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Abstract. The nucleotide sequence of a cluster of ri-
bosomal protein genes in the plastid genome of a unicel-
lular red alga,Cyanidioschyzon merolae,which has been
supposed to be the most primitive alga, was determined.
The phylogenetic tree inferred from the amino acid se-
quence of ribosomal proteins of two rhodophytes, a chro-
mophyte, a glaucophyte, two chlorophytes (land plants),
a cyanobacterium, and three eubacteria suggested a close
relationship between the cyanobacteriumSynechocystis
PCC6803 and the plastids of various species in the king-
dom Plantae, which is consistent with the hypothesis of
the endosymbiotic origin of plastids. In this tree, the two
species of rhodophytes were grouped with the chro-
mophyte, and the glaucophyte was grouped with the
chlorophytes. Analysis of the organization of the genes
encoding the ribosomal proteins suggested that the trans-
location of thestr cluster occurred early in the lineage of
rhodophytes and chromophytes after these groups had
been separated from chlorophytes and glaucophytes.

Key words: Cyanidiophyceae —Cyanidioschyzon
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Introduction

Plastids are thought to be descendants of cyanobacterial
endosymbionts according to the endosymbiosis theory
(Margulis 1970; Taylor 1974). Plastids of rhodophytes
might be a likely link between the cyanobacteria and the
plastids of land plants, but our knowledge on the plastid
genome of rhodophytes is limited. Studies on the rela-
tionship of cyanobacteria and various plastids that are
based on the nucleotide sequence of 16S rRNA are still
controversial (Nelissen et al. 1995). Information on phy-
logenetic relationship that is inferred from sequence data
other than the nucleotide sequence of 16S rRNA may
also be helpful, because the phylogenetic trees inferred
from 16S rRNA are often affected by the G+C content
and some other factors (Helmchen et al. 1995).

Until now, complete nucleotide sequence of the ge-
nome has been determined in a cyanobacterium (Syn-
echocystisPCC6803; Kaneko et al. 1996), plastids of a
glaucophyte (Cyanophora paradoxa;Stirewalt et al.
1995), a multicellular rhodophyte (Porphyra purpurea,
Reith and Munholland 1995), a chromophyte (Odontella
sinensis,Kowallik et al. 1995), and chlorophytes (plants,
for example,Marchantia polymorpha,Ohyama et al.
1986;Nicotiana tabacum,Shinozaki et al. 1986). These
complete nucleotide sequences made it possible to use
long conserved stretches for the analysis of the phyloge-
netic relationships of various photosynthetic organisms.
Sequence data of algae which are likely to be the most
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primitive would be useful in analyzing the relationship
between cyanobacteria and plastids.Cyanidioschyzon
merolaeis a unicellular rhodophyte that belongs to Pro-
toflorideophyceae or Cyanidiophyceae (Seckbach 1992),
which is supposed to be the most primitive group of
rhodophytes, and is closely related toCyanidium
caldarium (Ohta et al. 1997). The primitiveness of this
group has been supported by various observations such
as mode of cell division, localization of plastid nuclei
(we prefer to use this word rather than ‘‘nucleoids’’), and
the small size of the nuclear genome (Ohta et al. 1993;
Kuroiwa et al. 1994). Molecular phylogenetic analysis
inferred fromrbcL (Fujiwara et al. 1994; Delwiche and
Palmer 1996) and 16S rRNA (Nelissen et al. 1995) also
supported the primitiveness of Protoflorideophyceae. We
attempted to use the ribosomal protein gene cluster to
compare various plastids, cyanobacteria, and noncyano-
bacterial bacteria, because ribosomal proteins are present
in a wide variety of prokaryotes and plastids.

The gene cluster encoding the ribosomal proteins has
been extensively studied inEscherichia coli.In E. coli,
ribosomal protein genes are arranged as ribosomal gene
clusters. In these clusters, multiple genes are cotrans-
cribed as ribosomal protein operon (Cerretti et al. 1983).
Similar operons are present in the plastid genomes that
have been sequenced (Sugiura 1992) and the cyanobac-
terial genome (Kaneko et al. 1996). In these genomes,
more than half of the ribosomal proteins belong to one of
the three operons,S10 (Zurawski and Zurawski 1985),
spc (Cerretti et al. 1983), anda (Bedwell et al. 1985).
These operons are, in turn, parts of a large ribosomal
gene cluster. Thestr operon is located 16.9 kbp away
from this large cluster inE. coli (Post and Nomura 1980).

In the present study, we cloned and sequenced the
gene cluster that encodes ribosomal proteins in a unicel-
lular red alga,Cyanidioschyzon merolae,which has been
supposed to be the most primitive alga. We compared the
order of the genes in this cluster to that in the homolo-
gous gene cluster of other species. We also constructed a
phylogenetic tree inferred from ribosomal proteins. We
found that thestr cluster has been translocated in the
lineage of rhodophytes and chromophytes, suggesting
that this translocation occurred early after the separation
of this lineage from the chlorophyte and glaucophyte
lineage.

Materials and Methods

Cells ofCyanidioschyzon merolaewere grown in the medium of Allen
(1959) as previously described (Suzuki et al. 1992). Plastid DNA was
isolated according to the methods described by Suzuki et al. (1992).
The DNA was partially digested with restriction endonucleaseSau3AI
and the resultant fragments were cloned in lambda DASH II (Strata-
gene, La Jolla, CA, USA). Subcloning into pBluescript II SK+ (Strata-
gene, La Jolla, CA, USA) was performed usingE. coli XL-1 blue as the
host bacterium. A part of the ribosomal protein gene cluster was ob-
tained first by random sequencing of cloned fragments, and then the

whole gene cluster was cloned and sequenced by genome walking.
Similarity search of the putative open reading frames against the Swis-
sProt and CyanoBase databases, respectively, was performed with the
BLAST program (Karlin and Altschul 1990) at the Genome Net WWW
Server through the Internet. The deduced amino acid sequences from
rpl2, rps19, rpl22, rps3, rpl16, rpl14,andrps8were combined as single
sequences, and then they were aligned with Clustal W program version
1.6 for the PowerMac (Thompson et al. 1994). Phylogenetic trees based
on the combined amino acid sequences were constructed by the maxi-
mum-likelihood method (Felsenstein 1981) with the PUZZLE program
for the PowerMac (Strimmer and von Haeseler 1996) using the JTT
model of sequence evolution (Jones et al. 1992) and 1,000 puzzling
steps. The following database entries of amino acid sequences were
used in the calculation.Bacilus subtilis,U43929 (rpl2, rps19, rpl22,
rps3, rpl16) and L47971 (rpl14, rps8); Cyanophora paradoxa,
U30821;Escherichia coli,U18997;Haemophilus influenzae,U32761
(rpl2, rps19, rpl22, rps3, rpl16) and U32762 (rpl14, rps8); Marchantia
polymorpha,X04465;Nicotiana tabacum,Z00044;Odontella sinensis,
Z67753; Porphyra purpurea,U38804; SynechocystisPCC6803,
D90905.

Results and Discussion

Gene Order

Nucleotide sequence of the ribosomal protein gene clus-
ter of the plastid genome ofC. merolaewas determined.
We identified the following genes in the following order:
rpl3, rpl4, rpl23, rpl2, rps19, rpl22, rps3, rpl16, rpl29,
rps17, rpl14, rpl24, rpl5, rps8, rpl6, rpl18, rps5, secY
(gene for the preprotein translocater subunit),rpl36,
rps13, rps11, rpoA(gene for the RNA polymerase alpha
subunit),rpl13, rps9, rpl31, rps12, rps7, tufA(gene for
the elongation factor Tu), andrps10.The organization of
the gene cluster for the ribosomal proteins of the plastid
genome ofC. merolaewas compared to that of the gene
cluster of Porphyra purpurea(Reith and Munholland
1995),Odontella sinensis(Kowallik et al. 1995),Cyano-
phora paradoxa(Stirewalt et al. 1995),Marchantia poly-
morpha (Ohyama et al. 1986), andNicotiana tabacum
(Shinozaki et al. 1986). We also compared these with the
structure of the ribosomal gene clusters of mitochondrial
genomes ofAcanthamoeba castellanii(Burger et al.
1995) andM. polymorpha(Oda et al. 1992) and the
genomes ofSynechocystisPCC6803 (Kaneko et al.
1996), Escherichia coli (E. coli database collection;
http://susi.bio.uni-giessen.de/usr/local/www/html/
ecdc.html), andHaemophilus influenzae(H. influenzae
database collection; http://susi.bio.uni-giessen.de/usr/
local/www/html/hidc.htm). The results are shown in Fig.
1. Although the ribosomal protein operons inE. coli are
called S10, spc,a, and str, respectively, we use the
names,L2, spc,a, and str, respectively. We use ‘‘L2
cluster’’ instead of ‘‘S10cluster’’ since therps10gene is
not always present in the gene clusters that correspond to
the S10operon inE. coli. We have chosen ‘‘L2’’ as the
name of this gene cluster becauserpl2 is located most
upstream among the genes that are conserved in the gene
cluster of all of the species analyzed in the present study.
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Since the gene cluster that is composed of three genes,
rpl13, rps9,andrpl31, has not been described inE. coli,
we define this gene cluster asS9.We use the term ‘‘clus-
ter’’ instead of ‘‘operon’’ to designate the group of genes
in the algal plastomes since the exact transcription units
are not established in these organisms, and since, at least
in one case,secYin a rhodophyteC. caldarium is re-
ported to be transcribed monocistronically (Vogel et al.
1996).

In the plastid genomes ofC. merolae, P. purpurea,
andO. sinensis,the ribosomal protein genes investigated

in this study were present in a single cluster. InSynecho-
cystis,theL2, spc,a, andS9clusters made a large single
cluster, whereas thestr cluster was located apart. InE.
coli, the three operons namedL2 (S10), spc,anda made
a large single cluster but theS9cluster is located down-
stream of the large cluster. In the plastid genome ofC.
paradoxa, the clustersL2 and spc were grouped in a
large cluster, and the clustersa andS9were also grouped
as a separate large cluster. In the plastid genome ofM.
polymorphaandN. tabacum,theS9cluster was not pre-
sent in the plastid genome. Though the clustersL2, spc,

Fig. 1. The position of the ribosomal gene
cluster in the plastid genome ofCyanidioschyzon
merolae(this study),Porphyra purpurea(Reith
and Munholland 1995),Odontella sinensis
(Kowallik et al. 1995),Cyanophora paradoxa
(Stirewalt et al. 1995),Marchantia polymorpha
(Ohyama et al. 1986), andNicotiana tabacum
(Shinozaki et al. 1986); in the mitochondrial ge-
nomes ofM. polymorpha(Oda et al. 1992) and
Acanthamoeba castellanii(Burger et al. 1995);
and in the genome ofE. coli (http://susi.bio.uni-
giessen.de/ecdc.html),Haemophilus influenzae
(http://susi.bio.uni-giessen.de/hidc.htm) and
SynechocystisPCC6803 (Kaneko et al. 1996).
Genes that are shown outside thecircle are tran-
scribedclockwiseand those that are shown in-
side are transcribedcounterclockwise. Bold lines
show ribosomal protein clusters on the plastid
and mitochondrial genomes.Semibold lines
show typical repeat region containing rRNA
gene encoded in the plastid or cyanobacterial
genome.
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and a were grouped as a single large cluster, thestr
cluster was located at a distant locus. In the mitochon-
drial genome ofA. castellanii, the str, L2, spc,and a
clusters made a large single cluster, while in the mito-
chondrial genome ofM. polymorpha,theL2, spc,anda
clusters made a single cluster but thestr cluster was
located at a distant locus. TheS9cluster was not present
in both of the mitochondrial genomes.

Gene organization of the ribosomal gene clusters from
various organisms is compared in detail in Fig. 2. InE.
coli, H. influenzae,andB. subtilis,the first gene of theL2
cluster wasrps10, whereas the first gene of the corre-
sponding cluster wasrpl3 in Synechocystisand in the
plastid genomes ofC. merolae, P. purpurea, O. sinensis,
and C. paradoxa.In Synechocystisand C. paradoxa,
rps10was present at the end of thestr cluster, which was
located upstream of theL2 cluster. In C. merolae, P.
purpurea,andO. sinensis, rps10was present at the end
of the str cluster, which was located downstream of the
large ribosomal gene cluster. The first gene in theL2
cluster wasrpl23 in the plastid genomes ofM. polymor-

phaandN. tabacum.Therps14gene, which was a mem-
ber of thespc cluster inE. coli, H. influenzae,and B.
subtilis and the mitochondrial genome ofA. castellanii
and M. polymorphawas located away from the ribo-
somal gene cluster in the cyanobacterium and the plas-
tids (Figs. 1 and 2).

The spc cluster contained various genes that encode
nonribosomal proteins in bacteria and plastids. ThesecY
gene was present in this cluster inE. coli, H. influenzae,
B. subtilis, Synechocystis,and the plastid genomes ofC.
merolae, P. purpurea, O. sinensis,andC. paradoxa. B.
subtilis also containedadk (gene for the adenylate ki-
nase),map (gene for the methionine aminopeptidase),
and infA (gene for the initiation factor IF-1).Synecho-
cystiscontainedadkandinfA, while the plastid genomes
of M. polymorphaandN. tabacumcontainedinfA. The
genesrps14, rpl30, rps4, rpl17,and fus, which were
present inE. coli andH. influenzae,were not present in
the corresponding clusters in the plastid genomes ofC.
merolae, P. purpurea,and O. sinensis. Synechocystis
rather resembledC. merolaein this respect; it did not

Fig. 2. Comparison of the organization of the ribosomal protein gene clusters,L2, spc,a, S9, and str. The organizations in the genomes of
Escherichia coli, Haemophilus influenzae, Bacilus subtilis,andSynechocystisPCC6803, the plastid genomes ofCyanidioschyzon merolae, Por-
phyra purpurea, Odontella sinensis, Cyanophora paradoxa, Marchantia polymorpha,andNicotiana tabacum,as well as the mitochondrial genomes
of Acanthamoeba castellaniiandMarchantia polymorphaare compared. The genes that are contiguous are linked bybold lines.
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contain the genesrps14, rpl30,andrps4 in the ribosomal
gene clusters.

The generps4was specific toE. coli andH. influen-
zae.These two bacteria as well asB. subtiliscontained
the genesrpl30 andrps14,and therps10gene preceded
the rpl3 gene. Therpl31 gene was present at the end of
the S9cluster inSynechocystisand the plastid genomes
of C. merolae, P. purpurea,andO. sinensis.In these four
genomes, the clustersL2, spc,a, and S9 made a large
cluster. Thestr cluster was also a part of this large cluster
in C. merolae, P. purpurea,andO. sinensis.The genes
rpl3, rpl5, rpl6, rpl18, rps5, rps9, rps13, rps17, secY,and
tufA were not present in the plastid genomes ofM. poly-
morphaandN. tabacum.The continuity of thea cluster
and thespccluster was not conserved in the plastid ge-
nome ofC. paradoxa.We are interested in the fact that
thestr cluster is located at the end of theS9cluster in the
plastid genomes ofC. merolae, P. purpurea,andO. sin-
ensis,whereas it is located upstream of theL2 cluster in
most other species. It is interesting to note thatrps10 is
located at the 58 end of theL2 cluster (in bacteria) or at
the 38 end of thestr cluster (inSynechocystisand plas-
tids). In the mitochondrial genome ofA. castellanii,the
str and L2 clusters were contiguous. InB. subtilis,only
a single open reading frame is located between thestr
cluster and theL2 cluster. All of these results suggest that
the plastid genomes ofC. merolae, P. purpurea,andO.
sinensisare especially similar, and they are distinct from
the plastid genomes of chlorophytes (land plants) andC.
paradoxa.

Phylogenetic Tree

The phylogenetic tree inferred from the amino acid se-
quences of the ribosomal proteins was constructed ex-
cluding the mitochondrial sequences (Fig. 3). We did not
use mitochondrial ribosomal proteins, since the similari-
ties of mitochondrial ribosomal genes to other sources
are markedly low (Burger et al. 1995).

The deduced amino acid sequences fromrpl2, rps19,
rpl22, rps3, rpl16, rpl14,and rps8 were combined as
single sequences, and then they were aligned with
Clustal W and a phylogenetic tree was constructed. We
chose these ribosomal proteins to construct a phyloge-
netic tree because these ribosomal protein genes are
common in the organisms analyzed in the present study,
and they are all located within one large ribosomal gene
cluster. Phylogenetic trees constructed by the maximum-
likelihood method (Felsenstein 1981) are shown in Fig.
3. E. coli, H. influenzae,and B. subtilis were used as
outgroups.

Synechocystiswas a sister group of the plastid group,
which suggests that an ancestral cyanobacterium was the
origin of the plastid as proposed in previous studies
(Bergsland and Haselkorn 1991; Morden et al. 1992;
Helmchen et al. 1995). In the plastid group, two major

groups can be distinguished. One contains chromophyte
and rhodophyte plastids and the other contains glauco-
phyte and chlorophyte plastids. It is interesting that the
glaucophyte plastid is grouped with chlorophytes (land
plants). In the phylogenetic studies of 16S ribosomal
RNA, glaucophyte plastids are grouped with rhodophyte-
chromophyte plastids or chlorophyte plastids are
grouped with rhodophyte-chromophyte plastids (Helm-
chen et al. 1995; Nelissen et al. 1995). In the present
study, we used ribosomal protein genes to discuss phy-
logeny of these algae and plants. This tree (Fig. 3) was
consistent with the result of comparison of gene organi-
zation (Figs. 1 and 2). On the contrary, the phylogenetic
trees of 16S ribosomal RNA are not consistent with both
the tree of ribosomal proteins and the organization of
ribosomal genes.

Another point that is different from previous studies is
that the plastid ofC. merolaeis located within the group
of rhodophytes (Fig. 3). In the tree inferred fromrbcL,
the plastid ofC. merolaeand with the plastid ofC.
caldariumbelong to the first branch that separates from
the rest of the plastid group (Ohta et al. 1997), and sev-
eral previous analyses showed thatC. caldariumwas the
first branch in the plastid group (Fujiwara et al. 1994;
Delwiche and Palmer 1996; Nelissen et al. 1995).

Model

The results of phylogenetic analysis and comparisons of
gene arrangement are most reasonably understood if we
assume that thestr and theL2 clusters had been a part of
a large gene cluster in the origin. A plausible gene or-
ganization in the origin might have beenrps12-rps7-fus-
tufA-rps10-rpl3-rpl4-rpl23-rpl2. . . (etc.). This gene ar-
rangement was broken in two different ways in different
branches of evolution (Fig. 2): In bacteria, the linkage

Fig. 3. Phylogenetic tree inferred from the amino acid sequences of
ribosomal proteins. Amino acid sequences that are deduced from
nucleotide sequences ofrpl2, rps19, rpl22, rps3, rpl16, rpl14, andrps8
were combined and used in the analysis. The tree was constructed by
the maximum likelihood method (Felsenstein 1981) with the PUZZLE
software (Strimmer and von Haeseler 1996). Thenumber at each node
shows the reliability value of the branch, which was calculated from
1,000 quartet puzzling steps. Thescale barrepresents 0.1 mutations per
site. Branch lengths are drawn to scale.
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betweentufA and rps10has been disrupted by insertion
of unrelated genes. InSynechocystis,the linkage between
rps10 and rpl3 has been broken by rearrangement, and
this breakage is conserved in all the plastids that are
descendants of a hypothetical cyanobacterial progenitor.
In C. merolae, P. purpurea,andO. sinensis,thestr clus-
ter was again grouped with the main ribosomal gene
cluster, but at the end of theS9cluster. This translocation
seemed to take place only in the rhodophyte-
chromophyte lineage. This translocation must have taken
place very early during the evolution of the rhodophyte-
chromophyte lineage.

We propose a model for the evolution of the ribo-
somal gene cluster (Fig. 4), which is essentially based on
the phylogenetic tree inferred from ribosomal proteins
(Fig. 3). This model was constructed so as to explain the

organization of ribosomal genes in various prokaryotes,
plastids, and mitochondria. The ribosomal gene cluster
of a hypothetical ancestor is supposed to be composed of
str, L2, spc,a, and S9 clusters as well asrps10, infA,
rpl36, andrpl31 genes. In the bacterial lineage,rpl31 has
been separated from the cluster. InE. coli andH. influ-
enzae,the str cluster has also been separated from the
cluster. As a result, therps10gene precedes theL2-spc-
a-S9 clusters in these bacteria. InSynechocystis,the
separation has taken place between therps10 gene and
theL2 cluster. This type of genome is supposed to be the
progenitor of plastids of all the algae and plants. After
the endosymbiosis of the cyanobacterial progenitor into a
eukaryotic cell, two branches emerged: the rhodophyte-
chromophyte lineage and the chlorophyte-glaucophyte
lineage. In the former branch, thestr cluster has been

Fig. 4. A model of the evolution of the ribosomal protein gene clus-
ter. A hypothetical gene arrangement was made from the gene organi-
zation of SynechocystisPCC6803 andBacillus subtilis.Major gene
clusters are shown byboxes.Some genes that are relevant in consid-
ering the reorganization of the gene cluster are also included. For
simplicity, the names of the genes are indicated by the name of the
protein, e.g.,L2 instead ofrpl2. In the bacterial lineage, separation of
the rpl31 gene and the str cluster took place. We cannot give a com-
prehensive route for the diversification of the bacterial genomes be-
cause of lack of data. The mitochondrial lineage is a simple derivation
of the hypothetical gene cluster by loss of several genes. InSynecho-
cystis, a separation took place between therps10 gene and theL2
cluster. Each of the ribosomal gene clusters of all the plastids can be
explained as a derivative of the cyanobacterial gene cluster. After

the endosymbiosis of a hypothetical cyanobacterial progenitor into a
eukaryotic cell, two lineages emerged. Early in the rhodophyte-
chromophyte lineage, thestr cluster has been translocated to the end of
the S9 cluster. In the glaucophyte-chlorophyte cluster, various genes
have been removed from the cluster into the nuclear genome. In the
glaucophyte lineage, a separation took place between thespc cluster
and therpl36 gene. In the chlorophyte lineage, a number of additional
genes have been removed from the gene cluster.Aca, Acanthamoeba
castellanii; Bsu, Bacilus subtilis; Cme, Cyanidioschyzon merolae; Cpa,
Cyanophora paradoxa; Eco, Escherichia coli; Hin, Haemophilus in-
fluenzae; Mpo, Marchantia polymorpha; Nta, Nicotiana tabacum; Osi,
Odontella sinensis; Ppu, Porphyra purpurea; Scy, