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Abstract. The plastids of red algae, green plants,
and glaucophytes may have originated directly from a
cyanobacterium-like prokaryote via primary endo-
symbiosis. In contrast, the plastids of other lineages
of eukaryotic phototrophs appear to be the result of
secondary or tertiary endosymbiotic events involving
a phototrophic eukaryote and a eukaryotic host cell.
Although phylogenetic analyses of multiple plastid
genes from a wide range of eukaryotic linecages have
been carried out, the phylogenetic positions of the
secondary plastids of the Chromista (Hetero-
kontophyta, Haptophyta and Cryptophyta) are am-
biguous in a range of different analyses. This
ambiguity may be the result of unusual substitutions
or bias in the plastid genes established by the sec-
ondary endosymbiosis. In this study, we carried out
phylogenetic analyses of five nuclear genes of cy-
anobacterial origin (6-phosphogluconate dehydroge-
nase [gnd], oxygen-evolving-enhancer [psbO],
phosphoglycerate kinase [pgk], delta-aminolevulinic
acid dehydratase [aladh], and ATP synthase gamma
[atpC] genes), using the genome sequence data from
the primitive red alga Cyanidioschyzon merolae 10D.
The sequence data robustly resolved the origin of the
cyanobacterial genes in the nuclei of the Chromista
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(Heterokontophyta and Haptophyta) and Dino-
phyta, before the divergence of the extant red algae
(including Porphyra [Rhodophyceae] and Cyanidios-
chyzon [Cyadidiophyceae]). Although it is likely that
gnd genes in the Chromista were transmitted from the
cyanobacterium-like ancestor of plastids in the pri-
mary endosymbiosis, other genes might have been
transferred from nuclei of a red algal ancestor in the
secondary endosymbiosis. Therefore, the results in-
dicate that the Chromista might have originated from
the ancient secondary endosymbiosis before the di-
vergence of extant red algae.

Key words: Chromista — Cyanobacterial nuclear
genes — Phylogeny — Plastids — Primary endo-
symbiosis — Secondary endosymbiosis

Introduction

The origin and diversity of plastids (chloroplasts) in
eukaryotic cells can be attributed to two types of
endosymbiotic events: primary endosymbiosis, by
which the primary plastids (with two bounding
membranes) originated directly from a cyanobacte-
rium-like prokaryote, and secondary or tertiary
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Table 1.

List of additional sequences (Andersson and Roger 2002; Archibald et al. 2003) included in the wide range of eukaryotic

phylogeny (Figs. 1, 2, 3, 4, 5) and DDBJ/EMBL/GenBank accession numbers of the five nuclear genes

Origin or DDBJ/EMBL/GenBank accession number

Taxon gnd psbO pek aladh atpC

Cyanidioschyzon AB159595 AB159597 AB159598 AB159599 ABI159600
AB159596

Porphyra EsT*® EST?

4Obtained from EST data of Porphyra yezoensis (Nikaido et al. 2000).

Short sequence (< 50%).

endosymbiosis, involving a phototrophic eukaryote
and a eukaryotic host cell giving rise to secondary or
tertiary plastids (surrounded by three or four
bounding membranes) (e.g., Bhattacharya and
Medlin 1995; Delwiche 1999; McFadden 2001; Cav-
alier-Smith 2002; Yoon et al. 2002a). Based on phy-
logenetic analyses of plastid-coding genes, and the
similarity of pigment compositions and plastid ge-
nome organization, the secondary plastids have been
assigned to either the red lineage with the red algal
plastids or the green lineage with green plant plastids
(e.g., Bhattacharya and Medlin 1995; Delwiche 1999;
McFadden 2001; Cavalier-Smith 2002; Nozaki et al.
2003b). The Chromista, which are comprised of the
Heterokontophyta, Haptophyta, and Cryptophyta,
have secondary plastids of the red lincage (e.g.,
Delwiche 1999; McFadden 2001; Cavalier-Smith
2002, 2003). Although phylogenetic analyses using
multiple plastid genes from a wide range of eukary-
otic lineages suggest that the secondary plastids in
the Chromista originated after the divergence of ex-
tant red algae (Rhodophyceae and Cyanidiophy-
ceae), the phylogenetic positions of secondary
plastids have been found to be ambiguous in a range
of different phylogenetic analyses (Martin et al. 2002;
Maul et al. 2002; Yoon et al. 2002a, b; Ohta et al.
2003). This ambiguity might be derived from unusual
substitutions or bias, related to differences between
the primary and the secondary plastids during
evolution.

Cyanobacterial genes are encoded in the nuclear
genomes in a wide range of primary photosynthetic
organisms, and these genes are thought to have been
transmitted from a cyanobacterium-like ancestor of
plastids by primary endosymbiosis. These genes are
usually located in the nuclear genomes of the sec-
ondary photosynthetic organisms and are, therefore,
useful as phylogenetic markers for primary and sec-
ondary endosymbiosis that has occurred during the
evolution of eukaryotes. Andersson and Roger (2002)
demonstrated that 6-phosphogluconate dehydroge-
nase (gnd) genes with cyanobacterial affinity are
present in the nuclear genomes of primary and sec-
ondary photosynthetic organisms, including Hetero-
kontophyta, green plants, and the red alga Porphyra.

Ishida and Green (2002) investigated the phylogenetic
relationships between the plastids from Chromista
and Dinophyta based on sequences of the nuclear-
encoded plastid gene encoding oxygen-evolving-en-
hancer (psbO). More recently, Archibald et al. (2003)
analyzed several cyanobacterial nuclear genes from
various eukaryotes, including the chlorarachniophyte
Bigelowiella. However, since most of these phylo-
genetic analyses included only a single red algal op-
erational taxonomic unit (OTU) (Porphyra from the
Rhodophyceae), the phylogenetic position of sec-
ondary plastids in the Chromista could not be re-
solved with respect to divergence of the extant red
algae (Andersson and Roger 2002; Ishida and Green
2002; Archibald et al. 2003). Therefore, the study of
cyanobacterial nuclear genes from other red algae,
especially those of the Cyanidiophyceae, is needed to
resolve this problem.

We recently launched a genome project to inves-
tigate the primitive red alga Cyanidioschyzon merolae
(Cyanidiophyceae). This project has resulted in the
complete nuclear genome sequence for this taxon
(Matsuzaki et al. unpublished). In the present study,
we aimed to determine the plastid primary and sec-
ondary endosymbiosis based on sequences from nu-
clear genes of cyanobacterial origin. The analysis of
these genes has given robust support to the origin of
the cyanobacterial genes in the Chromista nuclei,
before the divergence of the extant red algae.

Materials and Methods

Phylogenetic Analyses of Protein Sequences from Each
Gene

The data matrices of the five nuclear genes of cyanobacterial origin
were found to be essentially the same as those reported in An-
dersson and Roger (2002) and Archibald et al. (2003), except that
they included the sequences listed in Table 1 and excluded amit-
ochondrial eukaryotic organisms, which are known to have unu-
sual gene substitutions due to parasitism or the absence of
mitochondria (see Stiller et al. 1998, 2001). The four nuclear genes
(gnd, psbO, phosphoglycerate kinase [pgk], delta-aminolevulinic
acid dehydratase [aladh], and ATP synthase gamma [atpC]) used by
Archibald et al. (2003) were selected for the present study, as OTUs
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from the Chromista and red algae were included in the data ma-
trices in that study, and two representatives of the red algae (Cy-
anidioschyzon of the Cyanidiophyceae and Porphyra/Gracilaria of
the Rhodophyceae) were analyzed using the sequences provided in
Table 1. Since the pgk and aladh genes of the chlorarachniophyte
Bigelowiella can be considered to be results of the lateral gene
transfers from the red algae, these genes were excluded from the
present phylogenetic analyses. The sequences were aligned using
CLUSTAL X (Thompson et al. 1997) with default options. Am-
biguous portions with large gaps in the alignment were excluded
from the data matrices (available from HN on request).
Maximum parsimony (MP) trees were constructed using a
heuristic search (with the tree bisection-reconnection [TBR]
branch-swapping algorithm), using PAUP 4.0 b10 (Swofford 2002).
Neighbor-joining (NJ) trees (Saitou and Nei 1987) were con-
structed using CLUSTAL X, and genetic distances were calculated
according to the method of Kimura (1983). Maximum likelihood
(ML) analyses were carried out using Proml of PHYLIP 3.6 (Fel-
senstein 2002) based on the JTT model (Jones et al. 1992) and the
discrete gamma model for site heterogeneity (using five discrete rate
categories) with alpha parameters that were calculated by TREE-
PUZZLE 5.0 (Strimmer and von Haeseler 1996). The calculations

