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The integration of foreign genetic information is central to the
evolution of eukaryotes, as has been demonstrated for the origin
of the Calvin cycle and of the heme and carotenoid biosynthesis
pathways in algae and plants. For photosynthetic lineages, this
coordination involved three genomes of divergent phylogenetic
origins (the nucleus, plastid, and mitochondrion). Major hurdles
overcome by the ancestor of these lineages were harnessing the
oxygen-evolving organelle, optimizing the use of light, and stabi-
lizing the partnership between the plastid endosymbiont and host
through retargeting of proteins to the nascent organelle. Here we
used protein similarity networks that can disentangle reticulate
gene histories to explore how these significant challenges were
met. We discovered a previously hidden component of algal and
plant nuclear genomes that originated from the plastid endosym-
biont: symbiogenetic genes (S genes). These composite proteins,
exclusive to photosynthetic eukaryotes, encode a cyanobacterium-
derived domain fused to one of cyanobacterial or another prokary-
otic origin and have emerged multiple, independent times during
evolution. Transcriptome data demonstrate the existence and
expression of S genes across a wide swath of algae and plants,
and functional data indicate their involvement in tolerance to
oxidative stress, phototropism, and adaptation to nitrogen limita-
tion. Our research demonstrates the “recycling” of genetic infor-
mation by photosynthetic eukaryotes to generate novel composite
genes, many of which function in plastid maintenance.
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he genomes of the proteobacterium-derived mitochondrion

and the cyanobacterium-derived plastid have undergone sig-
nificant genome reduction due to outright gene loss or transfer to
the nuclear genome (1, 2). Organelle gene loss by transfer to the
nucleus is known as endosymbiotic gene transfer [EGT (a special
form of horizontal gene transfer; HGT)] and has resulted in chi-
meric host nuclear genomes with, in the case of plastids, from ca.
200 to several thousand intact endosymbiont genes being relo-
cated (3) (Fig. 14). Plastid EGT has a long evolutionary history,
extending back over a billion years in the case of primary plastid
origin in the Archaeplastida (glaucophytes, red and green algae,
and their sister group, plants) and several hundred million years
for secondary plastids in groups such as diatoms, haptophytes, and
dinoflagellates (4). A common fate for many nuclear-encoded
organelle-derived proteins is to be targeted back to the compart-
ment of origin via channels [i.e., translocons at the outer- and
inner-envelope membrane of plastids and mitochondria (Toc/Tic
and Tom/Tim, respectively)] to carry out organelle functions (5).
Identification of EGT candidates generally relies on phylogenetic
methods that use simultaneous alignment of colinear proteins
sharing significant sequence similarity over all, or most, of their
lengths to reconstruct the tree and its constituent branch lengths.
An alternative approach is network methods that rely on re-
construction of both full and partial (i.e., protein domain; Fig. 1B)
gene relationships using pairwise protein similarity values. These
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methods allow detection of reticulate sequence evolution, such
as the fusion of domains derived from heterologous proteins (6—
10). Here we used networks to ask the following two questions:
(i) Did the Archaeplastida plastid endosymbiont contribute gene
fragments to symbiogenetic genes (S genes) that are detectable
in algal and plant nuclear genomes? (i) If so, are these S genes
expressed, and what putative functions did the novel domain
combinations confer to the host lineage? These questions are
motivated by the knowledge that although fundamental to the
origin of complex life forms such as plants and animals, plastid
endosymbiosis wrought significant challenges for the first algal
lineages. These resulted from light harvesting, which can capture
excess energy that must be dissipated, and oxygen evolution, which
leads to the formation of reactive oxygen species (ROS) that need
to be detoxified (11, 12).

Results and Discussion

We identified 67 families of expressed nuclear-encoded S genes
(Fig. 2). These families are distributed in 349 algae and plants.
Four S-gene families were likely present in the Archaeplastida
ancestor, 11 S-gene families are shared by the red and the green
lineages, and 28 S-gene families are found both in primary and
secondary photosynthetic lineages, demonstrating their ancient
origins and functional relevance (Fig. 3 and Fig. S1). The 55 S-gene
candidates we focused on here are predicted to be plastid-targeted
(Table S1), and at least 23 of these function in redox regulation
and light and stress responses (Fig. 2).

Significance

Endosymbiotic gene transfer from the plastid genome to the
nucleus comprises the most significant source of horizontal
gene transfer in photosynthetic eukaryotes. We investigated
genomic data at the infragenic level to determine whether the
cyanobacterial endosymbiont also contributed gene fragments
(i.e., domains) to create novel nuclear-encoded proteins. We
found 67 such gene families that are expressed as RNA and
widely distributed among plants and algae. At least 23 genes
are putatively involved in redox regulation and light response,
namely the maintenance of a photodynamic organelle. Our
results add a new layer of complexity to plastid integration and
point to the role of fused proteins as key players in this process.
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Evidence That S Genes Are Not Assembly Artifacts. It is conceivable
that the union of two unrelated protein domains that we report
here as S genes could potentially be explained by misassembly of
genomic or transcriptomic reads, an expected outcome of the
analysis of large datasets. Given this concern, we used several
approaches to validate the existence of S genes. The first was to
collect RNA-seq (sequencing) data that could be used to map to
coding sequences (CDSs) and genomic sequences of S genes. If
the RNA reads mapped uniformly across the CDS or genomic
DNA with no loss of coverage at the domain junctions, then we
had evidence the coding region was authentic. We did this pro-
cedure for two taxa, a green alga Picochlorum and the model
plant Arabidopsis thaliana. In the first case, we downloaded
transcriptome reads from Picochlorum SE3 [National Center for
Biotechnology Information (NCBI) BioProject accession no.
PRINA245752] and mapped these to the CDSs of S genes from
its closely related sister species Picochlorum oklahomensis and
Picochlorum RCC944 (Table S2). These results showed that for
nine shared homologs, transcriptome coverage across the CDSs
was nearly 100% and uniform across the domain junctions (Fig.
S2). These results strongly support the existence of these S genes.
Furthermore, we used PCR with genomic DNA from Pico-
chlorum SE3 for five S genes to validate that they were intact
fragments. These results are shown in Fig. S3, and sequencing of
the nearly complete CDS fragments showed identity to the ge-
nomic region encoding the S gene. Mapping of RNA-seq reads
to A. thaliana S gene-encoding genomic regions (i.e., exons and
introns; Table S2) also showed robust and uniform mapping to
the exonic regions (Fig. S2), again supporting the existence of
intact S genes in this well-annotated genome.

We also checked whether S genes may result from gene mis-
annotation (i.e., the annotation of two separate gene sequences
as a single gene, or misincorporation of an exon from two over-
lapping genes into a gene annotation). We found evidence that 23
S-gene families have at least one gene with all domains being po-
sitioned in the same exon, thereby arguing against possible mis-
incorporation of exon information (Table S3). Finally, although we
did not validate every S gene cited in this study, we are buoyed by
the fact that all families are found in at least one genome and one
transcriptome, with many occurring in >10 taxa (Fig. 2 and Fig. S1),
making it highly unlikely that these data are explained by artifacts
due to misassembly. Although it is difficult to reconstruct robust
and resolved domain phylogenies due to their small size, we
assessed whether S genes may have been misannotated by recon-
structing complete S-gene trees. For example, the phylogeny of an
anciently derived S gene (family 31) limited to Viridiplantae is
shown in Fig. S4 and supports the existence of this composite se-
quence in the green lineage ancestor. This tree is in agreement with
the accepted relationship of green lineages, thereby showing no
evidence of a complex history but rather persistence of the gene
family across species. These results are summarized in Fig. 2, which
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Fig. 1. Origin of composite genes in algae and plants.
(A) The role of plastid endosymbiosis in providing the
genetic toolkit for S-gene origin. (B) Network analysis
of the AtGRXS16 (family 14) S gene in A. thaliana. The
red nodes identify the S genes; green and blue nodes
are the components from GIY-YIG and GRXS domains,
respectively, that gave rise to S genes through gene
fusion. (C) Domain structure of AtGRXS16. An intra-
molecular disulfide bond can be formed between
the two domains. TP, transit peptide.

also reports the number of transcriptomes and genomes of distinct
organisms in which homologs of S genes were found. Because some
transcriptomes are derived from phagotrophic protists (in particu-
lar, heterotrophic dinophytes such as Oxyrrhis), there is a risk of
prey contamination (i.e., the S gene might derive from prey DNA).
Therefore, identifying the S gene in multiple transcriptomes from a
given taxonomic group provides stronger support for the presence
of the S gene in that group.

S Genes Involved in Redox Regulation. Many S-gene families play
a role in redox regulation, including family 14, which contains
AtGRXS16, a plastid-localized protein in A. thaliana (Fig. 2 and
Fig. S2). This gene family is widely distributed in Viridiplantae
(green algae and plants), and may also be present in a small number
of other species (Fig. S1). AtGRXSI16 is composed of two fused
domains that do not exist together elsewhere in the tree of life. This
S-gene family encodes an N-terminal GIY-YIG (GlylleTyr—
TyrlleGly) endonuclease fold of cyanobacterial origin and a
C-terminal CGFS-type monothiol GRXS (glutaredoxin; disulfide
oxidoreductase) of bacterial (yet noncyanobacterial) origin that are
negatively regulated by the formation of an intramolecular disul-
fide bond (Fig. 1C). This association allows ROS scavenging via
the GRXS domain coupled with the ability of the GIY-YIG en-
donuclease to repair oxidative stress-induced DNA double-strand
breaks in plant plastid genomes (13). Consequently, this anciently
derived S gene plays an important role in coordinating redox reg-
ulation and DNA repair in response to ROS (13). Consistent with
these observations are RNA-seq data (14) that show a ca. threefold
up-regulation of AtGRXS16 (P < 0.01) in A. thaliana seedlings in
light versus dark conditions (S-Gene Expression Analysis).

Domains in S genes can be reused for redox regulation, as il-
lustrated by family 4. This gene is found in the red, green, and
secondary plastid-derived lineages and is composed of two fused
domains. The N-terminal region again encodes a GIY-YIG en-
donuclease fold of cyanobacterial origin, whereas the C terminus
encodes a NifU domain of cyanobacterial origin that is involved in
iron—sulfur (Fe-S) cluster assembly (15). Bioinformatic evidence
was found for plastid targeting of this protein (Fig. 2).

Another S gene involved in redox regulation that is widely
distributed in Viridiplantae is family 19 (Fig. 2). This modular
gene (SufE3) encodes quinolate synthetase and defines a novel
combination of two biochemically interacting domains: a SufE
domain of cyanobacterial origin and a NadA domain of (non-
cyanobacterial) prokaryotic origin (16). The quinolate activity of
the NadA domain relies on a highly oxygen-sensitive (4Fe-4S)
cluster, whose formation depends on a cysteine residue present
in its novel genetic partner, the SufE domain, which is involved
in the long-term competence of the enzyme (16). Because this
nuclear-encoded quinolate synthetase is plastid-localized (17), it
is likely to be exposed to high levels of oxidative stress. The SufE
domain has been proposed to continuously repair/reconstitute
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1 hydrolaset* + LPLAT} (ELT or PES) maintenance of membrane integrity | 1 12] 7 716359
2 NTF2-liket* + SOULYT (SOUL3) eyespot related in C.reinhardtii 12| 1[10 11| 57|55
3 PAPS reductase + thioredoxin sulfur assimilation 5 10 514662
4 GIY-YIGt* + NifUt DNA repair + redox 1 8 1 6| 3|22
5 SufE* + BolA (SufE1) redox 6 2 5]36[34
6 photolyase + hydrolaset* DNA repair + light response 5 1 2145]19
7 DUF35931 + DUF24991* - 4 6 2| 3137
8 3-dehydroquinate synthase + O-methyltransferase shikimate biosynthesis 1|3 17
9 serine protease + LIM zinc finger domain - 1 31015
10 PPlaset + rhodaneset (PIN3) auxin efflux in 4.thaliana 7 3 412511
11 psbD¥ + psbCt photosynthesis 2 2 1|15
12 DUF760+1* + DUF7601* - 1 4 1[4]8
13 tsf + tsfi* translation 3 4] 3110
14 GIY-YIG1* + GRXS (4iGRXS16) DNA repair + redox 3 2453 |
15 peroxiredoxine + thioredoxinf redox 1 116
16 atpBt + atpE+ ATP synthase 1 1) 4[4
17 PPlase + tRNA-i(6)A37 methylthiotransferasef tRNA transferase 1(1 (17
18 ferredoxint* + tetratricopeptide repeat redox 5 3143|4
19 SufE{* + NadA (Su/E3) quinolate synthetase 14] 4|55([13 .:
20 DUF2256 + unknown domain 3} - 2 3 3[2]16
21 glycosyltransferase + glycosyltransferase* - 1 110(3
22 phytochromet + PAS domain photosensory signaling protein 1 1 1[130f 2
23 TPR repeat + RING + ATP-dependant protease - 3 1(43(3 -:
24 Dnal + ferredoxin{* redox 4 3] 5]2
25 RNA methyltransferaset + 20G-Fe(Il) oxygenase - 3 2 1[1]5
26 CobU+t + DUF43467+ cobalamin biosynthesis 1|1 2|1 [14
27 acetyltransferaset + methyltransferase - 1|6 110(7
28 tic-207 + calmodulin translocation 3| 3 |47
29| allophycocyanin beta subuniti* + allophycocyanin beta subunit* photosynthesis 1 1{of1
30 RPS13 + RPS11 + RNA polymerase alpha subunit} transcription/translation 1101
31 RIBRY + DUF1768 (PyrR) riboflavin biosynthesis 11 6573 ] H
32 DUF24991* + unknown domain 1 - 1 1{0/[3
33 PDZ + FKBP periplasmic protease 7 2133
34 ferredoxin nitrite reductaset + oxido-reductase + rubredoxin nitrogen assimilation 7 2124
35 NTEF2-like + unknown domain 2} - 5 1(1]4
36 DUF29301* + DUF2930+* - 1{0]4
37 NTF2-liket* + lipaset - 1/0 /13
38 ftsHi* + ftsHT* maintenance of photosynthesis 1(0[10
39 phycobilisome linker polypeptide duplicationt* photosynthesis 2 1{of1
40| SufE{* + tRNA 5-methylaminomethyl-2-thiouridylate methyltransferase tRNA transferase 110[2
41 glutamylcyclotransferase + hydrolaset* + LPLATY (ELT or PES) maintenance of membrane integrity 312
42 Dnalt + phycocyanobilin lyaset light response + redox 31 1]5
43 O-methyltransferase* + deoxyadenosine/deoxycytidine kinase - 1101
44 acyltransferase + glyoxalaset Lactoylglutathione lyase 101
45 DUF89 + Fructose-1,6-bisphosphataset Calvin cycle enzyme 4 1121
46 ABC transporter + DUF2246 ABC transporter 3 1102
47 SI7 + S1F + tsf* + tsf* (PETS) translation 3 AN B
48 carbohydrate Binding Module 48 + sucrose phosphatase carbohydrate metabolism 2 1101 .
49 9-cis-epoxycarotenoid dioxygenase + glutathione S-transferaset abscisic acid biosynthesis + redox 8 2133
50 fasciclin + chlorophile a-b binding protein surface protein 7 2123
51 peroxiredoxin-liket + PAP-fibrillint - 3 1{0[2
52 excinuclease Bt + excinuclease C DNA repair + light response 3 1] 1]1
53 ankyrin + DEAD/DEAH box helicase + DSHCT+ - 2 1101
54 transcription activator TenA + HMP-P kinaset + TMP-Ppaset thiamin metabolism 2 1101 .:
55 glycosyltransferase* + SNARE - 4 1112
56 DUF393 + polyphosphate glucokinasef + EF-hand + thioredoxin - 5 11212
57 ribokinase + kinase + CHAT domain pentose phosphate pathway 4 1{0/[3
58 arsC transcriptional regulatort + arsM - 5 1104
59 SNARE + 2-polyprenyl-6-methoxyphenol hydroxylase FAD-dependent oxidoreductase 2 1101
60 phosphatase + EF-hand + CBS - 1108
61 G6PDYT + 6PGD pentose phosphate pathway 1{0]6
62 SufEf* + cysteine--tRNA synthetaset tRNA synthetase 11019
63 methyltransferase + cytochrome b6/f complex, subunit Vi - 11]0][1
64 bacteriorhodopsin-like + PAS + transduction signal photosensory signaling protein 1] 015
65 CobW + TNF receptor superfamily + EPS sugar _tfrase - 1] 0 [10
66 ferredoxint* + ferritint iron storage 1{0[4
67 DUF2358 + NTF2-liket* + hydrolase* - 1]0]1

Fig. 2. Sixty-seven S-gene families identified in our study. Domains in bold originated from Cyanobacteria. Plastid-localized protein families (i.e., families
with at least one protein predicted to be plastid-targeted according to ChloroP and ASAFind) are shaded in gray. *, domain of cyanobacterial origin occurring
more than once per S gene. ¥, highly confident domain of cyanobacterial or prokaryotic (noncyanobacterial) origin (Table 54).

the Fe-S cluster in the NadA domain of the quinolate synthetase ~ knocked out in A. thaliana (18). In this model plant, there is ca.
to maintain a functional protein (18). SufE3 is ubiquitously twofold gene (4t5g50210) up-regulation (P < 0.01) in light versus
expressed in all major plant organs and is embryo-lethal when  dark conditions (14) (S-Gene Expression Analysis).
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Another fascinating example is family 49 (Fig. 2), which is
restricted to prasinophyte green algae and encodes two cya-
nobacterium-derived domains. The N-terminal region is a 9-cis-
epoxycarotenoid dioxygenase (RPE65) domain involved in the
production of abscisic acid from xanthophyll precursors (19),
whereas the C terminus contains a glutathione S-transferase
(GST) domain, which in plants plays a major role in reducing
oxidative stress damage. Whereas responses to oxidative stress
appear to be central to S-gene evolution, we also find examples
of their roles in coordinating algal responses to light direction
to optimize photosynthesis and growth.

S Genes Involved in Light Responses. S-gene family 2 (Fig. 2) de-
fines the well-studied AtHBPS5 gene in A. thaliana and SOUL3 in
Chlamydomonas reinhardtii. This gene fusion is composed of an
N-terminal region of cyanobacterial origin and a C-terminal re-
gion of prokaryotic derivation, and is present in the red and
green lineages within Archaeplastida as well as in secondary
plastid-containing algae. The heme-binding protein in A. thaliana
(AtHBP5) is localized in plastoglobules, where it is likely involved
in chlorophyll degradation (20). SOULS3 is localized to the plastid
eyespot of C. reinhardtii (21) and, when knocked-out, the eyespot
is reduced in size and its location is altered, negatively impacting
phototaxis (21). AtHBPS and SOUL3, which facilitate a co-
ordinated response to light of the photosynthetic cell, produce an
analogous phenotype to the communal phototropism of the well-
known prokaryotic consortium Chlorochromatium aggregatum (22).
In the latter case, cross-talk between photosynthetic epibiontic
bacteria is transferred to a central motile, brown bacterium, thereby
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moving the collective to a location where epibionts can most
efficiently perform photosynthesis (22).

Another family of S genes, family 10, is involved in phototro-
pism and gravitropism (Fig. 2). This gene is composed of two
domains, a peptidyl prolyl isomerase (PPlase) and a rhodanese
superfamily domain, with the former of (noncyanobacterial) pro-
karyotic origin and the latter of cyanobacterial provenance. This S
gene encodes a widely distributed PPlIase in plants, red algae,
haptophytes, and stramenopiles that is likely to be plastid-targeted
(Fig. 2). In A. thaliana, this developmental protein (known as
PIN3) is localized to the plasma membrane and reallocates auxin,
affecting phototropism and gravitotropism of young sprouts (23).

S Genes Involved in Endosymbiont Stabilization. Achieving genetic
integration also required innovations to stabilize the endosym-
biont in the host cell. S genes were involved in this function as
well, with some playing a role in scavenging organelle degrada-
tion products during abiotic stress. Family 1 (Fig. 2) encodes a
plastid-localized composite protein in A. thaliana that contains
two domains [e.g., an esterases/lipases/thioesterases (ELT) or
phytyl ester synthase (PES) domain, and a hydrolase domain of
cyanobacterial origin]. This protein is widely distributed in pho-
tosynthetic eukaryotes (Fig. S1), and in A. thaliana forms a gene
family involved in fatty acid phytyl ester synthesis that is highly
expressed during senescence and nitrogen deprivation (24);
that is, these proteins scavenge toxic free phytol and fatty acids
after thylakoid degradation. Family 41 (Fig. 2) is similar to
family 1, albeit with an additional bacterium-derived gamma-
glutamylcyclotransferase N-terminal domain involved in glutathione
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metabolism. The taxonomic distribution of family 41 is restricted
to red algae, suggesting that lineage-specific fusion events may
have given rise to convergent functions to protect plastid mem-
branes from abiotic stress.

S Genes with Potential Novel Functions in Photosynthetic Eukaryotes.
Another important aspect of our network analysis was to provide
the foundation for experimental analysis of novel genes, because
S genes could also have introduced novel biochemical functions
that are exclusive to photosynthetic eukaryotes. An example of
this is family 42, which is restricted to red algae (Fig. S1). This S
gene is composed of an N-terminal, bacterium-derived chaperone
DnalJ domain fused to a phycocyanobilin (PCB) lyase domain of
cyanobacterial origin. PCB lyases attach bilin chromophores to
light-harvesting phycobiliproteins through thioether bonds to
cysteine residues. This modular protein appears to be plastid-
targeted in rhodophytes. Absent functional data, the biological
relevance of family 42 remains unknown but suggests the possi-
bility of stress-dependent regulation of PCB maturation via ly-
ase-dependent chromophore attachment.

Similarly, a central innovation in plastid evolution was the
evolution of the plastid translocons (Toc/Tic) to allow the con-
trolled entry of proteins translated in the cytosol into the organ-
elle. We find here that domains present in translocon proteins can
be recruited into S genes. This appears to be the case for family 28
(Fig. 2), which is absent from Archaeplastida but present in the
red alga-derived plastid-containing stramenopiles and dinoflagel-
lates. This modular protein is composed of an N-terminal cal-
modulin domain of prokaryotic (noncyanobacterial) origin fused
with a cyanobacterium-derived Tic20-like domain. The Tic20
domain is widely distributed among photosynthetic eukaryotes
(25, 26), where it plays an essential role in the creation of a
preprotein-sensitive channel or contributes to retargeting pro-
teins to the apicoplast in secondary plastid-containing organisms
such as Toxoplasma gondii (27). The function of this novel S gene
defies easy explanation; nonetheless, the combination of a cal-
cium-sensing EF hand (two canonical domains exist in diatoms)
with a plastid membrane channel protein suggests a role in cal-
cium-dependent protein translocation in secondary photosyn-
thetic eukaryotes. In pea, association between a calmodulin
domain and the inner-envelope translocon component Tic32
protein has been reported, because a calmodulin binds to the
C-terminal region of Tic32 in the inner chloroplast membrane,
affecting channel activity (28). Interestingly, analysis of the N
terminus of the S gene, uniting a calmodulin with Tic20, from the
diatom Phaeodactylum tricornutum 219117465, provides evidence
for a signal sequence cleavage site between residues 21 and 22
(SignalP 4.1) and a conserved ASAFAP motif typical for plastid-
destined proteins in this species (29). RNA-seq analysis of
P. tricornutum cultures under replete and nitrogen (N)-depleted
conditions shows that the expression of this S gene is significantly
down-regulated (ca. fivefold; P = 2.57e-23) under N stress (30)
(8-Gene Expression Analysis).

Finally, gene family 64 (Fig. 2) might correspond to a new pu-
tative symbiogenetic bacteriorhodopsin (31-34). This protein unites
a bacteriorhodopsin domain with a seven-transmembrane helical
region in the N terminus, a PAS domain, and a transduction signal
region of cyanobacterial origin in the C terminus. Interestingly, the
transduction signal region is composed of two domains that are
similar to the transduction signal region of ETRI1 in A. thaliana: a
signal transduction histidine kinase domain and a signal receiver
domain (35, 36). Moreover, the N-terminal bacteriorhodopsin
domain is preceded by 100 amino acids that may be involved in
targeting. This S-gene family is present only in dinoflagellates.

Conclusions

In this study, we analyzed protein domain origins and identified
at least 67 S genes (encompassing 2,153 coding regions) that had
previously escaped detection using phylogenetic methods. S-gene
functions include redox regulation, response to light, Fe-S cluster
assembly, and, putatively, formation of protein channels. A total of
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42% are present both in a primary photosynthetic lineage and in
secondary plastid-bearing algae, suggesting their ancient emer-
gence and their potential importance in the process of plastid
establishment (Fig. 3). In contrast to these ancient S genes, 29
are lineage-specific families (43%) and were likely more recently
formed, showing that cyanobacterial domain recycling is an on-
going process with a potential role in niche adaptation (Fig. 3).
In addition, 55 of the S-gene products are demonstrated or pre-
dicted to be plastid-targeted (Fig. 2 and Table S1), suggesting their
evolution offered an effective way to address the protein coloc-
alization challenge in photosynthetic eukaryotes; that is, when
fused with an N-terminal cyanobacterial domain that was already
plastid-targeted, the novel protein did not need to “reinvent” or
recruit the organelle-targeting sequence. Our results further un-
derline the extent to which algae reuse genetic information to
create not only complex structures such as the dinoflagellate “eye”
(37) and metabolic pathways with chimeric gene origins (38-40)
but now endosymbiont-derived composite genes with important
roles in plastid maintenance. We suspect that because the number
of proposed phylogenetically composite lineages continues to in-
crease with the availability of novel genome data (41) [e.g., the
photosynthetic sisters to Apicomplexa, Chromera velia and Vitrella
brassicaformis (42)], our analysis provides a lower bound on
S-gene numbers. Moreover, because our protocol excluded S-gene
candidates present in nonphotosynthetic eukaryotes, composite
genes retained in formerly photosynthetic lineages (e.g., relatives
of apicomplexans) were not considered in our analysis. It is also
likely that modular proteins with components derived from the
mitochondrial endosymbiont will soon be discovered.

Materials and Methods

Dataset Construction. \We assembled a protein sequence database by down-
loading every archaeal, viral, and plasmid genome that was annotated as
“complete” according to the NCBI Genome database in November 2013 (152,
3,769, and 4,294 genomes, respectively). We also retrieved 230 eubacterial
genomes, with 1 representative randomly chosen per eubacterial family, with
the exception of cyanobacterial genomes, from which we selected 16 genomes.
Finally, we sampled 38 unicellular eukaryotic genomes across the eukaryotic tree
of life: 19 for photosynthetic organisms and 19 that are nonphotosynthetic,
with a comparable total gene number and phylogenetic diversity in their ribo-
somal proteins. The resulting 2,192,940 protein sequences were compared
pairwise using BLASTP (43) (version 2.2.26) (E-value cutoff 1e-5) (see Dataset S1
for the list of genomes used).

Detection of S-Gene Families. Composite genes and their associated component
genes were detected with FusedTriplets (8) (E value <1e-5) by scanning the
BLASTP output. Composite genes that were present in photosynthetic eukary-
otes were compared with the entire nonredundant NCBI database (BLASTP;
E value <10e-5 and >80% mutual sequence overlap) to confirm that these se-
quences had no full-length homologs outside photosynthetic eukaryotes. These
composite genes were identified as candidate S genes. All sequences were also
clustered into gene families according to a previous method (44, 45). Briefly, an
undirected graph was constructed in which each node corresponds to a sequence
and two nodes are linked if the corresponding sequences show a BLAST hit
with an E value <1e-5, >30% sequence identity, and a mutual sequence over-
lap >80%. Connected components in this graph were considered to be gene
families. For each candidate S gene, we retrieved the corresponding component
sequences, as identified by FusedTriplets. Component sequences were clustered
into component families according to the following rule: If two component se-
quences overlapped by more than 80% of their lengths on the protein com-
posite, they belonged to the same component family. Component families were
assigned a phylogenetic origin corresponding to their taxonomic composition.
Component families were considered to be of eukaryotic origin if all their se-
quences belonged to eukaryotes. When one or more sequences from a com-
ponent family contained prokaryotic sequences, we considered the component
family to be of prokaryotic origin. If the three best prokaryotic component genes,
according to their BLASTP bitscore against the composite gene, matched with the
same prokaryotic phylum (e.g., Cyanobacteria), we considered the component
to have more specifically originated from that prokaryotic phylum. All S-gene
component origins were confirmed by BLAST analysis against an extensive pro-
karyotic dataset (2,982 prokaryotic genomes, 8,422,211 sequences). Only candi-
date S-gene families with at least one of their associated components assigned
to a cyanobacterial origin (i.e., putative endosymbiotic origin) were retained.
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Gene Expression and Gene Distribution Investigation. To gain insights into
gene expression and distribution of S genes, composite sequences were
compared with the predicted proteins of the combined assemblies of the
Marine Microbial Eukaryote Transcriptome Sequencing Project (MMETSP)
(46) and additional rhodophyte samples from the MMETSP (data.imicrobe.
us/project/view/104) (BLASTP, E value <1e-5, >80% mutual sequence over-
lap) (see Dataset S1 for the list of combined assemblies used).

Prediction of Plastid Localization. ChloroP (47) (version 1.1) and ASAFind (29)
(version 1.1.7) were used to predict the putative cellular localization of the 67 S
proteins listed in Fig. 2. Proteomic data were also used for four species: A. thaliana
(48), C. reinhardltii (49), Cyanophora paradoxa (50), and Ostreococcus tauri (51).
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Exon Analysis. A total of 13 genomes had GenBank files available. For these
taxa, we retrieved each exon sequence for each S gene. Exon sequences were
blasted against S genes; if one exon contained all domains from the S gene
according to the Conserved Domain Database (52), the corresponding S-gene
family was considered as not to be subject to exon misincorporation.
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