cantly up-regulated in the light (and DCM) vs. dark were mostly
involved in photosynthesis (pet/, petC, FCP, plus PPA) whereas
transcripts for carbohydrate metabolism genes PGAM_1 and
GO6PD increased in the dark. Transcripts for pet/, petC, and PPA
were also up-regulated at 0° vs. 5°. Two isoforms of the chap-
erone clpB were up-regulated at the higher temperature and 1 of
them was also up-regulated in the dark. pet/ represents a case
where different isoforms of the same gene are expressed under
different conditions, suggesting putatively different functions for
those isoforms correlating with environmental parameters.

We also analyzed all other transcripts discussed in this study
(i.e., transcripts encoding the intermediates of the heme, iso-
prenoid, and iron-sulfur cluster biosynthesis pathways, and which
are likely functioning in a cryptic peridinin plastid) for differ-
ential expression in RSD, but observed no significant difference
in any. It has been reported that dinoflagellates display only
small changes in mRNA expression even under significantly
different conditions, suggesting that posttranscriptional or post-
translational mechanisms play a dominant role in the regulation
of dinoflagellate expression (48-50). Horizontal transfer of genes
from a haptophyte to the RSD nuclear genome subjected them
to the dinoflagellate-specific mechanisms of gene regulation,

rep2 repl rep3 repl rep3 repd rep2 rep2 replrep3 repd

Dark

Light DcM Light DCM

FCP (TR94553|c0g1i1)
FCP (TR30556|c0g1i1)
PPA (TR87100/c0g1i2)
petJ (TRS7772|c0g1i1)
petC (TR117833|c1g1i1)
petC (TR117764/c0g1i1)
clpB (TR48609|c0g1i1)
G6PD (TR94508|c0g1i1)
PGAM_1 (TR65288|c0g1i1)
PGAM_1 (TR65288|c0g1i2)
G6PD (TR43525|c0g1i1)

Fig. 4. Heatmaps depicting differential expression of HGT transcripts in Phaeocystis in response to (A) temperature and (B) light at a level of 2-fold.
Transcript identifiers correspond to the “Phaeocystis antarctica Temp01” predicted peptides present in the HGT phylogenies shown in S/ Appendix, Fig. S2

A-M as listed in S/ Appendix, Table S3.
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which at least for the plastid-targeted genes investigated here
appears to have resulted in a loss of transcriptional regulation.

Conclusions

The kleptoplastidic Ross Sea dinoflagellate is both more com-
plex and highly chimeric than was previously appreciated. In
addition to the haptophyte kleptoplast, it also appears to retain a
cryptic peridinin plastid and has partitioned normal plastid
functions between them; the kleptoplast carries out functions
directly related to photosynthesis, whereas the peridinin plastid
carries out a range of nonphotosynthetic plastid functions found
in other dinoflagellate plastids. But the photosynthetic function
of the kleptoplast also changes when it is stolen from its
Phaeocystis host: most obviously in the loss of linear electron
flow, and in coming under the influence of its new host due to
host-encoded genes for proteins targeted to the kleptoplast (in-
cluding proteins required to maintain photosystem I).

This presence of protein targeting to the kleptoplast is par-
ticularly significant. The possible existence of such genes has
been a major point of debate in other kleptoplast systems, such
as Elysia (12, 51, 52), but in RSD they illuminate not only the
evolution of the kleptoplast, but also the fully integrated tertiary
plastids in its close relatives. Specifically, the ancestor of the
kleptoplastidic RSD and its relatives with fully integrated plas-
tids already seems to have acquired several genes for plastid/
kleptoplast-targeted proteins. This shows that the establish-
ment of a protein-targeting system preceded the stable fixation
of a plastid organelle. Some of these shared genes are haptophyte
derived, but they are not obviously from either the kleptoplast
or plastid lineages, and many are clearly derived from other kinds
of algae, which supports the emerging “shopping bag” model of
organelle origins (3, 21). This is also consistent with data emerging
from various endosymbiotic systems that proteins targeted to en-
dosymbionts or nascent organelles in the very earliest stages of
integration are not generally derived from that endosymbiont (3,
21, 43, 53). An alternative explanation is that the endosymbiont
had a chimeric genome resulting from multiple serial endosym-
biotic events (54, 55), but the number of different donor lineages
for HGTs, the fact that some genes have been transferred from
multiple donor lineages (e.g., SI Appendix, Fig. S1I), and the general
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lack of such a condition in algae most closely related to the an-
cestors of the endosymbionts all argue against this view. Altogether,
this system provides a unique look at close relatives on either side
of an important tipping point in the transient-to-fully integrated
transition of an organelle.

Materials and Methods

The RSD and P. antarctica were isolated from the Ross Sea, Antarctica, and
grown under 2 different temperatures and 3 different light conditions for
differential expression analysis. Culturing, detailed experimental setup, RNA
extraction, sequencing, transcriptome assembly, and expression analysis are
described in S/ Appendix, SI Materials and Methods. The small subunit ri-
bosomal RNA (SSU rRNA) phylogeny was generated from SILVA Ref NR se-
quences for Kareniaceae and SSU sequences from selected cultured taxa
from the Marine Microbial Eukaryote Transcriptome project (MMETSP) and
NCBI (S/ Appendix, SI Materials and Methods). Sequences were aligned,
ambiguously aligned sites were removed, and trees were reconstructed as
described in SI Appendix, S| Materials and Methods. Phylogenies for plastid-
associated proteins and described endosymbiotic gene transfer candidates in
Karenia and Karlodinium were reconstructed using RSD homologs for those
proteins as BLASTP queries against a custom database (see S/ Appendix, S/
Materials and Methods for details). BLASTP hits were parsed, aligned, am-
biguously aligned sites were removed, and initial trees were reconstructed
as described in S/ Appendix, SI Materials and Methods. After removal of
contaminations and other problematic sequences, cleaned sequences were
prefiltered, aligned, ambiguously aligned sites were removed, and final
phylogenies were calculated (see S/ Appendix, SI Materials and Methods for
details). RSD transcripts with spliced leader sequences were identified and
filtered as described in S/ Appendix, SI Materials and Methods, and initial
and final phylogenies for proteins encoded by transcripts with spliced leader
sequences were reconstructed as described above. Queries for cyclic electron
transport protein phylogenies are described in S/ Appendix, SI Materials and
Methods; trees were reconstructed as above. Prediction of signal peptides
and N-terminal transmembrane domains and identification of domains and
their coordinates for proteins of interest were performed as described in S/
Appendix, S| Materials and Methods.
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