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Chromist algae (stramenopiles, cryptophytes, and haptophytes) are major contributors to marine primary productivity.
These eukaryotes acquired their plastid via secondary endosymbiosis, whereby an early-diverging red alga was engulfed
by a protist and the plastid was retained and its associated nuclear-encoded genes were transferred to the host genome.
Current data suggest, however, that chromists are paraphyletic; therefore, it remains unclear whether their plastids trace
back to a single secondary endosymbiosis or, alternatively, this organelle has resulted from multiple independent events
in the different chromist lineages. Both scenarios, however, predict that plastid-targeted, nucleus-encoded chromist
proteins should be most closely related to their red algal homologs. Here we analyzed the biosynthetic pathway of
carotenoids that are essential components of all photosynthetic eukaryotes and find a mosaic evolutionary origin of these
enzymes in chromists. Surprisingly, about one-third (5/16) of the proteins are most closely related to green algal
homologs with three branching within or sister to the early-diverging Prasinophyceae. This phylogenetic association is
corroborated by shared diagnostic indels and the syntenic arrangement of a specific gene pair involved in the
photoprotective xanthophyll cycle. The combined data suggest that the prasinophyte genes may have been acquired
before the ancient split of stramenopiles, haptophytes, cryptophytes, and putatively also dinoflagellates. The latter point
is supported by the observed monophyly of alveolates and stramenopiles in most molecular trees. One possible
explanation for our results is that the green genes are remnants of a cryptic endosymbiosis that occurred early in
chromalveolate evolution; that is, prior to the postulated split of stramenopiles, alveolates, haptophytes, and
cryptophytes. The subsequent red algal capture would have led to the loss or replacement of most green genes via
intracellular gene transfer from the new endosymbiont. We argue that the prasinophyte genes were retained because they
enhance photosynthetic performance in chromalveolates, thus extending the niches available to these organisms. The
alternate explanation of green gene origin via serial endosymbiotic or horizontal gene transfers is also plausible, but the
latter would require the independent origins of the same five genes in some or all the different chromalveolate lineages.

Introduction

According to the endosymbiotic theory, plastids
evolved from a cyanobacterium that was engulfed and
retained by a unicellular protist. During the establishment
of this primary endosymbiosis, many of the cyanobacterial
genes were transferred to the nuclear genome of the host
organism and their gene products retargeted to the plastid
(Martin et al. 2002; Reyes-Prieto et al. 2006). The first pho-
tosynthetic eukaryotes evolved into three distinct, extant
lineages, the glaucophytes, red algae, and Chloroplastida;
the latter is comprised of green algae and land plants
(Moreira et al. 2000; Adl et al. 2005).

The plastids of stramenopiles (e.g., diatoms and brown
algae), haptophytes, and cryptophytes—groups collectively
classified as ‘‘Chromista’’ (Cavalier-Smith 1999)—and
most dinoflagellates differ from those in the Chloroplastida
due to the presence of chlorophyll c instead of chlorophyll
b. Whereas there is general agreement that chromist algae
gained their plastids from red alga–like endosymbionts
(Palmer 2003; Bhattacharya et al. 2004; Keeling 2004;
Archibald 2005), current multigene phylogenetic data sug-
gest strongly that the host cells are not monophyletic. These

trees show that stramenopiles are more closely related to
alveolates (apicomplexans, ciliates, and dinoflagellates)
than to a monophyletic group defined by Haptophyta and
Cryptophyta (HC group; Harper et al. 2005; Burki et al.
2007, 2008; Hackett et al. 2007; Patron et al. 2007). This re-
sult is also supported by the finding of a gene replacement in
the plastid genomes of the HC group via horizontal gene
transfer (HGT) of a rpl36 gene of eubacterial origin (Rice
and Palmer 2006). These data open up the possibility that
chromists may have gained their plastid through indepen-
dent red algal secondary endosymbiotic events. Even more
controversial is the notion that all chromists and alveolates
are united in the supergroup ‘‘Chromalveolata’’ (Cavalier-
Smith 1999). This hypothesis remains unsubstantiated not
only because of apparent chromist paraphyly but also based
on phylogenetic evidence that another supergroup, the
Rhizaria, likely branches as sister to stramenopiles and
alveolates, with this Stramenopiles/Alveolata/Rhizaria clus-
ter sometimes referred to as SAR group (Burki et al. 2007,
2008; Hackett et al. 2007). Although clearly differing from
and far more complex than envisioned in the original hypoth-
esis, it is however intriguing that several sources of data con-
tinue to provide support for a red algal-derived plastid in
most chromalveolates. These data include analyses of plas-
tid-targeted proteins encoded in the nucleus (Harper and
Keeling 2003), plastid-encoded proteins (Yoon et al.
2002; Bachvaroff et al. 2005; Rogers et al. 2007), and cases
in which a plastid protein was replaced by a host cell-derived
functional equivalent (Fast et al. 2001; Harper and Keeling
2003; Patron et al. 2004; Reyes-Prieto and Bhattacharya
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2007). With the possible exception of picobiliphytes (Not
et al. 2007), cryptophytes are the onlyknown chromalveolates
that maintain a reduced nucleus of eukaryotic endosymbiont
origin (Douglaset al. 2001). Inall other cases,nuclear genes of
plastid function encoded by the eukaryotic endosymbiont
have been transferred to the nucleus of the new host organism
resulting in loss of the captured nuclear genome.

Phylogenetic analyses are often based on data derived
from random sequencing of expressed sequence tag (EST)
clones and analysis of proteins inferred from these partial
gene sequences. The availability of an increasing number of
algal genomes enables different approaches like the phylo-
genetic analysis of specific pathways or ultimately of many
features of whole genomes. Examples of pathway-specific
phylogenetic analyses include the biosynthesis of heme
(Obornı́k and Green 2005), chorismate (Richards et al.
2006), and tryptophan (Jiroutova et al. 2007). In eukaryotic
phototrophs, these pathways are plastid localized with the
corresponding enzymes being nucleus encoded. These par-
ticular analyses, however, were complicated by the fact that
heme biosynthesis is a ubiquitous pathway and that the abil-
ity to synthesize chorismate and tryptophan is widespread
among bacteria and lower eukaryotes. In the case of an or-

ganism resulting from a secondary endosymbiosis, the cor-
responding genes could have been introduced by the
mitochondrial or plastid progenitors or by the two eukary-
otic host cells—aside from potential origin via HGT.

In the present study, we explored the origins of nu-
clear-encoded, plastid-localized proteins in the paraphyletic
chromists by focusing on the genes involved in carotenoid
biosynthesis. Carotenoids are essential components of the
photosynthetic apparatus that serve both light-harvesting
and photoprotective functions (Morosinotto et al. 2003;
Grossman et al. 2004). They are diterpenoids, and in plants
and algae, the isoprene units utilized in their synthesis are
derived from pyruvate and glyceraldehyde-3-phosphate via
the plastid-localized methylerythritol phosphate (MEP)
pathway (Rodrı́guez-Concepción and Boronat 2002; Bouv-
ier et al. 2005). Carotenoids that contain one or more
oxygen atoms are collectively termed xanthophylls. The
pathway for the synthesis of carotenoids (Cunningham
and Gantt 1998; Rodrı́guez-Concepción and Boronat
2002; Bouvier et al. 2005) is shown in figure 1A. The early
stage of carotenoid biosynthesis, the MEP pathway, is not
limited to plastids and cyanobacteria but is common among
many other bacteria as well (Rohmer 2003); it is, however,

FIG. 1.—(A) Generalized scheme of carotenoid biosynthesis in plants and algae summarizing major results of our analyses. Enzymes (see table 1)
encoded by homologous genes in representatives of all major taxa that we examined are in bold, others in italics. Encircled enzyme names represent
chromist proteins most closely related to their red algal counterparts, whereas framed names are chromist proteins most closely related to their green
algal counterparts; asterisks designate the chromist proteins that share diagnostic indels specifically with homologs from basal green algae; filled
triangles label the pair of genes that are syntenic in the genomes of a diatom, a pelagophyte, and two prasinophyte algae. (B) ML (RAxML) tree of
oxygenic phototrophs constructed from nine concatenated nucleus-encoded plastid proteins involved in the biosynthesis of carotenoids (DXS, DXR, 4-
diphosphocytidyl-2C-methyl-D-erythritol synthase, 4-diphosphocytidyl-2C-methyl-D-erythritol kinase, MCS, IDS, geranylgeranyl diphosphate
synthase, GGR, and phytoene synthase), including a total of 2,884 amino acid positions. The results of ML bootstrap analyses with RAxML (100
replicates) and PHYML (100 replicates) are shown above and below the branches, respectively; thick branches represent �95% Bayesian posterior
probability. Branch lengths are proportional to the number of substitutions per site (see scale bar). Species names of chromalveolate algae are in bold.
Abbreviations: C, Chromista; CB, Cyanobacteria; G, green algae and land plants (Chloroplastida); GL, Glaucophyta; PR, Prasinophyceae; and R,
Rhodophyta.
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missing from all eukaryotes that lack plastids. Yet, most of
the genes encoding enzymes that are involved in the later
stages of carotenogenesis in algae and plants are derived
from cyanobacterial genes (Sandmann 2002) and therefore
particularly suited to understanding the evolution of photo-
synthetic eukaryotes.

Using protein sequence similarity searches of genomic
data from the haptophyte alga Emiliania huxleyi and four
stramenopiles, that is, the diatoms Thalassiosira pseudo-
nana and Phaeodactylum tricornutum, the pelagophyte
Aureococcus anophagefferens, and the brown alga Ecto-
carpus siliculosus, we identified candidate genes for 16
enzymes involved in carotenoid biosynthesis that have been
described in vascular plants (fig. 1A and table 1). For the
phylogenetic analyses, we compiled additional algal, plant,
and cyanobacterial sequences available in public databases
and sequenced target cDNAs from P. tricornutum, the cryp-
tophyte Guillardia theta, the prasinophyte Mantoniella
squamata, and the red alga Porphyra yezoensis.

Materials and Methods
Sequence Data Mining

The sequences of 20 different carotenogenic proteins
from Arabidopsis thaliana (Lange and Ghassemian 2003)
or Chlamydomonas reinhardtii (Lohr et al. 2005) were used
to search the following databases by Blast (Altschul et al.
1997): 1) GenBank: protein database, dbEST, microbial ge-
nomes, and trace archives; 2) Joint Genome Institute/United
States: Eukaryotic Genomics genome browsers of Populus
trichocarpa (Sterky et al. 2004), T. pseudonana (Armbrust
et al. 2004), A. anophagefferens, Ostreococcus tauri
(Derelle et al. 2006), and Ostreococcus lucimarinus
(Palenik et al. 2007); 3) Cyanidioschyzon merolae genome
browser at the University of Tokyo/Japan (Matsuzaki et al.
2004); 4) Galdieria sulphuraria genome database at
Michigan State University/United States (Barbier et al.
2005); 5) Taxonomically Broad EST Database (TBestDB)
of the pan-Canadian Protist EST Program; and 6) the Plant
Transcript Assemblies of The Institute for Genomic Re-

search (TIGR). URLs are supplied in supplementary
table 2 (Supplementary Material online).

Assembly of genomic trace reads from Volvox carteri,
P. tricornutum, E. siliculosus, and E. huxleyi was done in
BioEdit 5.0.9 (Hall 1999), and the resulting contigs were
analyzed by GENSCAN (http://genes.mit.edu/GEN-
SCAN.html) (Burge and Karlin 1997) to predict open
reading frames (ORFs) and exon/intron structures. The pre-
dicted gene models were compared with deduced protein
sequences from related species (C. reinhardtii in case of
V. carteri and both C. reinhardtii and T. pseudonana in
case of P. tricornutum, E. siliculosus, and E. huxleyi)
and edited manually to incorporate appropriate changes.
In the assembled genes from P. tricornutum, we frequently
found single nucleotide polymorphisms supported by two
or more reads for each of two alternate sequences. Because
the deduced gene products were on average 99% identical
at the amino acid level, we included only one of the two
alleles in the phylogenetic analyses. After the genomes
of P. tricornutum and V. carteri had become publicly
accessible via the JGI Eukaryotic Genomics Web site
(http://genome.jgi-psf.org/), we checked the correctness
of our gene assemblies from P. tricornutum and V. carteri
against this database.

Generation of Additional cDNA Sequences

For M. squamata, total RNA from algal cultures was
extracted with phenol/chloroform using a modified protocol
as described previously (Meyer-Gauen et al. 1998). The
mRNA was purified with the PolyATract mRNA isolation
system IV (Promega GmbH, Mannheim, Germany) and
used to construct a cDNA library by means of the Lambda
ZAP-cDNA Synthesis Kit (Stratagene Europe, Amsterdam,
The Netherlands). The library was packaged and amplified
using the ZAP-cDNA Gigapack III Gold Cloning Kit
(Stratagene). The cDNA sequences encoding 1-deoxy-D-
xylulose-5-phosphate reductoisomerase (DXR), phytoene
desaturase (PDS), isopentenyl diphosphate synthase
(IDS), and geranylgeranyl reductase (GGR) were isolated

Table 1
Carotenogenic Enzymes That Were Examined

Enzyme (gene)a Full Name Synonyms Chromist Affiliationb

DXS 1-deoxy-D-xylulose-5-phosphate synthase CLA1, DEF, DXPS Red
DXR 1-deoxy-D-xylulose-5-phosphate reductoisomerase ISPC Red
CMS 4-diphosphocytidyl-2C-methyl-D-erythritol synthase ISPD Red
CMK 4-diphosphocytidyl-2C-methyl-D-erythritol kinase ISPE, CDPMEK Red
MCS 2C-methyl-D-erythritol-2,4-cyclodiphosphate synthase ISPF, MECPS Red
HDS 4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase ISPG, GCPE Green
IDS Isopentenyl diphosphate:dimethylallyl diphosphate synthase ISPH, LYTB, HDR Red
IDI Isopentenyl diphosphate:dimethylallyl diphosphate isomerase IPI Green
GGPS Geranylgeranyl diphosphate synthase GGPPS Red
GGR Geranylgeranyl reductase CHLP Red
PSY Phytoene synthase Red
PDS Phytoene desaturase Green
ZDS f-carotene desaturase Red
LCYB Lycopene b-cyclase CRTL-B Red
ZEP Zeaxanthin epoxidase ABA1 Green
VDE Violaxanthin de-epoxidase Green

a Proteins that were included in the concatenated data set are underlined.
b Indicates whether the corresponding chromist proteins are more closely related to the homologs from red algae (red) or Chloroplastida (green).
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by nested polymerase chain reaction (PCR) using Taq poly-
merase (Qiagen, Hilden, Germany) or the Expand Long
Template System (Roche Diagnostics–Applied Science,
Mannheim, Germany) with combinations of a heterologous
primer directed against conserved motifs and a vector primer.
Successful primer pairs were 1) for DXR, vector primer T3
with reverse primers CATGGACCAGTTGGGGTG (first
round) and GAAGATCGCGGAGTGCTC (second round);
2) for PDS, vector primer T3 with reverse primers
TGGGTCGAACCAGATGTG (first round) and CTCCT-
GIAGGAAGCGGTT (second round); 3) for IDS, vector
primer T3 with reverse primers CCCTTGAGCAT-
GGTGGTCTG (first round) and GGGGTTGTGGAT-
GATCTC (second round); and 4) for GGR, vector primer
T3 with reverse primers GACTTGGCGGCGAAGTA (first
round) and AGACCCAGCCGTAGAAGTC (second
round). The PCR products were purified using agarose gel
electrophoresis and sequenced from both ends. The regions
of the cDNAs for which no sequence information was avail-
able were amplified using nested PCR by combining target-
specific primers directed against the known partial sequences
with the vector primer T7, and the resulting product was
purified and sequenced on both strands using commercial
sequencing services (AGOWA, Berlin, Germany; GENter-
prise, Mainz, Germany).

For P. tricornutum, partial cDNA information and ge-
nomic trace reads for genes encoding 4-hydroxy-3-methyl-
but-2-en-1-yl diphosphate synthase (HDS) and IDS were
retrieved from the GenBank database by Blast and were
used to design primers for amplification of complete
ORF from available cDNA libraries (Grossman et al.
1990). PCR amplification of the complete ORF-encoding
HDS was achieved using PHUSION High-Fidelity DNA
polymerase (Finnzymes, Espoo, Finland) with forward AA-
GAAGGCGCTATGAAGTT and reverse GGTAATTAT-
CTGATTGGCGTA as primers, and amplification of the
ORF-encoding IDS was achieved with forward CGACAC-
CACCATCGAATAGA and reverse TAAGGAATTGAT-
CGCCGAAG as primers. The PCR products were
sequenced to completion on both strands by primer walking
using the ABI Prism BigDye v3.1 Terminator reagents
(Applied Biosystems, Foster City, CA) and a commercial
sequencing service (GENterprise).

The P. yezoensis EST database (Asamizu et al. 2003)
was searched using Blast for translated sequences with sim-
ilarity to known carotenogenic proteins from plants and
algae. The following clones were identified, retrieved from
the Kazusa DNA Research Institute (Chiba, Japan), and
sequenced (as described for P. tricornutum) on both strands
to completion: AU190953 (DXS), AU196956 (DXR),
AU186634 (HDS), AU187853 (IDS), AU195302 (PDS),
and AV435435 (GGR).

For G. theta, a cDNA library was generated and an
EST database was set up by sequencing of 7,000 randomly
chosen EST clones. Blast searches of the EST database
revealed seven clones with homology to 1-deoxy-D-xylu-
lose-5-phosphate synthase (DXS), 2C-methyl-D-erythritol-
2,4-cyclodiphosphate synthase (MCS), HDS, isopentenyl
diphosphate isomerase (IDI) (2), f-carotene desaturase
(ZDS), and zeaxanthin epoxidase (ZEP), respectively (see
table 1). Identified clones were subsequently sequenced to

completion. All cDNA sequence data have been deposited
with the DDBJ/EMBL/GenBank data libraries under
GenBank accession numbers FJ175667–FJ175685. Data-
base accession codes of the other sequences that were used
for the phylogenetic analyses are given in supplementary
table 2 (Supplementary Material online).

Phylogenetic Analyses

Protein alignments were constructed using either Mus-
cle 3.52 (Edgar 2004) or ClustalW 1.83 (Chenna et al.
2003). Manual refinement, selection of unambiguously
aligned positions, and construction of a concatenated pro-
tein alignment were made using BioEdit 5.0.9 (Hall 1999).
Generally, parts of the alignments with more than one se-
quence having a gap extending for two or more amino acid
positions were excluded from the phylogenetic analyses,
although in a few cases, sequences with gaps extending
over as many as four amino acid positions were included.

A maximum likelihood (ML) tree was inferred from
each protein alignment using RAxML (VI-HPC, v2.2.1)
(Stamatakis 2006) and the WAG substitution model with
gamma rate distribution (‘‘PROTGAMMA’’ implementa-
tion), four discrete rate categories, and starting from a
random tree. Branch support was estimated with 100 boot-
strap replicates using both RAxML (WAG substitution
model and the ‘‘PROTCAT’’ implementation) and PhyML
(Guindon and Gascuel 2003) (WAG þ c substitution model
and parameters estimated during the tree search). Posterior
probabilities for nodes in the RAxML trees were calculated
with MrBayes 3.1 (Huelsenbeck and Ronquist 2001) run-
ning MC3 for 1 million generations using one cold and three
heated chains and starting with a random tree. The pool of
trees was sampled every 100th generation, and posterior
probabilities were estimated using the final 5,000 trees.
Chain convergence was apparent for each data set after this
level of burn-in.

Dot plots were made with BioEdit 5.0.9 using a win-
dow size of 10 and the BLOSUM62 similarity matrix for
analysis and 4 respectively 10, pixels as lower respectively
higher, threshold for drawing.

Results and Discussion

For 16 of the 20 carotenogenic enzymes that are
known from Chloroplastida, we were able to identify genes
encoding homologous enzymes in chromists with sufficient
sequence conservation to suggest a conserved function. For
four proteins, that is, a carotenoid isomerase (CRTISO),
a nonheme beta-carotene hydroxylase (CHYB), and two
closely related cytochrome P450 carotene hydroxylases
of the CYP97 family (see fig. 1A), we did not find genes
of sufficiently high conservation to classify them as likely
orthologs of the genes from Chloroplastida. Therefore, we
excluded these genes/proteins from further analyses. A
more detailed account of these genes will be presented else-
where.

For 13 of the 16 chromist genes associated with carot-
enoid biosynthesis (table 1), homologs were detected in
representatives from all major taxa that we examined; that
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is, cyanobacteria, red algae, and Chloroplastida (green al-
gae and land plants). We inferred a phylogeny for each of
these 13 deduced proteins sequences using cyanobacterial
homologs as the outgroup. The closest phylogenetic rela-
tionship for 11 of the chromist sequences (fig. 1A, circled
enzyme names) was with red algal homologs. The complete
set of results for this analysis is presented as supplementary
figure 1 (Supplementary Material online). For a set of rep-
resentative organisms, we concatenated the deduced protein
sequences from nine genes with a red algal ancestry (see
table 1 for genes; supplementary table 1, Supplementary
Material online for data on sequence coverage) and ana-
lyzed these data using three different phylogenetic methods
(ML under RAxML and PHYML and Bayesian analysis).
The remaining two red genes were excluded because se-
quence data were missing for more than 20% of the 36 rep-
resentative species. The 9-protein tree shown in figure 1B
indicates that the photosynthetic eukaryotes that were sam-
pled comprise three well-separated clades, the green line
comprised of the Chloroplastida; the red line containing
red algae, stramenopiles, haptophytes, and the cryptophyte
G. theta; and the glaucophytes represented by Cyanophora
paradoxa. Bootstrap analyses provided high statistical sup-
port for the hypothesis that the plastids in stramenopiles,
haptophytes, and cryptophytes were acquired from a red
alga-like organism via secondary endosymbiosis. This result
isconsistentwithpreviousstudies(e.g.,Patronetal.2004,2007;
Bachvaroffetal.2005;Harperetal.2005;Lietal.2006;Hackett
et al. 2007). The inability to recover HC monophyly using plas-
tid genome data or as here, sequences of nuclear-encoded,
plastid-targeted proteins, remains unclear but may be explain-

ed by poor taxon sampling of chromalveolates or amino acid
composition bias among these data (for details, see Khan
et al. 2007).

Chromist Proteins More Closely Related to Green than
Red Homologs

Phytoene Desaturase

In contrast to the 11 genes described above of red algal
origin, the chromist protein sequences for PDS, HDS, and
IDI were more closely related to green algal enzymes than
to red algal homologs. The phylogenetic tree of PDS from
cyanobacteria, algae, and land plants is shown in figure 2A.
The sequences from algae and plants are grouped into five
clusters: 1) red algae at the base of the eukaryotes, 2) green
algae of the Ulvophyceae and Chlorophyceae, 3) Plantae
(moss and angiosperms), 4) basal streptophytes of the
clades Mesostigmatophyceae and Zygnematophyceae to-
gether with PDS from two brown algae, and 5) PDS from
several stramenopiles and haptophytes together with basal
Chloroplastida of the class Prasinophyceae. The PDS se-
quences from the glaucophyte C. paradoxa and the rhizar-
ian alga Bigelowiella natans separate the red algae from the
Chloroplastida/Chromista cluster. Yet, only the nodes of
the red algal, the embryophyte, and the prasinophyte/chro-
mist cluster are resolved. Additional support for a close re-
lationship of the sequences in the latter cluster comes from
a diagnostic insertion that is exclusively associated
with PDS from prasinophytes, haptophytes, diatoms, and
the pelagophyte A. anophagefferens (see fig. 2B). The pra-
sinophytes used for these analyses belong to the order

FIG. 2.—(A) Phylogeny of PDS: ML (RAxML) tree constructed from a protein alignment including 446 amino acid positions and (B) support via
the presence of a diagnostic insertion specific to chromist and prasinophyte sequences. The depicted section of a full alignment is indicated by the
position of the first shown amino acid in the corresponding protein sequence of Arabidopsis thaliana; at conserved sites, black boxes indicate identical
amino acids, whereas gray boxes denote similar amino acids; species names of chromist algae are written in white letters on black background. Display
features in (A) are as in figure 1B; additional abbreviation: RH, Rhizaria.
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Mamiellales, which is regarded as one of the most basal
green algal clades (Marin and Melkonian 1999). Whereas
a common origin of PDS from prasinophytes and chromists
with the enzyme from other green algae and land plants
received only weak bootstrap support in the RAxML anal-
yses, the prasinophyte/chromist PDS cluster is clearly
separated from the red line. The combination of the phylo-
genetic and unambiguous insertion data suggests that the
chromist PDS sequences of this cluster have been acquired
from a prasinophyte-like alga before the divergence of hap-
tophytes and stramenopiles.

Whereas PDS is encoded by a single gene in most or-
ganisms, the genomes of the prasinophytes O. lucimarinus
and O. tauri, the diatoms T. pseudonana and P. tricornu-
tum, and the pelagophyte A. anophagefferens each contain
a pair of putative PDS genes encoding proteins with
;60% amino acid identity (75% similarity). The PDS
gene that we identified in the cDNA library of another pra-
sinophyte, M. squamata, is probably orthologous to PDS2
from the two Ostreococcus species. Although not cur-
rently identified, M. squamata is likely to contain another
PDS gene orthologous to PDS1 from Ostreococcus. In the
whole-genome shotgun trace reads from the haptophyte E.
huxleyi and the brown alga E. siliculosus, we found only
single PDS genes, whereas searches of the NCBI- and
TBestDB-EST databases retrieved one PDS sequence
from the haptophyte Pavlova lutheri but two different
PDS transcripts from another haptophyte, Isochrysis gal-
bana. One of these EST sequences, however, was too
short for phylogenetic analyses and therefore is not in-
cluded in figure 2. The predicted gene products from hap-
tophytes that we used for the analyses are most closely
related to the PDS1 paralogs from the diatoms, the pela-
gophyte, and Ostreococcus spp. (fig. 2A).

The situation becomes more complex, however, be-
cause the single PDS sequences from the two brown algae
E. siliculosus and Laminaria digitata and the PDS2 protein
from the diatom P. tricornutum do not contain the diagnos-
tic insertion (fig. 2B) and appear to be most closely related
to PDS from the basal streptophytes Mesostigma viride and
Closterium sp. strain NIES-52 (fig. 2A). This result suggests
that stramenopile algae may have acquired green PDS
genes two times from different green algae, that is, a prasi-
nophyte and a streptophyte alga. According to this hypoth-
esis, E. siliculosus and L. digitata would have replaced their
prasinophyte-type PDS with the streptophyte-related homo-
log, whereas P. tricornutum retained the genes from both
sources.

Although the interpretation of the tree in figure 2A is
complicated by the occurrence of paralogs and the putative
involvement of two HGT events, the branching order within
the chromist/prasinophyte cluster suggests the presence of
two groups of orthologs, that is, PDS1 and PDS2. It is im-
portant to note that the gene duplication leading to PDS1
and PDS2 likely occurred before the segregation of this par-
ticular pair of paralogs into the genomes of T. pseudonana,
A. anophagefferens, and the examined prasinophytes. This
supports the idea that the prasinophyte-related PDS genes in
chromists are an ancient acquisition and that the strepto-
phyte-related PDS was introduced later and potentially only
by stramenopiles.

4-Hydroxy-3-Methylbut-2-en-1-yl Diphosphate Synthase

For HDS, a significant evolutionary separation is
found between the cyanobacterial/glaucophyte/red algal
cluster and the proteins from vascular plants, green algae,
chromists, and also from alveolates (fig. 3A). This observa-
tion has been made before for HDS and several other en-
zymes of the MEP pathway and was interpreted as the likely
result of a replacement of the gene in cyanobacteria by HGT
after the primary endosymbiosis (Lange et al. 2000). More
recent analyses, however, suggest that a Chlamydia-like
bacterium may have donated several genes (with HDS
among them) to eukaryotic phototrophs at the level of
the primary endosymbiosis (Huang and Gogarten 2007;
Tyra et al. 2007; Moustafa et al. 2008); this is also apparent
in the phylogenetic tree shown in figure 3A, with HDS from
Chloroplastida and chromalveolates being most closely re-
lated to the sequences from several extant Chlamydiae. One
explanation for the mixed origin of the HDS from the
Chloroplastida/Chromalveolata and the Rhodophyta/Glau-
cophyta/Cyanobacteria cluster could be that the cyanobac-
terial and chlamydial HDS genes coresided in the primary
host for some time and that the chlamydia-type gene was
independently lost in the glaucophytes and rhodophytes
which we have examined, whereas the cyanobacterial gene
was lost on at least two occasions in Chloroplastida and
the early rhodophytes that became the endosymbionts in
chromalveolates.

The enzymes of the two distantly related clades are
also distinguished by the presence of an insert of ;260
amino acids that is shared by HDS from chromalveolates,
Chloroplastida, Chlamydiae, and several other related bac-
terial groups (Gupta 2000) but which is absent from avail-
able red algal, glaucophyte, and cyanobacterial sequences
and the majority of eubacterial HDS enzymes (fig. 3B). The
exceptionally large insert, which we here refer to as the
‘‘B-domain,’’ is about the same size as the N-terminal
‘‘A-domain’’ and contains a conserved motif of about 15
amino acids with similarity to the corresponding region
of the A-domain. Therefore, the B-domain might have re-
sulted from an internal duplication of the A-domain. Inter-
estingly, the B-domain displays much higher sequence
diversity than the A- and C-domains and appears to be con-
served only in the enzymes from the oxygenic phototrophs.
For the bacterial proteins, we found detectable sequence
conservation of the insertion only among closely related
species/genera (see supplementary fig. 2, Supplementary
Material online). For example, the B-domain of HDS from
‘‘Candidatus Protochlamydia amoebophila’’ UWE25, an
endosymbiont of amoebae of the genus Acanthamoeba
(Collingro et al. 2005), shares no recognizable similarity
with that from species of the closely related genus Chla-
mydia, whereas, for example, the B-domains in the HDS
from the diatom P. tricornutum and members of the Chlor-
oplastida are reasonably well conserved; in the HDS from
the secondarily nonphotosynthetic Apicomplexa, the B-
domain is no longer conserved (supplementary fig. 2, Sup-
plementary Material online). This observation suggests that
the B-domain in the HDS of eukaryotic phototrophs has
gained a functional significance related to photosynthesis,
probably a regulatory role in the formation of carotenoids
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and related isoprenoids, which puts it under negative selec-
tion and thus prevents the rapid accumulation of mutations.
HDS from the cryptophyte G. theta is an intriguing excep-
tion because it apparently has lost a large part of the inser-
tion together with a part of the conserved N-terminal
domain (supplementary fig. 2C, Supplementary Material
online; see also below).

The yet unknown function of the B-domain appears to
be conserved in both the green and the chromalveolate HDS
and probably evolved only once. If chromalveolate HDS
was transmitted by the red algal endosymbiont, then the
functional role of the insertion must have been established
before the split of red and green algae. Under the assump-
tion that this function improves the performance of the HDS
in some way—making it superior to the insertion-free HDS
at least in the corresponding algae—it should have been
preferably retained. Then it would be difficult to explain
why the three red algae which we sampled contained only
cyanobacterial-type HDS without the B-domain. Based on
these considerations, we propose that the insertion became

functional only in the green line and that the Chlamydiae-
type HDS in chromalveolates derives from a gene transfer
involving a green alga which occurred early in chromalveo-
late evolution.

Isopentenyl Diphosphate Isomerase

In the case of IDI, two phylogenetically unrelated clas-
ses of enzymes have been described: Type-1 IDI is present
in rhodophytes, chromalveolates, and the Chloroplastida,
whereas cyanobacteria contain a type-2 IDI (Bouvier et al.
2005). Thus, the IDI of eukaryotic phototrophs is excep-
tional among the proteins in our data set because it likely
does not trace back to the plastid progenitors but instead
was inherited from the host cell (Cunningham and Gantt
2000). Like PDS and HDS, however, the IDI enzymes from
phototrophic stramenopiles, the haptophytes, and crypto-
phytes form a well-supported cluster together with the
IDI from green algae (fig. 3C), whereas this protein from
land plants, the nonphotosynthetic stramenopiles, the ciliate

FIG. 3.—(A) Phylogeny of HDS: ML (RAxML) tree constructed from a protein alignment including 382 amino acid positions; rectangle indicates
acquisition of the large insertion (B-domain) in HDS, (B) domain structure of the two types of HDS illustrating the location and taxon-specific
distribution of the insertion, and (C) phylogeny of IDI: ML (RAxML) tree constructed from a protein alignment including 194 amino acid positions.
Display features in (A) and (C) are as in figure 1B; additional abbreviations: A, Alveolata and EX, Excavata.
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Tetrahymena thermophila, and the red algae form separate
clusters of uncertain relationship. The situation becomes
more complex because IDI participates not only in the plas-
tidic MEP pathway but also in the cytosolic formation of
isoprenoids for the biosynthesis of sterols and other poly-
prenyls via the mevalonate pathway. This explains why
genes encoding IDI are present in nonphotosynthetic pro-
tists, animals, and fungi. Moreover, there is a tendency for
IDI to occur as paralogs in algae and plants, further com-
plicating the interpretation of the phylogenetic tree. Never-
theless, the specific link between IDI from photosynthetic
chromists and green algae is significant and indicates that
the chromist host may have replaced its original IDI gene
with a nuclear gene of green algal provenance.

Chromist Proteins of Green Algal Origin That Lack Red
Algal Counterparts

The chromist genes encoding ZEP and violaxanthin
de-epoxidase (VDE), the two antagonist enzymes of the
photoprotective xanthophyll cycle taking place in the thy-
lakoid membranes (Müller et al. 2001), are also most
closely related to prasinophyte homologs (figs. 4A and
5A). We detected neither ZEP nor VDE genes in the ge-
nomes of cyanobacteria or the red algae C. merolae and
G. sulphuraria. Both enzymes have been shown to be re-
lated to the large and diverse protein family of lipocalins
(Bugos et al. 1998; Ganfornina et al. 2000). ZEP is respon-
sible for the formation of violaxanthin by adding an epoxy
group to each of the two ionone rings of zeaxanthin
(fig. 1A). In the Chloroplastida, violaxanthin is both
a light-harvesting pigment and the precursor of neoxanthin
(Bouvier et al. 2005). Under conditions of excess light,
however, VDE converts violaxanthin back to zeaxanthin
which in turn promotes the radiation-less relaxation of

singlet-excited chlorophyll in the light-harvesting antennae
through a mechanism that is not yet fully understood (Hor-
ton et al. 2005; Niyogi et al. 2005; Szabo et al. 2005); this
regulatory dissipation of surplus excitation energy in the
photosynthetic apparatus by heat is commonly referred
to as nonphotochemical quenching (NPQ; for details, see
Müller et al. 2001). In diatoms, haptophytes, and dinofla-
gellates, the major xanthophyll cycle involves diadinoxan-
thin and diatoxanthin (Müller et al. 2001; Horton et al.
2005), whereas only small amounts of the pigments of
the violaxanthin cycle are normally present (Lohr and
Wilhelm 1999). In these algae, violaxanthin is a precursor
of diadinoxanthin and of the important light-harvesting pig-
ments fucoxanthin and peridinin (fig. 1A) (Swift et al. 1980;
Lohr and Wilhelm 2001).

Whereas angiosperms appear to have only single-copy
genes encoding ZEP, the two diatoms, the pelagophyte, the
haptophytes, and the two prasinophytes of the genus Os-
treococcus contain multiple copies of putative ZEP genes
(fig. 4A). The encoded gene products form a cluster that is
separated from proteins of other green algae and vascular
plants. The particularly close relationship of chromist and
prasinophyte ZEP is further strengthened by the finding that
they share two diagnostic indels (fig. 4B). At least one of
these indels is also present in the partial sequences from
another basal green alga, the streptophyte M. viride (Marin
and Melkonian 1999) and the dinoflagellate Alexandrium
tamarense. Although the sequence from A. tamarense
was too short for reliable phylogenetic analysis, the shared
indel suggests that the dinoflagellate ZEP is also closely
related to the enzymes from prasinophytes.

Similarly, VDE sequences from the two Ostreococcus
species cluster with the homologous proteins from strame-
nopiles, haptophytes, and the dinoflagellate Amphidinium
carterae (fig. 5A), whereas in the two green algae V. carteri

FIG. 4.—(A) Phylogeny of ZEP: ML (RAxML) tree constructed from a protein alignment including 338 amino acid positions and (B) support by
the presence of two diagnostic indels specific to chromalveolate and prasinophyte sequences. The depicted sections of a full alignment are indicated by
the position of the first shown amino acid in the corresponding protein sequence of A. thaliana; at conserved sites, black boxes indicate identical amino
acids, whereas gray boxes denote similar amino acids; species names of chromalveolate algae are written in white letters on black background. Display
features in (A) are as in figure 1B; additional abbreviation: EX, Excavata.
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and C. reinhardtii, de-epoxidation of violaxanthin appears
to be catalyzed by an as-yet unknown enzyme that is un-
related to VDE from other organisms (Anwarruzzaman
et al. 2003). In the case of VDE, we found only unique can-
didate genes in chromalveolates and Chloroplastida. We
detected, however, one gene in Chloroplastida and between
three and four genes in the diatoms and the pelagophyte
encoding VDE-related proteins (data not shown). The
conserved core domains (about 250 amino acids) of the
VDE-related proteins display only 15–20% identity with
VDE and therefore were not included in the phylogenetic
analyses. In particular, a number of amino acid positions
that have been identified to be important for catalytic func-
tion of VDE (Emanuelsson et al. 2003; Gisselsson et al.
2004) are not conserved in the VDE-like proteins (data
not shown). Moreover, in preliminary analyses, we could
prove the catalytic function of the recombinant VDE pro-
tein from P. tricornutum, and initial mutational studies of
the enzyme suggest that the replacement of even short mo-
tifs in the lipocalin domain is likely to result in an inactive
enzyme (Nowoisky J, Herwig S, Lohr M, unpublished
data). Therefore, we suggest it unlikely that the VDE-like
proteins are involved in xanthophyll cycling.

Another remarkable feature shared by the diatom
P. tricornutum, the pelagophyte A. anophagefferens, and
the prasinophytes O. tauri and O. lucimarinus is the syn-
tenic arrangement of their VDE genes with one of the
ZEP paralogs (fig. 5B). The synteny is not observed in
T. pseudonana, and we found no indication of it in our par-
tial genome assemblies from E. huxleyi and E. siliculosus.

Whereas in Ostreococcus spp. and P. tricornutum, the two
genes are arranged tail to tail on opposite strands, the ZEP
gene in A. anophagefferens appears to have changed orien-
tation. Such small inversions involving only one or a few
genes have occurred frequently in yeast genome evolution
and are believed to be a general feature among eukaryotes
(Seoighe et al. 2000). This local synteny is further indica-
tion of a close phylogenetic relationship of the respective
genes, suggesting a gene transfer event in which this cluster
was introduced into an ancestral chromist/chromalveolate
from a prasinophyte-like alga. The observation that the tan-
dem arrangement of the two genes has been conserved in
several of the algal species during such a long evolutionary
period indicates that they probably are coregulated and that
this may offer some significant physiological advantage.
Furthermore, their tandem arrangement suggests that the
ZEP paralog located adjacent to the VDE gene is involved
specifically in the xanthophyll cycle, whereas the other pa-
ralogs may fulfill a different role, either by catalyzing the
epoxidation of carotenoids in the envelope membranes as
has been proposed by Wilhelm et al. (2006) or by having
acquired a different catalytic function.

It is noteworthy that in the two stramenopiles, the VDE
gene is in tandem with a different ZEP paralog than in the
two prasinophytes, that is, with ZEP3 instead of ZEP1
(compare figs. 4A and 5B). Interestingly, in the genome
of P. tricornutum, ZEP1 is located next to a gene encoding
one of the VDE-like proteins (fig. 5B). Together with the
low but detectable sequence identity, their tandem arrange-
ment with ZEP paralogs strongly suggests that the VDE and

FIG. 5.—(A) Phylogeny of VDE: ML (RAxML) tree constructed from a protein alignment including 256 amino acid positions. (B) In the genomes
of the prasinophytes Ostreococcus lucimarinus and Ostreococcus tauri and stramenopiles P. tricornutum and A. anophagefferens, one of the zeaxanthin
(ZEP) paralogs is located next to the single gene–encoding VDE. In the case of P. tricornutum, a second ZEP gene (ZEP1) is adjacent to a gene
encoding a VDE-like protein (see text for further details). For O. tauri, the question mark indicates that the exact number of base pairs which separate
the ORFs of ZEP and VDE is not known due to a sequence gap in the current version of the genome assembly. Open triangles indicate position of
introns. Length of ORFs not drawn to scale. Gene abbreviations: BT1, folate/biopterin transporter; CNS1, yeast-CNS1-like protein; EMP70,
endomembrane transporter protein; psbU, photosystem II 12-kDa extrinsic protein; psbW, photosystem II subunit W; RanBP, Ran-binding protein;
UDG, Uracil-DNA glycosylase; and unk, unknown protein. Display features in (A) are as in figure 1B; additional abbreviation: A, Alveolata.
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VDE-like genes are paralogs as well. The presence of at
least three VDE-like genes and two to three ZEP paralogs
in the diatoms and the pelagophyte indicates that probably
several duplications of the gene tandem took place which
again complicates phylogenetic reconstruction. Looking
more closely at the chromist/prasinophyte cluster in the
ZEP protein tree in figure 4A, however, it appears likely
that the gene duplication leading to ZEP1 and ZEP2/
ZEP3 occurred before the segregation of these paralogs into
the genomes of extant chromists and prasinophytes as we
already have inferred for the PDS paralogs. In our view,
this argues for an ancient acquisition of the ZEP1 and the
ZEP2/ZEP3 paralogs in chromists from an early-diverging
prasinophyte.

Their absence from cyanobacterial genomes suggests
that the xanthophyll cycle enzymes originated in a photo-
synthetic eukaryote sometime after the primary endosym-
biosis. It is unclear, however, whether this occurred before
or after the split of red and green algae. Red algae are gen-
erally thought to contain zeaxanthin or lutein as their only
xanthophylls. Yet, there have been several reports of the
presence of the epoxy xanthophylls antheraxanthin and vi-
olaxanthin in some red algae (Marquardt and Hanelt 2004;
Schubert N, Garcia-Mendoza E, and Pacheco-Ruiz I 2006;
and references therein), and the operation of a xanthophyll
cycle in rhodophytes of the derived genus Gracilaria has
been suggested (Ursi et al. 2003); however, this has not
been rigorously established. In other cases, no light-depen-
dent changes in the concentration of epoxy xanthophylls in
the corresponding red algae could be observed (Marquardt
and Hanelt 2004; Schubert H, Andersson M, and Snoeijs
P 2006). Based on current evidence, it is questionable
whether a xanthophyll cycle-related NPQ would be
compatible with a phycobilisome-based light-harvesting
machinery. Recently, a completely different energy quen-
ching mechanism has been found in cyanobacteria involv-
ing a water-soluble carotenoprotein that appears to interact
specifically with the phycobilisomes (Wilson et al. 2006,
2008). In red algae, photoprotection against high light is
not well understood, but results of fluorescence quenching
studies suggested that DpH-dependent quenching in the
PSII reaction centers may be an important component, in-
stead (Delphin et al. 1998).

It is now also recognized that de-epoxy xanthophylls
have to bind to particular light-harvesting complexes
(LHCs) that mediate the increased thermal dissipation of
excess excitation energy in the photosynthetic antennae.
In vascular plants, the LHC protein PsbS has been impli-
cated as an essential component in this process (Niyogi
et al. 2005) but thus far PsbS has only been found in chlor-
ophytes suggesting that it may have evolved specifically in
the green lineage (Koziol et al. 2007). Recent data from the
diatom Cyclotella cryptica (Beer et al. 2006; Gundermann
and Büchel 2008) and the green alga C. reinhardtii (Peers
et al. 2007) indicate that another type of LHC protein
named LI818 or LHCSR is also involved in xanthophyll-
related NPQ. LI818 is the only LHC protein known thus
far that is present in the green and chromalveolate algae
but missing from the available red algal genomes (Richard
et al. 2000; Green 2003; Koziol et al. 2007). Taken to-
gether, these findings are compatible with the idea that

in chromalveolates the genes encoding both components
necessary for xanthophyll cycle-based NPQ, that is, those
of the xanthophyll cycle enzymes VDE and ZEP as well as
those encoding the LI818 proteins have been acquired from
a prasinophyte alga.

We currently have no information about enzymes in-
volved in the last steps of xanthophyll formation in chro-
malveolates. However, there are conspicuous structural
features shared between some major light-harvesting xan-
thophylls that are found specifically in prasinophytes of the
order Mamiellales (Egeland et al. 1997) and those of chro-
malveolates (Young 1993), suggesting a biochemical link
between the two groups (fig. 6). In light of our findings, it is
possible that the formation of these xanthophylls in the
chromalveolates and basal green algae is catalyzed by or-
thologous enzymes and that the genes encoding these en-
zymes may have originated in a primitive prasinophyte.
Consequently, it appears that chromalveolates may have re-
cruited genes with green algal ancestry not only for the syn-
thesis of the core components of the xanthophyll cycle,
a pathway critical for protecting the cells from excess light
absorption, but also for the formation of new light-harvest-
ing pigments with increased efficiency to absorb green light
which dominates lower regions of the water column.

Evolutionary Scenarios to Explain Green Gene
Acquisition and Retention by Chromists/
Chromalveolates

Although none of the chromist proteins of putative
green algal provenance alone provides unequivocal data,
we think that the combination of our data generates suffi-
cient circumstantial evidence to suggest that at least hapto-
phytes and stramenopiles and putatively also cryptophytes
(with the limitation of incomplete sequence data from
G. theta) share a common set of green genes of prasino-
phyte derivation. Moreover, we observe the same phyloge-
netic mosaic of genes in the diatoms, the pelagophyte, the
haptophyte, and the cryptophyte, suggesting monophyly of
chromist host cells. Our results for HDS, ZEP, and VDE
indicate that this hypothesis may include dinoflagellates
as well, thus supporting the monophyly of these chromal-
veolates. This provisional result needs however to be sub-
stantiated with improved sequence coverage and taxon
sampling.

It has been suggested that the red algal endosymbiont
of chromalveolates was most closely affiliated to extant
rhodophytes of the order Porphyridiales (Shalchian-Tabrizi
et al. 2006). Given our limited taxon sampling among red
algae, it could be argued that some of the putative green
genes as, for example, those encoding ZEP and VDE were
introduced by the red alga which became the chromalveo-
late endosymbiont and that descendants of this alga may
exist among extant Porphyridiales, containing ZEP or
VDE genes more closely related to the respective genes
from chromalveolates than are those of primitive green al-
gae. Based on the phylogenetic trees of ZEP and VDE in
figures 4A and 5A, this would imply that the proteins from
Ostreococcus are more closely related to the red algal ho-
mologs than to those of the other Chloroplastida, that is,
a situation that we did not observe in any of the protein trees
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containing sequences from rhodophytes, prasinophytes,
and other Chloroplastida. Therefore, we consider this
explanation as unlikely.

Based on our findings and the reasoning above, we
suggest the following scenarios as being most plausible
for explaining the evolution of carotenoid biosynthesis in
chromalveolate algae. Under the first scenario, a heterotro-
phic host cell engulfed a red algal endosymbiont but re-
tained the capacity for phagocytosis and was able to feed
on other algae that served as a source of foreign genes that
could potentially replace host homologs. This would imply
that genes in the chromalveolates that are related to those of
prasinophytes were acquired by multiple, independent
HGT events. Alternatively, a nonphotosynthetic protist
may have engulfed and retained an early-diverging green
alga, precipitating intracellular gene transfer to the host nu-
cleus. This ‘‘cryptic’’ endosymbiont was superseded by
a subsequent red algal endosymbiosis that triggered the loss
of most green algal nuclear genes through homologous
gene replacement. Under this scenario, the only relic genes
of the green plastid phase of chromalveolate evolution
would be those that have survived gene replacement
(i.e., gene-for-gene) by red algal homologs or those that
confer unique plastid properties that were not present in
the new endosymbiont. Both these categories of course also
apply to genes of nonplastid function.

Our data would also be compatible with the hypothesis
of multiple plastid acquisitions among chromalveolates
(e.g., Bodyl 2005; Sanchez-Puerta et al. 2007). Even in this
case, however, the scenario above would remain valid but
limited to the most ancient photosynthetic chromalveolate
lineage which then could have donated its plastids and nu-
clear genes encoding plastid proteins to other chromalveo-

late lineages via subsequent endosymbioses. Based on
recent data that until now fail to provide robust support for
chromalveolate monophyly but do favor the two groups
SAR and HC (Burki et al. 2007, 2008; Hackett et al.
2007), one possible scenario would be that the green algal
genes were introduced first by endosymbiotic gene transfer
into the ancestor of the HC clade and then transferred via sec-
ondary endosymbiosis from an early-diverging alga of the HC
clade to a member of the SAR group either before or shortly
after thesplit ofRhizaria fromstramenopilesandalveolates. In
the former case, Rhizaria would subsequently have lost the
HC endosymbiont/plastid and probably all photosynthesis-
related genes, thus excluding the possibility to distinguish
between the two alternatives based on analyses of plastid pro-
teins like those involved incarotenoid biosynthesis.However,
because current analyses of host-derived cytosolic proteins
continue to generate conflicting results regarding the deep
branching order of the eukaryote tree (Burki et al. 2007,
2008; Hackett et al. 2007; Patron et al. 2007; Rodrı́guez-
Ezpeleta et al. 2007; Yoon et al. 2008), it appears premature
to favor either single or serial acquisition of the green algal
carotenogenic genes by chromalveolates.

As another potential scenario, it has been proposed
that a primitive green alga may have served as the second-
ary host in the evolution of stramenopiles, that is, the host
was already photosynthetic and would have lost its primary
plastids either before or soon after the secondary endosym-
biosis (Häuber et al. 1994; Nozaki et al. 2003, 2007; Nozaki
2005). In such a situation, the host cell nucleus may have
already contained genes derived from a primary cyanobac-
terial endosymbiont, as suggested in the case of the gene for
host-encoded cytosolic phosphogluconate dehydrogenase,
which may have a cyanobacterial origin in plants, green,

FIG. 6.—Conspicuous structural motifs are shared by xanthophylls from chromalveolates (Young 1993) and prasinophyte algae of the order
Mamiellales (Egeland et al. 1997). (A) A unique keto group (indicated with dotted circle) is found at C8 in preprasinoxanthin from Mamiellales and in
fucoxanthin from, for example, diatoms and haptophytes, respectively; (B) a lactone ring (indicated with dotted circle) is present in uriolide from
Mamiellales and in peridinin from dinoflagellates, respectively (see also fig. 1A).
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red, and stramenopile algae as well as in a number of non-
photosynthetic protists (Andersson and Roger 2002). How-
ever, recent analyses of host cell phylogeny, based on
extensive protein data, suggest monophyly of all primary
photosynthetic eukaryotes (i.e., the Plantae) to the exclu-
sion of lineages that resulted from secondary endosymbi-
otic events (Rodrı́guez-Ezpeleta et al. 2005; Hackett
et al. 2007; Burki et al. 2008). In light of these studies,
it appears unlikely that chromophyte genes with green algal
ancestry are remnants of a primary plastid.

The HGT hypothesis is used most frequently to
explain the origin of genes in one lineage from multiple do-
nors that are phylogenetically distantly related to each other
(e.g., Nosenko and Bhattacharya 2007). Our data indicate
however that all the green genes involved in carotenoid bio-
synthesis in chromalveolates originated from a specific
group of basal green algae. This is consistent with the idea
(not proving it) that they were acquired from a point source
(i.e., a single donor). This hypothesis is well supported by
our phylogenetic and diagnostic indel data for PDS and
ZEP (figs. 2 and 4); however, taxon sampling among green
algal species is not yet broad enough for HDS, IDI, and
VDE to make the same argument. An alternative explana-
tion for our data based on the HGT model is that prasino-
phytes were common prey for ancient chromalveolates and
the foreign sequences arose via a gene transfer ratchet. In
either case, our data suggest that the green genes encoding
HDS and VDE have been acquired before the split of dino-
flagellates, haptophytes, and stramenopiles, that is, early in
the evolution of chromalveolates, and that the VDE gene
was introduced in tandem with the prasinophyte-derived
ZEP genes.

Based on the accumulating evidence, we currently
favor the scenario under which the green algal genes were
acquired from an ancient cryptic green algal endosymbiont.
This explanation is not arbitrary but rather recognizes the
fact that dinoflagellates have a documented history of plas-
tid replacement that involves green and other types of algae.
In the case of dinoflagellates such as Karenia brevis and
Karlodinium micrum, the secondary plastid of red algal or-
igin was replaced by a tertiary haptophyte-derived plastid
that led to the concomitant substitution of many of the nu-
cleus-encoded plastid proteins (for discussion, see Ishida
and Green 2002; Nosenko et al. 2006; Patron et al.
2006). Nosenko et al. (2006) also identified a surviving
gene from the red plastid phase of K. brevis, a plastid tar-
geted form of glyceraldehyde-3-phosphate dehydrogenase
(gapC1-pd) that is shared by peridinin-containing dinofla-
gellates. This is the type of evolutionary scenario we as-
sume also happened early in chromalveolate evolution
resulting in the replacement of the green algal plastid
(and associated nuclear genes) with one of red algal
derivation.

Given these ideas, why then would genes from a hypo-
thetical prasinophyte plastid phase be retained by chromal-
veolates? In the case of the genes encoding components of
the xanthophyll cycle, the answer appears to be obvious be-
cause this photoprotective mechanism ensures a high pho-
tosynthetic efficiency under fluctuating light (Müller et al.
2001; Horton et al. 2005; Lavaud 2007). The argument of
functional significance may also hold true for HDS because

the insertion in the green protein is well conserved only in
eukaryotic phototrophs (see above), suggesting that it has
a regulatory role in the formation of carotenoids and related
isoprenoids that is specific to these organisms. HDS from
the cryptophyte G. theta is an intriguing exception because
it apparently has lost a large part of the insertion together
with a part of the conserved N-terminal domain (supple-
mentary fig. 2C, Supplementary Material online). Although
this may simply be coincidence, it is remarkable that similar
to red algae, cryptophytes still use phycobiliproteins as
light-harvesting components and lack a xanthophyll cycle.
Thus, it is tempting to speculate the existence of a regulatory
(feedback) mechanism involving HDS and components of
the xanthophyll cycle or specific light-harvesting proteins.
Based on our analyses, biochemical studies aimed at under-
standing the significance of the insertions in HDS and also
PDS are crucial to either support or reject this hypothesis.

Finally, the high number of green proteins in the ca-
rotenoid biosynthesis pathway suggests that green genes
might significantly contribute to other biosynthetic path-
ways within chromalveolate plastids. With the growing
number of algal genome sequences, issues of evolutionary
origins of individual genes and the mosaic nature of the nu-
clear gene content of the chromalveolates can be addressed
using whole-genome comparisons. Such studies should be
able to generate sufficient data to either confirm or reject
the hypothesis of a cryptic green endosymbiont that we sug-
gest has left indelible footprints in the genomes of extant
chromalveolates.

Supplementary Material

Supplementary figures 1 and 2 and tables 1 and 2 are
available at Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/). The GenBank accession
numbers for the sequences reported in this paper are
FJ175667–FJ175685.
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Shalchian-Tabrizi K, Skånseng M, Ronquist F, Klaveness D,
Bachvaroff TR, Delwiche CF, Botnen A, Tengs T, Jakobsen KS.
2006. Heterotachy processes in rhodophyte-derived secondhand
plastid genes: implications for addressing the origin and
evolution of dinoflagellate plastids. Mol Biol Evol. 23:
1504–1515.

Stamatakis A. 2006. RAxML-VI-HPC: maximum likelihood-
based phylogenetic analyses with thousands of taxa and
mixed models. Bioinformatics. 22:2688–2690.

Sterky F, Bhalerao RR, Unneberg P, et al. (19 co-authors). 2004.
A Populus EST resource for plant functional genomics. Proc
Natl Acad Sci USA. 101:13951–13956.

Swift IE, Milborrow BV, Jeffrey SW. 1980. Formation of
neoxanthin, diadinoxanthin and peridinin from [14C]zeaxan-
thin by a cell-free system from Amphidinium carterae.
Phytochemistry. 21:2859–2864.

Szabo I, Bergantino E, Giacometti GM. 2005. Light and
oxygenic photosynthesis: energy dissipation as a protection
mechanism against photo-oxidation. EMBO Rep. 6:629–634.

Tyra HM, Linka M, Weber AP, Bhattacharya D. 2007. Host
origin of plastid solute transporters in the first photosynthetic
eukaryotes. Genome Biol. 8:R212.

Ursi S, Pedersen M, Plastino E, Snoeijs P. 2003. Intraspecific
variation of photosynthesis, respiration and photoprotective
carotenoids in Gracilaria birdiae (Gracilariales: Rhodophyta).
Mar Biol. 142:997–1007.
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