Check for
updates

Principles of plastid reductive evolution illuminated by
nonphotosynthetic chrysophytes

Richard G. Dorrell*', Tomonori Azuma®, Mami Nomura®, Guillemette Audren de Kerdrel®?, Lucas Paoli®?,
Shanshan Yang®, Chris Bowler?, Ken-ichiro Ishii®, Hideaki Miyashita®, Gillian H. Gile?, and Ryoma Kamikawa®"’

3|nstitut de Biologie de I’'Ecole Normale Supérieure (IBENS), Ecole Normale Supérieure, CNRS, INSERM, PSL Université, 75005 Paris, France; PGraduate School
of Human and Environmental Studies, Kyoto University, Kyoto 606-8501, Japan; “Bioinformatics Core, Office of Knowledge Enterprise Development,
Arizona State University, Tempe, AZ 85287; and 9school of Life Sciences, Arizona State University, Tempe, AZ 85287

Edited by John M. Archibald, Dalhousie University, Halifax, NS, Canada, and accepted by Editorial Board Member W. F. Doolittle February 19, 2019 (received

for review November 22, 2018)

The division of life into producers and consumers is blurred by
evolution. For example, eukaryotic phototrophs can lose the capacity
to photosynthesize, although they may retain vestigial plastids
that perform other essential cellular functions. Chrysophyte algae
have undergone a particularly large number of photosynthesis losses.
Here, we present a plastid genome sequence from a nonphotosyn-
thetic chrysophyte, “Spumella” sp. NIES-1846, and show that it has
retained a nearly identical set of plastid-encoded functions as
apicomplexan parasites. Our transcriptomic analysis of 12 differ-
ent photosynthetic and nonphotosynthetic chrysophyte lineages
reveals remarkable convergence in the functions of these non-
photosynthetic plastids, along with informative lineage-specific
retentions and losses. At one extreme, Cornospumella fuschlensis
retains many photosynthesis-associated proteins, although it appears
to have lost the reductive pentose phosphate pathway and most
plastid amino acid metabolism pathways. At the other extreme,
Paraphysomonas lacks plastid-targeted proteins associated with
gene expression and all metabolic pathways that require plastid-
encoded partners, indicating a complete loss of plastid DNA in this
genus. Intriguingly, some of the nucleus-encoded proteins that
once functioned in the expression of the Paraphysomonas plastid
genome have been retained. These proteins were likely to have
been dual targeted to the plastid and mitochondria of the chrysophyte
ancestor, and are uniquely targeted to the mitochondria in Para-
physomonas. Our comparative analyses provide insights into the
process of functional reduction in nonphotosynthetic plastids.
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Ithough photosynthesis should be beneficial to any organism
by converting solar power to available ATP and NADPH,
some algal and plant lineages have lost their ability to photosyn-
thesize. Some secondarily nonphotosynthetic taxa are parasites,
including the apicomplexans (e.g., the malaria pathogen Plasmo-
dium falciparum) and several parasitic plant lineages (1, 2). Others
are phagotrophs or osmotrophs, including many lineages descended
from microalgae including green algae, euglenophytes, dinoflagellates,
cryptophytes, and the “ochrophyte” group that includes diatoms
and chrysophytes (sometimes called “golden algae”) (3-8).
Regardless of their current ecological modes, secondarily non-
photosynthetic organisms frequently retain nonphotosynthetic organ-
elles descended from their original chloroplasts. These organelles
typically no longer perform the metabolic functions associated with
photosynthesis, or dependent on photosynthetic ATP and NAD(P)H
production (2, 9). However, these plastids may still perform es-
sential nonphotosynthetic functions, such as cofactor biosynthesis
(e.g., Fe-S cluster and haem), fatty acid and isoprenoid biosyn-
thesis, and aspects of respiratory carbon metabolism (9). These
processes may depend both on plastid-targeted proteins, encoded
in the nucleus, and on proteins encoded within the plastid itself
(e.g., the cysteine desulfurase gene sufB for Fe-S complex assembly)
(1). Thus, most nonphotosynthetic plastids retain their own genomes
as well as the genes essential for the maintenance and expression of
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those genomes (2). Some exceptions to these rules have been
documented. For example, some nonphotosynthetic plants and
algae retain genes in their nuclear and plastid genomes previously
associated with photosynthesis (2, 3, 10). Conversely, some other
secondarily nonphotosynthetic organisms have either completely
lost their plastid [e.g., the dinoflagellate Hematodinium; the api-
complexan Cryptosporidium (11)] or retain a plastid that lacks an
associated genome (e.g., the green alga Polytomella; and the di-
noflagellate relative Perkinsus) (1, 6).

Although multiple secondarily nonphotosynthetic plastids have
been studied, it is not clear to what extent these plastids converge
on the same functions. Why are plastid genomes retained versus
lost after loss of photosynthesis? What becomes of the plastid-
targeted proteins in different secondarily nonphotosynthetic lineages?

Significance

Photosynthesis has been gained many times in eukaryotic
evolution via endosymbiosis. It has also been lost many times,
including multiple occasions in the chrysophyte algae, a lineage
of unicellular algae related to diatoms. This study reveals the
functions of nonphotosynthetic chrysophyte plastids in six
lineages that have lost photosynthesis independently. We see
a remarkable degree of convergence in retained functions among
these chrysophyte lineages. Moreover, the retained functions
are highly similar to those of apicomplexans such as the malaria
parasite Plasmodium. The shared losses of function provide in-
sight into the principles of and constraints on plastid reductive
evolution, not only within chrysophytes, but across photosyn-
thetic and secondarily nonphotosynthetic eukaryotes.
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To close these knowledge gaps, we have investigated plastid-related
pathways in chrysophyte algae. The chrysophytes (including
synurophytes) are part of the ochrophyte group, containing
plastids derived from the secondary endosymbiosis of a red alga,
and are functionally and trophically diverse, including swimming,
sessile, single-celled, and colonial forms; unarmored and silicified
cells; and obligate phototrophs, photo-mixotrophs, and obligate
heterotroph lineages (5, 12-14). The obligate heterotrophic species
are globally distributed and abundant components of freshwater,
pelagic, and benthic microbial communities (14, 15). These species
are typically phagotrophic predators, consuming bacteria and in
certain cases microbial eukaryotes (16, 17), using their long fla-
gellum to selectively sweep prey into endocytotic “feeding cups”
that form on the cell surface (18, 19). An alternative phagocytotic
feeding strategy, using rhizopodia, has been inferred in the genus
Chrysamoeba, and some chrysophytes can supplement their
phagocytotic activities via the osmotrophic uptake of dissolved or-
ganic vitamin B12 and biotin (18); however, to date, no par-
asitic or solely osmotrophic nonphototrophic chrysophytes
have been described (14). Plastid-derived organelles have been
identified by microscopy in multiple nonphotosynthetic chrys-
ophytes [e.g., Paraphysomonas spp. (20) and “Spumella” sp. NIES-
1846 (16)], confirming their utility for exploring nonphotosynthetic
plastid evolution.

In this study, we demonstrate that photosynthesis has been lost
multiple times in chrysophytes, as revealed by multigene and
taxon-dense 18S rRNA gene phylogenies. We present a sequenced
plastid genome of a nonphotosynthetic chrysophyte, “Spumella” sp.
NIES-1846, alongside transcriptome-based reconstructions of the
plastid proteomes of a diverse range of nonphotosynthetic chrys-
ophytes. Our data reveal that nonphotosynthetic chrysophyte
species show a high degree of convergence with respect to which
plastid functions have been retained, both to each other, and to
apicomplexan parasites. However, we also identify exceptions, in-
cluding limited reductive evolution in the nonphotosynthetic
plastids of Cornospumella, and present evidence for a dramatically
reduced plastid that lacks DNA in Paraphysomonas. Finally, we
show that proteins that historically functioned in the expression of
the Paraphysomonas plastid genome now solely support the biology
of the mitochondria. Our data provide insights into the evolu-
tionary mechanisms that surround the loss of photosynthesis, and
the long-term interactions between different cellular compart-
ments in plastid-bearing organisms.