double asterisks indicate taxa with
primary and secondary plastids,
respectively.

of bootstrap values (Felsenstein 1985) for the MP and NJ analyses
were based on 1000 replications. For the ML method, bootstrap
values were calculated based on 100 replications using Seqboot and
Proml of PHYLIP 3.6 (Felsenstein 2002).

Phylogenetic Analyses of Limited Eukaryotic OTUs
Using Concatenated Protein Sequences from Four
Nuclear Genes

Sequence data for 10 representative OTUs (Spinacea, monocoty-
ledons [Oryza, Triticum, and Hordeum)], Arabidopsis, Chlamydo-
monas, Rhodophyceae [Porphyra and Gracilaria), Cyanidioschyzon
[Cyanidiophyceae], diatoms [Phaeodactylum and Odontella),
Anabaena sp. PCC 7120, Synechocystis sp. PCC 6803, and Pro-
chlorococcus marinus CCMP 1986) were extracted from the data
matrices of the four genes (pshO, pgk, aladh, and atpC). In these
four nuclear genes, plastid secondary endosymbiosis possibly re-
sulted in the transference of genes to the nuclei of the Chromista
(see below). These four amino acid sequences were concatenated to
form a single data matrix consisting of 1217 amino acids (available
from H.N. on request), which was analyzed phylogenetically as
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Fig. 2. One of the two most
parsimonious trees (with tree length
of 1406 and consistency index of
0.6031) based on 228 amino acid
sequences from pshO genes of 30
OTUs representing cyanobacterial
and eukaryotic taxa. The tree was
constructed based on the heuristic
search using stepwise addition of 50
random replications (with the TBR
branch-swapping algorithm) by
PAUP 4.0b10 (Swofford 2002).
Branch lengths are proportional to
numbers of amino acid
substitutions, which are indicated by
the scale bar below the tree.
Numbers above branches are the
bootstrap values (50% or more)
based on 1000 replications of the full
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described above except that bootstrap values for ML analysis were
calculated based on 1000 replications. In addition, all 15 possible
trees for green plants (Spinacea, monocotyledons, Arabidopsis, and
Chlamydomonas,), Rhodophyceae, Cyanidioschyzon, diatoms, and
cyanobacteria (Anabaena sp. PCC 7120, Synechocystis sp. PCC
6803, and Prochlorococcus marinus CCMP 1986; designated as the
outgroup) were examined by PROTML of MOLPHY 2.3 (Adachi
and Hasegawa 1996) and AAML of PAML (Yang 1997) without
and with the discrete gamma model for site heterogeneity (the re-
lationships within green plants and cyanobacteria were fixed as
shown in Fig. 6). Bootstrap values were calculated by the RELL
method (Kishino et al. 1990) with 10,000 replications. The Kishino
and Hasegawa (KH; 1989), weighted Shimodaira and Hasegawa
(WSH; 1999), and approximately unbiased (AU) tests were per-
formed using the program CONSEL (Shimodaira and Hasegawa
2001).

Results

Phylogeny of gnd Genes

The gnd genes of the eukaryotic organisms analyzed
in this study formed two distinct lineages, one closely
related to the cyanobacterial lineage and the other

 E— Prochlorococcus marinus CCMP 1986
Prochlorococcus marinus MIT 9313

heuristic analysis (with simple
addition sequence). Branches
resolved with 50% or more
bootstrap values by the neighbor-
joining method (based on the
Kimura distances) and/or maximum
likelihood calculation (based on JTT
model with rate heterogeneity) are
also shown by numbers under the
branches without or with
parentheses, respectively. Single and
double asterisks indicate taxa with
primary and secondary/tertiary
plastids, respectively.

(Cyanobacteria)

with higher affinity to the proteobacteria (Fig. 1). The
former lineage was composed of primary and sec-
ondary plastid-containing organisms (green plants,
red algae, heterokontophytes, and apicomplexans), as
well as plastid-lacking organisms (heterokont Phy-
thophora and Heterolobosea) belonging to the Bik-
onta (Cavalier-Smith 2003) or Plantae (Nozaki et al.
2003a). Although monophyly of the red algae, green
plants, and Heterokonta was resolved, the phylo-
genetic positions of these three groups were ambig-
uous within the former eukaryotic lineage (Fig. 1).
The latter eukaryotic lineage was composed of the
Opisthokonta (Metazoa and Fungi), red algae, and
cellular slime mold Dictyostelium, whereas red algae
were resolved as a robust monophyletic sister group
to the Opisthokonta, with Dictyostelium occupying
the most basal position (Fig. 1).

Phylogenetic Analyses of Other Nuclear Genes

The psbO protein sequences analyzed in this study
demonstrated that the red and green lineages are re-
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solved as two monophyletic groups with high boot-
strap support (95-100%) using all three phylogenetic
methods (Fig. 2). In the red lineage, the red algae
(Porphyra and Cyanidioschyzon) formed a robust
monophyletic group (with 73-91% bootstrap values)
that was sister to the lineage composed of Chromista
(Haptophyta and Heterokontophyta) and Dinophyta
(Fig. 2). Other phylogenetic results of pshbO gene
phylogeny were essentially the same as those reported
by Ishida and Green (2002) and Archibald et al.
(2003).

In the phylogenetic analyses of pgk and atpC, the
red lineage was resolved as a robust monophyletic
group in all of the three phylogenetic methods (with
more than 80% bootstrap values) (Figs. 3 and 4).
However, only the NJ and ML analysis resolved the
red lineage with more than 50% bootstrap values in
the phylogeny of aladh gene sequences (Fig. 5). Al-

and secondary plastids,
respectively.

though the analysis of atpC gene sequences suggested
the robust monophyly of the red algae (Porphyra and
Cyanidioschyzon), with 67-93% bootstrap values
(Fig. 4), phylogenetic results for pgk suggested the
moderate nonmonophyly of the red algae (Fig. 3)
and monophyly of the red algae was supported by
only the ML method with 50% or more bootstrap
values in aladh gene phylogeny (Fig. 5).

Phylogenetic analyses of limited eukaryotic OTUs
using concatenated protein sequences from four nu-
clear genes (psbO, pgk, aladh, and atpC) demon-
strated the robust monophyly of the red
(Rhodophyceae, Cyanidioschyzon, and Hetero-
kontophyta) and green lineages, with 100% bootstrap
values by all three phylogenetic methods. In the red
lincage, the red algac were resolved as a robust
monophyletic group (with 84-99% bootstrap values)
to which the Heterokontophyta was sister.
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From both the PROTML and the AAML anal-
yses, the highest likelihood tree turned out to be
Tree 1: (green plants, ((Rhodophyceae, Cyanidios-
chyzon), diatoms), Cyanobacteria) (Table 2). A clade
consisting of Rhodophyceae and Cyanidioschyzon
was supported with 97.8 and 92.7% bootstrap values
by the PROTML and AAML analyses, respectively.
By contrast, the groupings of diatoms and Rhodo-
phyceae/Cyanidioschyzon (Trees 2 and 3; Table 2)
were rejected with only 0.2-7.2% bootstrap support
by the PROTML and AAML analyses. These
groupings were also rejected at the 5% level by the
KH and AU tests for the PROTML analysis, al-
though they could not be rejected by the conserva-
tive WSH test for the PROTML analysis (highest P
value was 0.089) and by the three tests for the
AAML analysis (highest P values were 0.078-0.239)
(Table 2).

double asterisks indicate taxa with
primary and secondary plastids,
respectively.

Discussion
Phylogeny of gnd Genes

Andersson and Roger (2002) showed that gnd genes
with a high cyanobacterial affinity are present in
plastid-lacking organisms belonging to the Hetero-
konta and Heterolobosea (Discicristata), and these
genes form a monophyletic group with those from
the plastid-containing Apicomplexa, Heterokonta,
green plants, and the red alga Porphyra. Therefore,
two alternative hypotheses have been suggested: ei-
ther (1) primary plastids might have been intro-
duced into the eukaryotic cells of a common
ancestor of the three primary photosynthetic euk-
aryotic groups as well as Discicristata, Heterokonta,
and Alveolata, or (2) secondary plastids might have
mediated the gnd gene transfer (Andersson and
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Roger 2002; Cavalier-Smith 2002). The results of
our phylogenetic analyses suggest that monophyly
of the extant red algae, as represented by Porphyra
(Rhodophyceae) and Cyanidioschyzon (Cyanidio-
phyceae), might have resulted from gnd gene trans-
fer before the divergence of the extant red algae
(Fig. 1). This is consistent with the hypothesis re-
cently proposed by Nozaki et al. (2003a), that pri-
mary endosymbiosis might have occurred in a
common ancestor of the three primary photosyn-
thetic eukaryotes as well as the organisms lacking
primary plastids (Discicristata, Heterokonta, and
Alveolata). More recently, Nozaki et al. (2003b)
proposed that the gnd genes in Heterolobosea
(Discicristata) could have resulted from gene trans-
fer in an ancient primary endosymbiosis because
their cladistic analysis of plastid gene loss suggested
the relatively recent acquisition of the secondary
plastid of Euglena (after the divergence of Chloro-
phyceae and Trebouxiophyceae).

In this study, we demonstrated that the gnd genes
of Cyanidioschyzon and Porphyra, with a high pro-

Single and double asterisks indicate

Agrobacterium tumefaciens taxa with primary and secondary

plastids, respectively.

teobacterial affinity, form a monophyletic group that
is sister to the Opisthokonta in the gnd gene phy-
logeny (Fig. 1). However, such genes have not been
reported in other plastid-containing or plastid-lack-
ing organisms (green plants, Heterokonta, Discicris-
tata, and Apicomplexa) belonging to Bikonta
(Cavalier-Smith 2003) or Plantac (Nozaki et al.
2003a) (Fig. 1). Therefore, the gnd genes with a high
proteobacterial affinity might have been lost in these
organisms, and this loss might have taken place only
once, as suggested by the results of Nozaki et al.
(2003a), resolving the red algae as a basal lineage to
the monophyletic group composed of other organ-
isms (green plants, Heterokonta, Discicristata, etc.) in
Bikonta (Cavalier-Smith 2003) or Plantae (Nozaki et
al. 2003a). Alternatively, such genes might have been
transmitted to the red algae by the horizontal gene
transfer from the common ancestor of the Opi-
sthokonta (Metazoa and Fungi) before the diver-
gence of the extant red algae.

Although the question of which organism is the
most basal eukaryote has been the subject of a long-
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100 changes

standing debate, recent phylogenetic studies have
suggested two candidates: excavates (including amit-
ochondrial eukaryotes, diplomonads, and parabasa-
lids) and Amoebozoa. Previous phylogenetic studies
of eukaryotes based on nuclear protein-coding genes
usually included the amitochondrial eukaryotic or-
ganisms such as Diplomonadida (e.g., Giardia lam-
bia) and Parabasala (e.g., Trichomonas), with the
archaebacterial homologous genes designated as the
outgroup (e.g., Hasegawa et al. 1993; Baldauf and
Doolittle 1997; Stiller et al. 1998; Moreira et al. 2000;
Bapteste et al. 2002). In these studies, amitochondrial
organisms are consistently positioned as the most
basal group within the eukaryotes (Hasegawa et al.
1993; Baldauf and Doolittle 1997; Stiller et al. 1998;
Moreira et al. 2000; Bapteste et al. 2002). However,
the basal phylogenetic position of amitochondrial
eukaryotes can possibly be considered an artifact, due
to the unusual gene substitutions of amitochondrial
eukaryotes and the large genetic distance between the
Archaebacteria and Eukaryotes (see Nozaki et al.
2003a). Recently, Cavalier-Smith (2002) and Stech-
mann and Cavalier-Smith (2002) suggested that the
Amoebozoa represent the most basal eukaryotic lin-
eage, based on the diversification of the microtubular
cytoskeleton and/or presence/absence of dihydrofo-

respectively.

late reductase-thymidylate synthase gene fusion. In
addition, the present phylogenectic results and the
analysis of the gnd genes with a high proteobacterial
affinity demonstrate the basal position of the cellular
slime mold (Dictyostelium) to the red algae and
Opisthokonta (Fig. 1). The basal position of Dicty-
ostelium has also been suggested in some phylogenetic
trees based on the presence of recently (after euk-
aryotic origin) duplicated genes in the nuclear ge-
nome. Rivero et al. (2001) showed that 15 Rho (Ras-
like small GTPases)-related proteins from Dictyoste-
lium hold basal positions to the Metazoa and Fungi,
as well as to the green plant Arabidopsis. Nozaki et al.
(2003a) resolved the cellular slime molds as the most
basal mitochondria-containing eukaryotes, based on
a paralogous comparison of the concatenated alpha-
and beta-tubulin genes of mitochondria-containing
organisms.

Phylogenetic Analyses of Other Nuclear Genes

Recent phylogenetic analyses of the plastid multigene
sequences have demonstrated that secondary plastids
are positioned within the red algal lineages, suggest-
ing secondary endosymbiosis after the divergence of
extant red algae (Rhodophyceae and Cyanidiophy-



111

Table 2. Comparison of alternative trees inferred from maximum likelihood (ML) analyses of concatenated 1217 amino acid sequences
from four genes (psbO, pgk, aladh and atpC) of cyanobacterial and eukaryotic taxa (see Fig. 6)*

p value®
Tree topology® Aln L + SE° BT KH WSH AU
Without I'"
1. ((Green,((Rhodo,Cyani),Diat)),Cyanob) <-16525.9> 0.978 0.975 1.000 0.988
2. ((Green,(Rhodo,(Cyani,Diat))),Cyanob) -229 £ 9.3 0.002 0.009 0.033 0.002
3. ((Green,((Rhodo,Diat),Cyani)),Cyanob) -19.8 + 10.1 0.020 0.025 0.089 0.022
4. (((Green,Diat),(Rhodo,Cyani)),Cyanob) -953 £+ 21.5 0 0 0 S5e-07
S. (((Green,(Rhodo,Cyani)),Diat),Cyanob) -101.5 + 20.3 0 0 0 6e-08
6. (((Green,(Rhodo,Diat)),Cyani),Cyanob) -127.2 + 247 0 0 0 le-41
7. (((Green,Cyani),(Rhodo,Diat)),Cyanob) -127.5 + 24.6 0 0 0 4e-49
8. (((Green,Rhodo),(Cyani,Diat)),Cyanob) -139.2 + 23.6 0 0 0 2e-06
9. (((Green,(Cyani,Diat)),Rhodo),Cyanob) -139.5 + 234 0 0 0 2e-07
10. ((((Green,Rhodo),Diat),Cyani),Cyanob) -147.9 + 25.5 0 0 0 2e-04
11. ((((Green,Diat),Rhodo),Cyani),Cyanob) -135.8 + 26.0 0 0 0 4e-09
12. ((((Green,Cyani),Diat),Rhodo),Cyanob) -147.1 £ 253 0 0 0 4e-44
13. ((((Green,Diat),Cyani),Rhodo),Cyanob) -139.7 £ 253 0 0 0 6e-10
14. ((((Green,Rhodo),Cyani),Diat),Cyanob) -150.1 + 24.5 0 0 0 2e-09
15. ((((Green,Cyani),Rhodo),Diat),Cyanob) —143.5 £ 253 0 0 0 7e-81
With T®