Results

Multigene Phylogeny of Chrysophytes. To trace how frequently
photosynthesis has been lost in chrysophytes, we constructed
phylogenies from a 41-taxa x 17,439-amino acid dataset, in-
cluding our newly assembled transcriptome data of “Spumella”
sp. NIES-1846 and previously published chrysophyte sequence
libraries (12, 15, 21). Both maximum likelihood and Bayesian
analyses provided well-resolved trees containing strongly sup-
ported clades (Fig. 1).

Our tree contains seven distinct clades of nonphotosynthetic
chrysophytes, separated from one another by photosynthetic
lineages (Fig. 1, blue boxes plus Acrispumella and SAGH cells).
We additionally analyzed a more taxon-rich 18S rRNA gene
phylogeny, identifying multiple distinct nonphotosynthetic clades
in total, of which 13 could be resolved with strong support
(Bayesian PP >0.9; RAXML bootstrap >60% for three different
alignments, with 50%, 80%, and 90% occupancy at each site,
respectively; SI Appendix, Fig. S1). We found that Cornospumella
and Poteriospumella are separated by photosynthetic lineages in
the 18S rRNA tree with high statistical support, indicative of
eight independent lineages of nonphotosynthetic chrysophytes
for which transcriptome data are available (Fig. 1 and SI Ap-
pendix, Fig. S1).
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Fig. 1. Multigene Bayesian consensus phylogeny of chrysophytes inferred
from 17,439 amino acid sites under three substitution models. Photosyn-
thetic and secondarily nonphotosynthetic chrysophyte lineages are indicated
in green and blue, respectively; the trophic status of Ochromonas LO244KD
remains debated (15, 21). Taxa used for subsequent plastid metabolism
comparisons are contained in boxes. Filled circles at nodes indicate Bayesian
posterior probabilities of 1.0 and maximum likelihood bootstrap support
greater than 80% for all analyses. Open circles at nodes indicate Bayesian
posterior probabilities greater than 0.8 for all analyses. The topology is dis-
played following (5), with the root between the diatoms and the PESC clade
(pinguiophytes, eustigmatophytes, synchromophytes, and chrysophytes). A
corresponding 18S rDNA tree is shown in S/ Appendix, Fig. S1.

Convergent Evolution of Nonphotosynthetic Chrysophyte and
Apicomplexan Plastid Genomes. As a first investigation into plas-
tid function in nonphotosynthetic chrysophytes, we sequenced
the plastid genome of “Spumella” sp. NIES-1846. This strain
forms the second-deepest branch of nonphotosynthetic chrys-
ophytes for which extensive sequence data are available (Fig. 1),
and was selected for study because of its rapid growth under
laboratory conditions, because its nonphotosynthetic plastid has
been extensively morphologically well characterized (16), and be-
cause our transcriptomic survey indicates that it has a typically re-
duced plastid-associated metabolism for a nonphotosynthetic
chrysophyte (discussed below). The “Spumella” sp. NIES-1846
plastid genome is a circularly mapping molecule, containing two
inverted repeats and small and large single copy regions (SI Ap-
pendix, Fig. S2). It is 53,209 bp in length and contains 45 protein-
coding genes. This is 2.5 times smaller than the plastid genome of
the photosynthetic chrysophyte Ochromonas sp. CCMP1393 (22) in
both size (126,750 bp) and the number of encoded proteins (124;
Fig. 24), mainly due to the loss of photosynthesis-related functions.
We found only one photosystem subunit (ferredoxin, petF), and
none of the genes for carbon fixation, chlorophyll biosynthesis, cy-
tochrome biogenesis (ccs), or acetolactate synthesis (ilv) in the
“Spumella” sp. NIES-1846 plastid genome, that are typically
retained on the plastid genomes of photosynthetic chrysophytes
[e.g., Ochromonas sp. CCMP1393, Mallomonas splendens (22)].
We also could not find genes encoding sec and tat complexes for
protein transport into the thylakoid lumen, consistent with pre-
vious reports noting the lack of thylakoid-like structures inside
the “Spumella” sp. NIES-1846 plastid (16).

A set of genes with photosynthesis-independent functions is
retained in the “Spumella” sp. NIES-1846 plastid genome, including
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Fig. 2. Plastid genome of “Spumella” sp. NIES-1846. (A) Comparison of
protein-coding genes between a photosynthetic chrysophyte and “Spu-
mella” sp. NIES-1846 (22). Each color bar shows a functional category. (B)
Venn diagram of protein-coding genome contents in various non-
photosynthetic, red-alga-derived plastid lineages. Nitzschia sp. NIES-3581 (3)
and Cryptomonas paramecium (4) are used as representatives for non-
photosynthetic diatoms and cryptomonads. (C) Plastid-encoded functions in
four nonphotosynthetic, red-alga-derived plastid lineages. Blue and gray
boxes indicate presence and absence, respectively. A complete plastid ge-
nome map is provided in S/ Appendix, Fig. S2; comparisons of plastid coding
content in a wider range of nonphotosynthetic species are shown in S/ Ap-
pendix, Fig. S3; and schematic reconstructions and exemplar localizations of
plastid metabolism pathways are in S/ Appendix, Figs. S4-5S6.

two TRNA and 25 tRNA genes, 36 genes encoding proteins for
translation (1ps, rpl, tuf4), five for transcription (7po), two for Fe-S
cluster assembly (suf), and one for proteolysis (c[pC). Four ORFs
had no obvious homologs to other organisms, as assessed by
BLAST search with threshold e value of <107°. We compared the
coding content of the “Spumella” sp. NIES-1846 plastid to that of
other red alga-derived, secondarily nonphotosynthetic plastids
within the diatoms (Nitzschia) (3), cryptomonads (Crypto-
monas) (4), and apicomplexans (1) (Fig. 2 B and C), and to
a broader set of nonphotosynthetic plastids including those of
plants and green algae (SI Appendix, Fig. S3). The “Spumella” sp.
NIES-1846 plastid genome retains fewer protein-coding genes
and encodes a narrower range of functions than the nonphoto-
synthetic diatom and cryptophyte plastid genomes. However, the
“Spumella” sp. NIES-1846 plastid genome encodes a remarkably
similar set of functions to the plastid genomes found in apicom-
plexan plastid lineages, that is, gene expression, protein import,
and Fe-S cluster biosynthesis, with the only difference being the
retention of petF in “Spumella” sp. NIES-1846 (Fig. 2C and SI
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Appendix, Fig. S3). This is indicative of convergence in function
between nonphotosynthetic chrysophyte and apicomplexan plastids.

Reductive Evolution of “Spumella” sp. NIES-1846 Plastid Metabolism.
Next, we considered which plastid-targeted proteins support the
biology of the “Spumella” sp. NIES-1846 plastid. We searched
our “Spumella” sp. NIES-1846 transcriptome for enzymes fre-
quently associated with nonphotosynthetic plastids, including haem,
carbon, isopentenyl pyrophosphate (IPP), and lipid metabolism (1).
For example, we found 8 of the 10 plastid-targeted proteins required
for haem biosynthesis, of which 5 possessed detectable plastid-
targeting signals (SI Appendix, Fig. S4). We created a recombinant
plasmid encoding the N-terminal region of “Spumella” sp.
NIES-1846 ferrochelatase [which catalyzes the last haem bio-
synthesis step (5)] with a C-terminal GFP fusion and expressed
it in the diatom Phaeodactylum tricornutum. We observed GFP
colocalizing with chlorophyll autofluorescence, indicating that haem
biosynthesis occurs in the “Spumella” sp. NIES-1846 plastid (SI Ap-
pendix, Fig. S5A).

We detected evidence for a modified plastid carbon metabo-
lism in “Spumella” sp. NIES-1846. This consists of plastid-
targeted proteins that would enable the glycolytic conversion of
triose phosphate into phospho-enol-pyruvate (i.e., glyceralde-
hyde 3-phosphate dehydrogenase, triose phosphate isomerase,
phosphoglycerate kinase, phosphoglycerate mutase, and enolase)
(SI Appendix, Fig. S4) (5). We could not detect plastid-targeted
enzymes involved in the reductive pentose phosphate pathway
(i.e., the “Calvin cycle”; SI Appendix, Fig. S4), enzymes that cata-
lyze the interconversion of phosphoenolpyruvate and pyruvate
(pyruvate kinase and pyruvate phosphate dikinase), or a plastid-
targeted pyruvate dehydrogenase complex (SI Appendix, Fig. S4).
This suggests that the “Spumella” sp. NIES-1846 plastid engages in
fermentative carbon metabolism but does not synthesize pyruvate.

We did not find genes for plastid fatty acid metabolism in
“Spumella” sp. NIES-1846. This is consistent with the carbon
metabolism pathways observed, as plastid fatty acid biosynthesis
begins with pyruvate (SI Appendix, Fig. S4) (5). Even though
several homologs for fatty acid biosynthesis were detected in the
transcriptome data, they were all related to nonplastid enzymes
of other ochrophyte lineages, and none was found to possess
explicit plastid targeting signals, instead being predicted to lo-
calize variously to the mitochondria, endomembrane system, or
cytoplasm (SI Appendix, Fig. S6). We confirmed the complete-
ness of three fatty acid synthesis genes (FabD, FabF, and FabG)
by 5’-rapid amplification of cDNA ends (5-RACE) analyses (S/
Appendix, Fig. S5B). We also tested the localization of FabG by
expression of the N-terminal region fused with GFP in Phaeo-
dactylum and observed colocalization with MitoTracker Orange,
indicating a mitochondrial localization (SI Appendix, Fig. S5C).
Thus, our data support a complete loss of fatty acid synthesis from
the “Spumella” sp. NIES-1846 plastid. We did identify putative
plastid-associated copies of enzymes (i.e., genes encoding plastid-
targeting sequences, which resolved phylogenetically with other
ochrophyte plastid-targeted enzymes) involved in lipid head group
metabolism (diacylglycerol acetyltransferase, glycerol-3-phosphate
acetyltransferase, and phosphatidate cytidyltransferase), indicating
that the “Spumella” sp. NIES-1846 plastid may still utilize this
compartment for the synthesis of triglycerides from free fatty acids
and glycerol, as in other ochrophytes (SI Appendix, Fig. S6). We
additionally note that at least one of the enzymes associated with
fatty acid catabolism in “Spumella” sp. NIES-1846, lysophospholi-
pase, has an inferred mitochondrial localization, suggesting that in
this species certain steps of fatty acid synthesis and catabolism may
occur in the same subcellular compartment (S Appendix, Fig. S6).

Convergent Evolution of Plastid Metabolism in Nonphotosynthetic

Chrysophytes. Photosynthesis has been independently lost in many
distinct chrysophyte lineages (Fig. 1 and SI Appendix, Fig. S1). We
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wanted to determine whether different secondarily nonphotosynthetic
chrysophytes retain similar plastid functions to “Spumella” sp. NIES-
1846 or follow distinct trajectories of plastid reduction. We used
a published protocol, based on BLAST searches with floating e-
value thresholds (5), to identify orthologs of 9,531 ochrophyte
plastid-targeted proteins in photosynthetic and nonphotosynthetic
members of the “PESC” clade (pinguiophytes, eustigmatophytes,
synchromophytes, and chrysophytes) (5, 12, 15, 21) (Dataset S1).
We used custom in silico prediction thresholds, guided by ex-
perimental data, to infer localizations of each protein (Materials
and Methods).

We noted a drastic reduction in the sizes of the plastid pro-
teomes of nonphotosynthetic chrysophytes, both in terms of the
number of query proteins for which homologs could be found
and the proportion of these homologs inferred to possess plastid-
targeting sequences (SI Appendix, Fig. S7). To understand what
underpins these reductions in plastid proteome content, we
constructed phylogenies to infer the presence of 303 core plastid
metabolism and biogenesis proteins (5) across the tree of chrys-
ophytes. We used our phylogenetic analyses to define monophyletic
groups of photosynthetic species and groups of nonphotosynthetic
species that are derived from a single loss of photosynthesis (Fig. 1,
green and blue taxa, respectively). We pooled transcriptomes within
each group to reduce the likelihood of falsely inferring protein
losses from incomplete transcriptomes. A total of six of the
pooled libraries of photosynthetic lineages and six of the pooled
libraries of nonphotosynthetic lineages were inferred to cover
more than 65% of the query proteins in the BUSCO, version 2,
library and were retained for further analysis (Fig. 1 and S/
Appendix, Fig. STB).

Several plastid-targeted proteins were commonly missing
across the six investigated nonphotosynthetic lineages (Fig. 3, ST
Appendix, Fig. S8, and Dataset S1). These include photosystem
subunits and light-harvesting complex proteins; the reductive
pentose phosphate pathway; chlorophyll synthesis; the nonmeva-
lonate pathway for IPP synthesis and carotenoid metabolism; core
plastid amino acid synthesis (glutamine/glutamate, lysine, branched-
chain and aromatic amino acids); and thylakoid protein import
and biogenesis proteins (Fig. 3). Several of these losses have
been documented in a smaller-scale study of Poteriospumella
lacustris, Pedospumella encystans, and Spumella vulgaris (12).
These pathways are almost universally detected in photosyn-
thetic PESC clade members, suggesting that they have been lost
independently alongside the loss of photosynthesis (Fig. 3 and SI
Appendix, Fig. S8).

Other plastid-targeted proteins are broadly conserved across
nonphotosynthetic chrysophytes. These include proteins associ-
ated with oxidative carbon metabolism and plastid glycolysis:
haem synthesis, fatty acid and steroid metabolism, cysteine and
Fe-S cluster synthesis, and plastid protein import, division, and
genome expression proteins (Fig. 3 and SI Appendix, Fig. S8).
Because each nonphotosynthetic chrysophyte group has indepen-
dently lost photosynthesis, these observations represent convergent
evolution in plastid function (Figs. 1 and 3 and SI Appendix, Fig. S8).

Alongside this, we searched each PESC clade transcriptome
library for orthologs of genes known to be encoded in other
chrysophyte plastids (ST Appendix, Fig. S9 and Dataset S1) (22,
23). These sequences might represent fragments of plastid
transcript sequence that survived poly(A) RNA enrichment, or
alternatively transcripts of genes relocated from the plastid to
the nucleus of individual chrysophytes, which may be inferred by
the presence of N-terminal targeting sequences (5). We uncov-
ered sporadic evidence for plastid DNA-derived sequences in
both photosynthetic and nonphotosynthetic chrysophyte species,
including three proteins likely to be the plastid-targeted ex-
pression products of genes that had been relocated to the nuclei
of specific PESC clade species: tsf (encoding elongation factor
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Fig. 3. Plastid-targeted proteome content across chrysophyte lineages. This
heatmap shows the functional distributions of proteins inferred to be
orthologous to other ochrophyte plastid proteins, via a phylogenetic ap-
proach, in published PESC clade sequence libraries (5). Cells are shaded
purple if at least one member of the pathway was identified to possess
a plastid-targeting sequence; orange if at least one member was identified
to possess a mitochondrial-targeting sequence; and gray if homologs were
found; but none of these possessed organelle-targeting sequences, in other
words, correspond to cytoplasmic, or N-incomplete homologs. Coverage
statistics for each library are considered in S/ Appendix, Fig. S7; detailed
outputs for individual proteins in each pathway are shown in S/ Appendix,
Fig. S8; an analogous map of orthologs of plastid-encoded genes in
chrysophyte transcriptomes is shown in S/ Appendix, Fig. S9; and exemplar
tree topologies are shown in S/ Appendix, Figs. S10-S12.