1. ((Green,((Rhodo,Cyani),Diat)),Cyanob) <-16032.2> 0.927 0.922 0.999 0.933
2. ((Green,(Rhodo,(Cyani,Diat))),Cyanob) -152 £ 7.1 0.002 0.020 0.071 0.013
3 ((Green,((Rhodo,Diat),Cyani)),Cyanob) -11.7 + 8.2 0.072 0.078 0.239 0.084
4. (((Green,Diat),(Rhodo,Cyani)),Cyanob) -74.6 £ 179 0 0 0 2e-32
5. (((Green,(Rhodo,Cyani)),Diat),Cyanob) =763 £ 17.3 0 0 3e-04 le-31
6. (((Green,(Rhodo,Diat)),Cyani),Cyanob) -97.7 £ 21.1 0 0 0 3e-14
7. (((Green,Cyani),(Rhodo,Diat)),Cyanob) -98.3 £ 20.9 0 0 le-04 2e-42
8. (((Green,Rhodo),(Cyani,Diat)),Cyanob) -105.0 + 19.8 0 0 0 le-39
9. (((Green,(Cyani,Diat)),Rhodo),Cyanob) -105.0 = 19.8 0 0 0 le-39
10. ((((Green,Rhodo),Diat),Cyani),Cyanob) -110.2 £ 21.2 0 0 0 le-32
11. (((Green,Diat),Rhodo),Cyani),Cyanob) -106.3 + 21.5 0 0 0 le-06
12. ((((Green,Cyani),Diat),Rhodo),Cyanob) -111.2 £ 20.9 0 0 0 2e-70
13. ((((Green,Diat),Cyani),Rhodo),Cyanob) -108.0 + 21.1 0 0 9e-05 3e-54
14. (((Green,Rhodo),Cyani),Diat),Cyanob) -112.5 + 20.5 0 0 3e-05 le-61
15. ((((Green,Cyani),Rhodo),Diat),Cyanob) -110.8 + 20.9 0 0 0 Te-71

#A11 of 15 possible tree topologies of five OTUs are shown. The relationships within green plants and cyanobacteria were fixed as shown in

Fig. 6. For details also see text.

®Green, green plants; Rhodo, Rhodophyceae; Cyani, Cyanidioscnyzon (Cyanidiophyceae); Diat, diatoms (Chromista); Cyanob,

cyanobacteria (outgroup).

“Differences in the log-likelihoods of alternative trees from that of the ML tree (Tree 1) (A In L) are given + 1 SE (estimated by Kishino and

Hasegawa’s [1989] formula).

9Bootstrap values calculated by the RELL method (Kishino et al. 1990) with 10,000 replications.

¢p values of the KH, WSH, and AU tests were estimated by the CONSEL program (Shimodaira and Hasegawa 2001).

fML analyses without discrete gamma model of site heterogeneity by PROTML of MOLPHY 2.3 (Adachi and Hasegawa 1996).

ML analyses with discrete I' model of site heterogeneity by AAML of PAML (Yang 1997). The optimized alpha parameter of the I' model

was optimized for each tree (0.73-0.75).

ceae) (Marin et al. 2002; Maul et al. 2002; Yoon et al.
2002a, b; Ohta et al. 2003). In contrast, the present
phylogenetic analyses using nuclear cyanobacterial
genes suggest that secondary endosymbiosis in red
algae could have taken place before the divergence of
the extant red algae, based on the robust monophyly
of the extant red algae (Figs. 2 and 4-6, Table 2) and
the rejection of Trees 2 and 3 at the 5% level by KH
and AU tests for PROTML analysis (Table 2). Itoh
et al. (2002) compared the complete genome se-
quences of two different endosymbionts and demon-
strated that the rate of amino acid substitution is
twice as high in symbionts as in their relatives, sug-
gesting that the elevated evolutionary rate is mainly

due to an enhanced mutation rate in endosymbionts.
The available evidence suggests that secondary plas-
tid genes may carry accelerated and/or unusual gene
substitutions compared with those of primary plast-
ids, because the secondary plastids can be considered
to be the plastids of reduced ecukaryotic endos-
ymbionts (e.g., Delwiche 1999; McFadden 2001).
Thus, phylogenetic results of nuclear genes of a high
cyanobacterial affinity should be useful for repre-
senting natural phylogenetic relationships because
such genes in secondary photosynthetic eukaryotes
have experienced the same evolutionary environment
as those in the primary photosynthetic eukaryotes,
even following secondary endosymbiosis, when the
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genes should have been transferred from the engulfed
photosynthetic eukaryote to the host nucleus. How-
ever, the multigene phylogeny presented in this study
(Fig. 6) analyzed a limited number of taxa, especially
in the red lineages. Analysis of additional OTUs/se-
quences (especially other members of the Chromista)
might better resolve the phylogenetic relationships
between plastids within the red lineage.

In contrast to the eukaryotic gnd genes, which may
have originated directly from cyanobacterium-like
ancestors as a result of primary endosymbiosis (see
above), transmission of four other genes to the nuclei
of the Chromista possibly occurred during secondary
endosymbiosis, because the red lineage was found to
be monophyletic (Archibald et al. 2003) (Figs. 24,
5). Such genes are not recognized in plastid-lacking
organisms (Ishida and Green 2002; Archibald et al.
2003). In addition, analysis of these genes demon-
strated that secondary endosymbiosis in the red lin-
eage preceded the divergence of the extant red algae
(Figs. 2 and 4-6, Table 2). Such ancient secondary
endosymbiosis has also been suggested by Fast et al.
(2001) and Harper and Keeling (2003). These authors
provided evidence that the plastids of Alveolata
(Apicomplexa and Dinophyta) and Chromista
(Heterokontophyta, Cryptophyta, and Haptophyta)
appear to be the result of a single secondary endo-
symbiotic event on the basis of the distribution and
phylogeny of the plastid-targeted glyceraldehyde-3-
phosphate dehydrogenase gene. Yoon et al. (2002b),
on the basis of the broadly sampled data set and
molecular dating of the chloroplast multiple genes,
also suggested the single, ancient origin of secondary
plastids in the red lineage. In contrast, secondary
endosymbiosis in the green lineage (Chlo-
rarachniophyta and Euglenophyta) seems to be a
relatively recent event (after the divergence of Chlo-
rophyta and Streptophyta [Nozaki et al. 2003b])
based on phylogenetic analyses of the nuclear-en-
coded cyanobacterial genes (Archibald et al. 2003)
and cladistic analysis of plastid gene losses (Nozaki et
al. 2003b). In the pshO gene phylogeny, the chlor-
arachniophyte Bigelowiella is robustly resolved as a
sister lineage to the Volvocales (Volvox, Chlamydo-
monas, and Dunaleiella) within the Chlorophyta
(Archibald et al. 2003) (Fig. 2). Although MP and NJ
analyses of the chloroplast multiple genes robustly
resolved the most basal position of the FEuglena
plastid within the green lincage (e.g., Martin et al.
2002; Ohta et al. 2003), the ML method of the same
data matrix suggested the close relationship between
Euglena and Chlorella plastids (Martin et al. 2002)
and the recent cladistic analysis of plastid gene losses
robustly demonstrated the secondary endosymbiosis
for the Fuglena plastid after the divergence of
Chlamydomonas (Chlorophyceae) and Chlorella

(Trebouxiophyceae) within the Chlorophyta (Nozaki
et al. 2003b).
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