Ts) in Poterioochromonas and Epipyxis sp., and petJ (cytochrome
¢6) in Pinguiococcus pyrenoidosus (SI Appendix, Fig. S9).

Cornospumella and Paraphysomonas Represent Extremes in Chrysophyte
Plastid Evolution. Alongside convergent changes, we noted lineage-
specific plastid functions in nonphotosynthetic chrysophytes (Fig. 3
and SI Appendix, Fig. S8). These include the absence of plastid
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fatty acid synthesis from “Spumella” sp. NIES-1846, which we
detected in all other nonphotosynthetic chrysophytes surveyed
(Fig. 3 and SI Appendix, Figs. S6 and S8E). The least reduced
plastid belongs to Cornospumella fuschlensis (Fig. 3). C. fuschlensis
retains multiple plastid-targeted proteins associated with photo-
systems (e.g., PsbP) and light-harvesting complexes (e.g., LISIS/
Lhcx) of clear chrysophyte origin (SI Appendix, Figs. S10 and S11).
The only plastid functions not detected at all in Cornospumella
were plastid-targeted proteins for reductive carbon metabolism,
and all plastid amino acid biosynthesis pathways, except for cys-
teine synthesis (Fig. 3 and SI Appendix, Fig.S8 B and D). Thus,
Cormnospumella might have lost its plastid carbon fixation and ni-
trogen metabolism pathways before losing proteins directly in-
volved in photosynthesis.

In contrast to Cornospumella, we found extensive reduction in
the plastid proteome of Paraphysomonas. Its plastid is left with
only haem, lipid and steroid synthesis, glycolysis, and plastid
protein import and division (Fig. 3). We verified the evolutionary
affinities of key enzymes within these pathways phylogenetically
(e.g., ferrochelatase, SI Appendix, Fig. S12), and localized com-
ponents of plastid metabolism (SI Appendix, Fig. S134) and
plastid protein import complexes (SI Appendix, Fig. S13B) to the
plastid and periplastid compartment, through the heterologous
expression of GFP-linked N-terminal constructs in Phaeodactylum.
Considered alongside previous microscopy studies (20), these data
show that Paraphysomonas retains a functional plastid, albeit one
with a minimal proteome.

A Probable Plastid Genome Loss in Paraphysomonas. In contrast to
all other nonphotosynthetic chrysophytes, we could not detect
transcripts in Paraphysomonas for plastid-targeted proteins that
interact with proteins typically encoded on nonphotosynthetic
plastid genomes (Fig. 3). These include an absence of plastid-
targeted proteins associated with Fe—S cluster and cysteine bio-
synthesis pathways, which would typically interact with the
plastid-encoded cysteine desulfurase sufB (SI Appendix, Fig. S8
D and E); Clp chaperones that interact with plastid-encoded
clpC subunits (SI Appendix, Fig. S8G); and glutamyl-tRNA syn-
thetase, which is used alongside plastidic tRNA-Glu for the
C5 haem synthesis pathway (otherwise well conserved in Para-
physomonas; SI Appendix, Figs. S8C and S12). More broadly, we
could not identify any plastid-targeted proteins associated with
plastid DNA replication or expression in Paraphysomonas,
assessed both by phylogeny and eukaryotic orthologous group
(KOG) annotation of Paraphysomonas transcriptomes (Fig. 3
and SI Appendix, Fig. S144).

Previous studies have noted losses of plastid clp, Fe-S, and
other plastid DNA-associated proteins in taxa inferred to have
either completely lost a plastid (Cryptosporidium, Hematodinium)
(1, 11) or to have lost the plastid genome (Perkinsus, Polytomella)
(1, 6). To explore the possibility of plastid genome loss in Para-
physomonas, we first performed a next-generation sequencing survey
of genomic DNA from Paraphysomonas bandaiensis RCC383. This
yielded 4.6 Mbp of assembled sequence data of clear chrysophyte
origin, including 6895 bp of mitochondrial DNA, but no contigs
corresponding to plastid DNA. We additionally did not detect
plastid genome-related sequences in any Paraphysomonas tran-
scriptome library (ST Appendix, Fig. S9).

We supplemented this initial sequencing data with a more
directed test for the presence of plastid DNA, performing PCRs
using P. bandaiensis gDNA, and primers designed for represen-
tative chrysophyte plastid (16S, 23S), mitochondrial (16S, 23S,
coxl), and nuclear (18S, ITS1) genes. The plastid primer com-
binations were designed over regions of sequence that are con-
served in all known chrysophyte, eustigmatophyte, and pinguiophyte
sequences, and therefore should be present in the Paraphysomonas
plastid genome if present; but are not found in the corresponding
sequences from either the food substrate (rice) or bacterial com-
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Fig. 4. Mitochondrial localization of Paraphysomonas proteins evolved
from plastid-targeted ancestors. This figure shows constructs for N-terminal
regions of Paraphysomonas orthologs of plastid genome-associated proteins
(i, glutamyl-tRNA synthetase; ii, glycyl tRNA-synthetase) that localize to the
mitochondria, stained with MitoTracker Orange. Both genes have two pos-
sible methionine initiator codons (Met1 and Met2) that produce identical
localizations. (Scale bars, 10 pm.) Additional GFP images for Paraphysomonas
plastid proteins and proteins historically associated with the plastid genome
are shown respectively in S/ Appendix, Figs. S13 and S16; experimental evidence
for the loss of the plastid genome is shown in S/ Appendlix, Fig. S14; TAIL-PCR
alignments of genes that once functioned to supported the plastid genome
are shown in S/ Appendix, Fig. S15; consensus Bayesian topologies for these
genes are shown in S/ Appendix, Figs. S17 and S18; and an overview of the
evolutionary fates of plastid-genome associated proteins in Paraphysomonas
is shown in S/ Appendix, Fig. S19.

mensals in the culture medium (17). These primers indeed amplified
the expected DNA regions for gDNA harvested from the non-
photosynthetic chrysophyte Spumella elongata CCAP 955/1 (SI
Appendix, Fig. S14B). In contrast, only the nuclear and mito-
chondrial primers amplified Paraphysomonas genes, while the
plastid consensus primers amplified bacterial contaminants (S
Appendix, Fig. S14B). The specific amplification of bacteria in
lieu of plastid DNA indicates that no sequences matching the
chrysophyte plastid consensus sequence were present, strongly
suggesting that plastid DNA has been lost from this lineage.

Paraphysomonas Retains Mitochondria-Targeted Copies of Plastid
Genome-Associated Proteins. We noted the presence of some
proteins orthologous to plastid genome-associated factors in
Paraphysomonas (Fig. 3). None of these proteins possesses de-
tectable plastid-targeting sequences, but instead possesses mito-
chondrial targeting peptides or has missing or ambiguous targeting
signals (Fig. 3 and SI Appendix, Fig. S8 E and F). We selected five
Paraphysomonas aminoacyl-tRNA synthetase genes (GIuRS, GlyRS,
AspRS, IleRS, and MetRS) for experimental characterization.
We sequenced the 5’-ends of each transcript using thermal
asymmetric interlaced PCR (TAiIL-PCR) (24) (SI Appendix, Fig.
S15) and localized the encoded proteins using GFP-linked N-
terminal constructs expressed in Phaeodactylum (Fig. 4 and SI
Appendix, Fig. S16). Each construct localized to the mitochon-
dria, confirmed using MitoTracker Orange.

We next investigated the evolutionary history of proteins that
were once associated with the Paraphysomonas plastid genome.
We searched Paraphysomonas transcriptomes for homologs of
34 genes related to plastid genome expression, including all
aminoacyl-tRNA synthetases, select ribosomal proteins, and
translation factors (5). Copies of these genes are required for
gene expression pathways in the nucleus and mitochondria as
well as the plastid, and accordingly ochrophytes may possess
multiple copies. These include at least one gene encoding
a cytoplasmic protein plus either two separate genes for mitochon-
dria- and plastid-targeted proteins, or a single gene that encodes
a dual-targeted protein that functions in both organelles (5, 25).
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All of the proteins once associated with the Paraphysomonas
plastid genome that have been retained have probable dual-
targeted ancestries, including proteins of clear red algal (i.e.,
plastid) origin such as glutamyl-tRNA synthetase (SI Appendix,
Figs. S17-S19). Thus, Paraphysomonas has converted dual-
targeted proteins, which historically supported both its plastid
and mitochondrial genomes, into proteins with solely mito-
chondrial localizations. In contrast, plastid genome-associated
proteins for which a separate, mitochondrial, copy exists have
been lost from Paraphysomonas (SI Appendix, Fig. S19).

Discussion

Rampant Losses of Photosynthesis Within Chrysophyte Algae. In this
study, we use high-throughput sequence analysis, phylogenetics,
and fluorescence microscopy to illuminate the diversity of non-
photosynthetic plastids in chrysophyte algae. We show that
photosynthesis has been lost on multiple occasions within
chrysophyte evolution (Fig. 1 and SI Appendix, Fig. S1). Photo-
synthetic chrysophytes are generally mixotrophic (with the ex-
ception of synurophytes), feeding both through phototrophy and
phagotrophy (12, 13). Mixotrophic lifestyles allow chrysophytes
to acquire fixed carbon and other essential organic nutrients in
the absence of photosynthesis, and previous studies have sug-
gested that some mixotrophic chrysophytes have lost compo-
nents of their plastid metabolism (12, 13).

Notably, all of the documented obligate heterotrophs within
the chrysophytes are phagotrophic predators, with none known
to subsist solely on osmotrophy (14, 17, 18). It has been sug-
gested that the efficient feeding of these phagotrophic chrys-
ophytes on very tiny bacteria can select for plastid reduction in
nutrient-poor environments (26). All of the nonphotosynthetic
chrysophytes considered in this study lack plastid-targeted amino
acid synthesis pathways other than for cysteine (along with the
retention of isolated enzymes involved in lysine and aromatic
amino acids in “Spumella” sp. NIES-1846, and members of the
core Spumella group; Fig. 3 and SI Appendix, Fig. S8). This may
reflect the bacteriovorous lifestyle of these chrysophytes. Amino
acids may be acquired through phagotrophy, thus releasing these
organisms from their dependence on nitrogen assimilation, and
major plastid biosynthesis of amino acids.

Previously, we proposed that, in contrast to the situation for
lineages such as chrysophytes that engage in phagotrophy, ex-
tracellular metabolites that are synthesized in plastids (e.g., fatty
acids, amino acids, and haem) are difficult to acquire through
osmotrophic lifestyles (3, 27). The osmotrophic diatom Nitzschia
sp. NIES-3581 still retains most of its plastid biosynthetic path-
ways after loss of photosynthesis (27). Consistent with this,
dramatic cases of plastid reduction, such as the complete loss of
an entire plastid, has only previously been documented in par-
asites (Cryptosporidium; Haematodinium; and red algal adel-
phoparasites) (1, 7, 11).

Convergent Evolution of Nonphotosynthetic Secondary Red Plastids.
We present the 53-kb-long plastid genome of “Spumella” sp.
NIES-1846, which retains only genes for expression, ferredoxin-
mediated electron transport, Clp protease, and Fe-S cluster as-
sembly (Fig. 2). Notably, this genome encodes an extremely similar
set of functions as the plastid genomes of apicomplexan parasites
(Fig. 2 and SI Appendix, Fig. S3). This supports previous sugges-
tions that this functional gene set represents the minimum required
for the retention of red-algal-derived plastid genomes (1). Dif-
ferent trends may apply in other plastid lineages: for example, the
plastid genomes of the parasitic plants Epifagus and Balanophora
do not encode Fe-S cluster synthesis proteins, which are nucleus
encoded in plants (2, 28, 29), but do encode the fatty acid synthesis
subunit accD, which is nucleus encoded in ochrophytes (5) (and is
absent from “Spumella” sp. NIES-1846, per the lack of plastid
fatty acid synthesis in this species; ST Appendix, Figs. S5 and S6).
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Similarly, the nonphotosynthetic euglenophyte FEuglena longa
retains a highly divergent plastid rubisco large subunit gene (rbcL)
of undetermined function (7, 30) (SI Appendix, Fig. S3).

We additionally find evidence for convergent evolution in the
plastid proteomes of independently evolved nonphotosynthetic
chrysophyte lineages (Figs. 1 and 3). This includes a shared set of
plastid-targeted proteins, that is, glycolytic carbon metabolism;
cofactor biosynthesis; and essential proteins for plastid bio-
genesis and gene expression (Fig. 3). We note some exceptions
to this rule, for example, the retention of a number of plastid-
derived photosynthesis-related proteins in Cornospumella (Fig. 3
and SI Appendix, Figs. S8, S10, and S11). This phenomenon is
similar to the retention of plastid chlorophyll biosynthesis-
related enzymes in multiple groups of parasitic plants (10, 31)
and might plausibly reflect a very recent loss of photosynthesis in
this lineage, given its close phylogenetic relationship to the
photosynthetic Ochromonas sp. TCS-2004 (SI Appendix, Fig. S1).
Overall, our data support the idea that independently evolved
nonphotosynthetic plastids converge on similar genome archi-
tectures and metabolic functions, albeit with different intermediate
levels of reduction.

Evolution of a Minimal Plastid Proteome in Paraphysomonas. In stark
contrast to all of other nonphotosynthetic chrysophytes, Para-
physomonas spp. do not retain plastid genomes, as evidenced by
the lack of plastid-targeted proteins with genome-related func-
tions (Fig. 3 and SI Appendix, Fig. S144) and the absence of
identifiable plastid DNA from next-generation sequencing sur-
veys, or targeted PCR, of this lineage (SI Appendix, Fig. S14B).
This is likely to be an exceptional feature within nonphotosynthetic
chrysophyte plastids, as evidenced by the detection of plastid DNA
through next-generation sequencing in “Spumella” sp. NIES-1846
(Fig. 2), PCR in Spumella elongata (SI Appendix, Fig. S14B), and
the identification of plastid genome-derived sequences in five
other nonphotosynthetic chrysophyte transcriptomes (SI Appendix,
Fig. S9). Paraphysomonas thus joins a growing list of non-
photosynthetic eukaryotes, including green algae (Polytomella) and
dinoflagellates (Perkinsus), inferred to have dispensed with a plas-
tid genome (1, 6).

It is intriguing to consider what factors have allowed complete
plastid genome loss in Paraphysomonas. Paraphysomonas does
retain a plastid, detectable through microscopy (20), along with
plastid-targeted proteins for core plastid metabolism and bio-
genesis pathways (Fig. 3 and SI Appendix, Figs. S8 and S13).
Nucleus-encoded and plastid-targeted proteins that typically in-
teract with plastid genes (Clp protease, which interacts with
plastid-encoded clpC; Fe-S cluster and cysteine biosynthesis,
which interacts with sufB; and glutamyl-tRNA synthetase, which
interacts with glu-tRNA) are all absent from Paraphysomonas
transcriptomes. Thus, these plastid metabolic functions have
been completely lost from Paraphysomonas.

In the case of Fe-S synthesis, we presume that Paraphysomonas
no longer retains ferredoxin (as it is not detected as a nucleus-
encoded and plastid-targeted protein, and is retained in “Spumella”
sp. NIES-1846 on the plastid genome; Fig. 2 and SI Appendix, Fig.
S8), so no longer requires Fe-S cofactors for ferredoxin-dependent
plastid metabolism (32). We additionally note that chrysophytes
are thiamine auxotrophs, neither retaining plastid-encoded G
and thiS genes (“Spumella” sp. NIES-1846 and Ochromonas sp.
CCMP1393; Fig. 2; ref. 22), nor possessing plastid-targeted
copies (SI Appendix, Fig. S8), and therefore Paraphysomonas
should not need plastid cysteine desulfurase activity to liberate
activated sulfur for thiamine biosynthesis. The function of Clp
protease remains unclear (33), although in plants it increases the
efficiency of protein import into the plastid stroma and regulates
the expression of the plastid genome. The latter function is not rel-
evant to Paraphysomonas; the precise plastid protein import strategies
used by Paraphysomonas remain to be determined.
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Most intriguing is the absence of plastidial glutamyl-tRNA and
glutamyl-tRNA synthetase from Paraphysomonas. We detected
the remainder of the plastidial C5 haem biosynthesis pathway,
including a plastid-targeted glutamyl tRNA reductase (SI Ap-
pendix, Fig. S8C), and a ferrochelatase that localizes to the peri-
plastid compartment and resolves phylogenetically with plastidial
enzymes from other eukaryotes, as opposed to with isoforms used
in the mitochondrial/cytoplasmic haem biosynthesis pathway (S
Appendix, Figs. S12 and S13). Thus, Paraphysomonas performs
haem synthesis in its plastid but presumably imports glutamyl-tRNA
of an external origin, as has previously been proposed to occur in
Polytomella (6) and as has been shown to occur in some parasitic
plants (7). It remains to be determined whether Paraphysomonas
imports glutamyl-tRNA from the cytoplasm or mitochondria into
the plastid (6, 34).

A Plastidial Imprint on the Paraphysomonas Mitochondrion. Finally,
we show that aminoacyl tRNA synthetases that were previously
dual targeted to the plastid and mitochondria in the chrysophyte
ancestor are retained in Paraphysomonas, following the loss of
the plastid genome. These proteins now solely support the biology
of the mitochondria and are no longer imported into the plastid
(Fig. 4 and SI Appendix, Figs. S16-S19). Typically, dual-targeted
proteins in ochrophytes either possess a plastid-targeting sequence
with an internal initiation codon allowing the translation of an
alternative mitochondria-targeting sequence, or they possess an
ambiguous targeting sequence that may be recognized by both the
endomembrane and mitochondrial protein import machineries (5,
25). These targeting sequences could be easily converted into
a solely mitochondria-targeting sequence, respectively by prevent-
ing expression of the upstream signal peptide (and allowing
translation initiation only from the internal mitochondria-targeting
sequence) or by mutation of the key residues [e.g., ASAFAP motif
(5)] allowing recognition of the plastid-targeting sequence. This
seems a much less complicated scenario than the complete loss of
a dual-targeted protein, which would require the compensatory
evolution of a mitochondria-targeted enzyme to replace the dual-
targeted isoform. It remains to be determined to what extent
proteins are exchanged over evolutionary timescales between
ochrophyte plastids and mitochondria, and why aminoacyl tRNA
synthetases are particularly prone to dual targeting in these and
in other taxa [e.g., plants (5, 25, 34)].

These data provide a complex portrait of the processes un-
derpinning organelle evolution. Previously, we and others have
shown that plastids are complex mosaics, utilizing nucleus-
encoded proteins of diverse evolutionary origin including the
plastid endosymbiont, the host, and the expression products of
genes obtained through horizontal gene transfer, or retained
from previous endosymbioses (5, 24). This mosaic evolution may
be particularly important to the evolution of nonphotosynthetic
plastids following the loss of photosynthetic capacity, as plastid-
targeted proteins of bacterial origin (e.g., rpl26 family proteins in
the euglenid Euglena longa) (8), or plastid-targeted proteins
recruited from the host cytoplasm (e.g., transaldolase in the di-
atom Nitzschia sp. NIES-3581) (27), may supplement or com-
pensate for reductive evolution in these plastid lineages. Here,
we show that a defunct plastid genome has left an imprint on the
biology of the mitochondria via the evolution of dual-targeted
proteins, which have displaced the endogenous mitochondria-
targeted enzymes. Further sampling of secondarily heterotro-
phic lineages across the tree of life will further illuminate the
ecological and evolutionary processes that underpin the loss of
photosynthesis, and the interactions between chloroplasts and
other organelles over their evolutionary history.

Materials and Methods

Cultures. “Spumella” sp. NIES-1846 was purchased from and cultured
according to the instruction by National Institute for Environmental Studies,
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Japan (NIES). Paraphysomonas bandaiensis RCC383 and Spumella elongata
CCAP955/1 were grown in filtered sea water (Roscoff) and mineral water
(Volvic), respectively, equilibrated to pH 8, to which 40 grains of rice per L
(Biocoop) were added. Cultures were maintained at a constant temperature
of 19 °C, without shaking, until ready to harvest.

Phaeodactylum tricornutum CCAP1055/2 and UTEX 642 were maintained
in enhanced seawater medium as previously described in refs. 5 and 35, re-
spectively.

Molecular Biology. Cultures were harvested in late-log phase (~3 mo post-
inoculation) for nucleic isolation. Total cultures were initially filtered using
22-pm-diameter Miracloth (Millipore) and washed with sterile growth me-
dium three times to remove excess rice particles. Genomic DNA and total
cellular RNA were extracted from P. bandaiensis and S. elongata using
previously described techniques (24). Precipitation steps were performed
with ethanol or isopropanol (as appropriate), equilibrated with 10% 3 M
NaCl to prevent the precipitation of residual starch particles in the filtrate.
“Spumella” sp. NIES-1846 DNA was extracted using a Plant DNA extraction
kit (Jena BioSciences), and total cellular RNA was extracted by TRIzol (Sigma)
following the manufacturer’s instructions.

RT-PCR and PCR reactions were performed as previously described (24). For de-
generate PCRs, chloroplast and mitochondria primers were designed over
regions with maximal conservation across published chrysophyte, eustigmatophyte,
and pinguiophyte sequences for select genes, and that were neither found
in rice nor bacterial sequences, and therefore should specifically amplify
chrysophyte template from the DNA template (22). Consensus nuclear gene
primers were obtained from a previous study (24). Each PCR was performed
multiple times, including in highly permissive reaction conditions (annealing
temperatures between 5° and 15° below primer melt temperatures; or PCR
reamplifications, in which the primary reaction product was used as a template
for a second series of PCR cycles) to maximize the probability of successful
amplification. N-terminal regions of Paraphysomonas genes of interest were
verified by TAIL-PCR as previously described (24). 5-RACE analyses of “Spu-
mella” sp. NIES-1846 Fab mRNAs were conducted using a 5-RACE kit (Invi-
trogen), following the manufacturer’s instructions.

The 5'-terminal sequences, including the N-terminal organellar targeting
regions for transcripts encoding Paraphysomonas and “Spumella” sp. NIES-
1846 plastid-targeted proteins, were expressed in Phaeodactylum using
previously described techniques (5, 27). Briefly, constructs for which an N-
terminal methionine was confirmed (“Spumella” sp. NIES-1846: mRNA
5’-end sequence confirmed by 5-RACE; Paraphysomonas: the inferred 5’
methionine identified by TAIL-PCR to be immediately downstream of an in-
frame 5'-UTR stop codon; S/ Appendix, Figs. S5 and S15) were cloned into
pPhat-eGFP vectors under either the NR (“Spumella” sp. NIES-1846) or FcpA
promoters (Paraphysomonas). Where a sequence possessed multiple possible
initiator methionines (defined as an in-frame methionine upstream of the
CDD, and downstream of the first in-frame stop codon in the UTR), each
methionine was used to design a separate GFP construct and independently
localized. All construct sequences and primer combinations used are de-
scribed in Dataset S2, sheet 1.

pPHA-FcpA constructs were introduced into P. tricornutum CCAP1055/2 by
biolistic transformation using a Bio-Rad gene gun, following the manu-
facturer’s instructions. Similarly, pPHA-NR constructs were introduced into
P. tricornutum UTEX642 using a NEPA21 gene gun (NEPAGENE) (35).

Actively growing P. tricornutum transformants in a zeocin-based selection
medium were observed with an Olympus BX51 fluorescent microscope
(Olympus) equipped with an Olympus DP72 CCD color camera (Olympus) to
observe localization of the GFP recombinant proteins in P. tricornutum cells.
Mitochondrial and chloroplast endoplasmic reticulum localizations were
confirmed using MitoTracker Orange and DAPI staining, respectively, as
previously described (5, 36). GFP fluorescence was detected with a 510- to
550-nm filter by 485-nm excitation, MitoTracker fluorescence was detected
with a 575- to 590-nm filter by 548-nm excitation, DAPI fluorescence was
detected with a 400- to 460-nm filter by 368-nm excitation, and chlorophyll
autofluorescence was detected with a 610- to 680-nm filter. All microscopy
experiments were performed using relevant control lines to identify optimal
detection exposure times: wild-type cells for GFP fluorescence, and unstained
lines for MitoTracker and DAPI visualization (S/ Appendix, Figs. S5 and S13).

Next-Generation Sequencing. “Spumella” sp. NIES-1846 genomic DNA was
sent to Hokkaido System Science Company to be subjected to 350-bp insert
library preparation by TruSeq Nano DNA Library Prep Kit followed by se-
quencing with HiSeq 2500 (lllumina), resulting in 47.1 million of 100-bp paired-
end reads. Adapter sequences were trimmed using cutadapt 1.1 (37) followed
by Trimmomatic 0.32 (38) (trimming reads with length of <50 bp, mean QVs
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of <20 in a window size of 20 bp), resulting in 45.8 million paired-end reads.
Reads were assembled using Velvet 1.2.08 (39) with hash length of 65. Plastid
DNA-derived contigs were detected by homology-based surveys using the
plastid genome gene sequence of Ochromonas sp. CCMP1393 (22). Six contigs,
one of which carries an rRNA operon, were identified. All of the contigs had
between 18.7- and 20.3-fold average coverage, except for the rRNA-carrying
contig, which had 44.2-fold average coverage (approximately twice the cov-
erage of other regions), indicating that it likely exists as a repeat region. Gap
filling was performed by PCR and Sanger sequencing, confirming a tetrapartite
structure with inverted repeat regions containing an rRNA operon. The ge-
nome was annotated using Mfannot (40), tRNA-scan (41), and blastX searches
against the nonredundant NCBI (nr) protein database.

“Spumella” sp. NIES-1846 total cellular RNA was sent to Hokkaido System
Science Company for library preparation with TruSeq RNA sample Prep Kit,
version 2, followed by lllumina HiSeq 2500 sequencing as before, resulting in
44.8 million of 100-bp paired-end reads. Adapter trimming and quality
checking were performed as described above, generating 44.5 million
paired-end reads. Contigs were assembled using Trinity 2.0.6 (42) with the
default settings, resulting in 22,344 contigs.

P. bandaiensis RCC383 genomic DNA was sent to the Office of Knowledge
Enterprise Development (OKED) sequencing core at Arizona State University
for library preparation with LTP library prep kit (KAPA Biosystems) followed
by sequencing on the lllumina MiSeq platform, yielding 9.3 million 250-bp
read pairs. The raw reads were quality checked using FastQC, version 0.10.1,
followed by adapter trimming and quality filtering by Trimmomatic 0.35 (38)
(trimming reads with length of <150 bp or mean QVs of <18 in a window
size of 4 bp), resulting in 5.6 million paired-end reads. Clean read pairs were
assembled using Spades 3.11.1 with mismatch corrector mode applied, using
k-mer size 127 as optimized using Quast 4.5 (43, 44). Sequences of clear
chrysophyte origin were identified within this library via reciprocal BLAST,
with threshold e value of 1 x 107, against a composite library of the Par-
aphysomonas bandaiensis MMETSP transcriptome (MMETSP1103); the Oryza
sativa ssp. indica genome; and genome sequences from two bacterial com-
mensals (Labrenzia sp., Marinobacter sp.) identified in the culture by 16S
rDNA sequencing (S/ Appendix, Fig. S14) (45-48). Mitochondrial DNA contigs
from this assembly are provided in Dataset S2, sheet 2.

Assembly of a Multispecies Chrysophyte Transcriptome Dataset. PESC clade
(pinguiophytes, eustigmatophytes, synchromophytes, and chrysophytes) (5,
9) nucleotide and peptide sequence libraries were downloaded from the
Marine Microbial Eukaryotes Transcriptome Sequencing Project (MMETSP)
(45), along with libraries for independent transcriptomes (12, 21), genomes
(49, 50), advance access genome drafts (https:/genome.jgi.doe.gov/
Ochro2298_1/0chro2298_1), and single-celled genomes libraries (15) housed
on the jgi genomes and Uniref portals. ORF conceptual translations were
generated for each nucleotide sequence library using a conventional
translation table and EMBOSS (51). The longest N-terminal complete ORF
(i.e., the longest ORF starting in a methionine codon) was used for sub-
sequent analyses, alongside conceptual protein translations previously
generated for MMETSP and genomes libraries. The evolutionary origin of
each transcriptome was verified by 18S sequence analysis; the previously
identified Apoikiospumella mondseensis JBMO8 transcriptome (12, 21) was
found through this approach to instead correspond the nonphotosynthetic
chrysophyte Spumella lacusvadoi JBNZ39 (Dataset S2, sheet 3).

Technical contamination, resulting from the mixing of RNA samples from
different species in the same sequencing microchip, was removed from the
MMETSP and uniref transcriptomes using a previously defined pipeline (5,
52). Briefly, each library generated within a particular study [MMETSP (45) or
an independent transcriptomic survey of chrysophyte diversity (21)] was
searched against the others using BLASTp. The percentage identities be-
tween each BLAST top hit obtained were used to build a frequency distri-
bution, for which an inflection point n (defined as the highest percentage
sequence identity for which fewer top hits could be found than the number
of top hits with n-1 and n-2 percent sequence identity) were defined. All
sequences yielding BLAST top hits above this threshold percentage identity
were removed, except in the case of BLAST searches performed between
two species within the same genus. Exemplar frequency distributions, and
a heatmap showing the proportion of sequences removed from different
uniref chrysophyte transcriptomes (21), are shown in S/ Appendix, Fig. S20 A
and B, respectively.

Identification of Mitochondria- and Plastid-Targeting Peptides. Possible tar-
geting sequences were identified for each N-complete peptide sequence
using ASAFind, version 2.0, used in conjunction of SignalP, version 3.0 (53, 54);
HECTAR, integrated into the Galaxy cluster (55, 56); TargetP, version 1.1 (57);
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PredSL (58); and MitoFates (59). Proteins were annotated as being plastid-
targeted if they were identified to possess plastid targeting sequences using
either ASAFind or HECTAR; and mitochondria-targeted if they were identi-
fied to possess mitochondria targeting sequences by two of TargetP, Mito-
Fates, and HECTAR.

To avoid mispredictions of the localization of proteins within each se-
quence library, due to divergent evolution in the targeting sequences rec-
ognized by protein import machinery PESC clade members (5, 9), custom
targeting thresholds were designed for each predictor (Dataset S3). Briefly,
this involved assembling a dataset of proteins experimentally verified to
localize to different subcellular compartments in chrysophytes (Para-
physomonas bandaiensis, “Spumella” sp. NIES-1846) and eustigmatophytes
(Nannochloropsis gaditana, N. salina, and N. oceanica) through GFP locali-
zation, derived from this (Fig. 4 and S/ Appendix, Figs. S5, $13, and S16) and
previous studies (5, 60-64). The threshold values were manipulated for each
predictor to define optimal ones for the detection of experimental local-
izations, with the best trade-offs between sensitivity and specificity identi-
fied for the following: the default conditions for SignalP and ASAFind;
modified mitochondria targeting thresholds of 0.7 and 0.35 for TargetP and
MitoFates, respectively, as previously published (5, 9); and a substantially
lower chloroplast targeting threshold (0.0855, defined as the midpoint be-
tween the 90% sensitivity and 90% stringency; with the additional stipula-
tion that the chloroplast targeting value be greater than the signal anchor
targeting value) for HECTAR (S/ Appendix, Fig. S21A). The increased efficacy
of the modified prediction values was finally validated using an in-
dependently sourced dataset of 48 proteins identified for “Spumella” sp.
NIES-1846 that had previously been confirmed phylogenetically to resolve
with other ochrophyte plastid proteins (S/ Appendix, Fig. S21B).

BLAST-Based Identification of Homologs to Known Plastid Proteins. A query
library of 9,531 evolutionarily redundant plastid-targeted proteins were
assembled from publicly accessible ochrophyte, cryptomonad, and hapto-
phyte genomes, using a previously defined technique (5). Briefly, this in-
volved identifying plastid-targeted proteins from each genome using in
silico prediction, searching these proteins against each other, and a modified
version of uniref (downloaded June 2015) from which all species with
a suspected history of secondary endosymbiosis (cryptomonads, hapto-
phytes, ochrophytes, dinoflagellates, apicomplexans, chlorarachniophytes,
and euglenids) had been removed; and then reducing each group of ho-
mologous query sequences, defined as those that yielded BLAST hits against
another with a smaller e value than the corresponding uniref top hit, to one
type query sequence.

Possible homologs to each query sequence were identified in each PESC
clade library using two BLAST-based techniques. First, each query sequence
was searched against each PESC clade library using reciprocal BLAST best hit
with threshold e value 1 x 107°° (65). Next, each query sequence was
searched against each PESC clade library using a floating e-value threshold,
defined by the e value obtained for the uniref BLAST best hit in the search
above, following previous methodology (5). To account in this latter search
for C-terminally incomplete sequences, which may lack the number of re-
quired identities to yield an e value below the threshold, a modified
threshold was defined for each protein as follows:

Threshold e value=10" [(log uniref threshold,10)*0.6686 + 0.2624].

This was defined by considering the e-value relationship best able to re-
cover a phylogenetically verified set of 165 proteins with ochrophyte plastid
orthology from “Spumella” sp. NIES-1846, without admitting a dataset of
95 negative controls, consisting of mitochondria-targeted homologs of
protein complexes common to both photosynthetic and respiratory electron
transport chains, and cytoplasmic homologs of proteins inferred to be
retained in both the “Spumella” sp. NIES-1846 and Ochromonas sp.
CCMP1393 plastid genomes (22). Detailed outputs of these tests are pro-
vided in Dataset S4, and a scatterplot of the uniref threshold and control
protein BLAST top hit e values are provided in S/ Appendix, Fig. S22.

All quantitative analysis of the plastid proteome content of each PESC
clade species (i.e., total numbers of homologs; total proportion of homologs
with plastid targeting sequences; KOG annotations; S/ Appendix, Figs. S7 and
S14) were performed on the subset of proteins identified to be homologs
through both the reciprocal and floating BLAST searches.

Homologs of proteins encoded in the Nannochloropsis gaditana, Ochro-
monas sp. CCMP1393, and Mallomonas splendens plastid genomes were
identified in each library by BLASTp searches with threshold values 1 x 107°°
(22, 23, 50). Matching sequences were manually verified by reciprocal
tBLASTN searches against the nr database, with only proteins that gave top
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hits against other chrysophyte plastid sequences retained for further anal-
ysis. Finally, each protein sequence was aligned against a composite library
of protein sequences from a further 38 completed ochrophyte plastid
genomes (9) (Dataset S1) and used for the generation of single-gene trees,
using methodology described below. Sequences that failed to form
a monophyletic clade with other PESC clade plastid-encoded sequences were
rejected, yielding 71 remaining sequences of probable plastid origin. The
alignments obtained were also used for the inspection of predicted plastid-
targeted homologs identified through this approach, with sequences only
inferred to be plastid-targeted if (i) the encoded protein contained a predicted
plastid-targeting peptide, as inferred with ASAFind or HECTAR, and (ii) the
encoded protein sequence contained an N-terminal extension of at least 30 aa,
upstream of the region conserved with plastid-encoded equivalents.

Phylogenetic Techniques. The distribution and localization of homolog of
303 central components of ochrophyte plastid proteomes (S/ Appendix, Fig.
S8) were resolved using a modified version of a previously published phy-
logenetic pipeline (5). For this, each protein sequence within the dataset of
9,531 query plastid proteins with a given functional annotation was
searched against 144 different libraries, generated from uniref, jgi, MMETSP
and other genome and transcriptome data across the tree of life (taxonomic
divisions and their constituent libraries are listed in Dataset S5). The top hits
to each protein were extracted and combined with all possible PESC clade
homologs identified using either the floating or reciprocal BLAST hit
searches. Finally, each cluster was enriched with a previously defined set of
plastid-targeted protein homologs (“HPPG"”) from a wide range of ochro-
phyte lineages (5).

Each assembled cluster of proteins were aligned sequentially using MAFFT,
version 7.409, MUSCLE, version 8.0, and the in-built alignment program in
GenelOUS, version 4.76 (66-68). At each stage, poorly aligned sequences and
sequences that were clearly identified as N-terminally truncated (based on
incomplete coverage of a conserved region shared by most other sequences
in the alignment) were manually identified and removed. Each curated
alignment was finally trimmed (at the N and C termini to the first and last
residues, respectively, with >50% identity; and then internally using trimAl
with the —gt 0.5 option) (69); and single-gene trees were built with RAXML,
version 8.1, the GTR + I substitution model, and automatic bootstopping (70).

PESC clade proteins with orthology to other ochrophyte plastid proteins
were identified manually from each RAXML best-scoring tree. Proteins were
annotated as being of ochrophyte plastid origin if they resolved within
a cluster of proteins containing two or more ochrophyte plastid-targeted
sequences (either from PESC clade taxa, or the HPPG proteins enriched in
each cluster), with no inclusion of proteins from prokaryotes or from
eukaryotic lineages without a suspected history of secondary endosymbiosis
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(i.e., red algae, green algae, glaucophytes, opisthokonts, and plastid-lacking
members of the excavate and SAR groups) (5).

All exemplar trees (i.e., multigene and 18S tree topologies, and the ex-
emplar plastid-targeted proteins; Fig. 1 and S/ Appendix, Figs. S1, $10-512,
S17, and S18) were inferred using the MrBayes and RAXML programs in-
corporated into the CIPRES server, using previously defined parameters (5,
71). Tree outputs in each case are provided via the University of Cambridge
dSpace server (https://www.repository.cam.ac.uk/handle/1810/284182) (72).

Data Deposition. The “Spumella” sp. NIES-1846 plastid genome and tran-
scriptome data are provided through DNA Data Bank of Japan (accession no.
AP019363 and BioProject no. PRIDB7829, respectively). The P. bandaiensis
genome sequence survey was deposited to the National Center for Bio-
technology Information Short Read Archive under accession no. 1067
SAMN10793136 and BioProject under accession no. PRINA453414. Additional
data for this project, consisting of decontaminated chrysophyte transcriptome
datasets, clusters of evolutionarily distinct plastid-targeted proteins, and
alignments and RAxML trees of select clusters, are available through the
University of Cambridge dSpace server: https://www.repository.cam.ac.uk/
handle/1810/284182 (72).
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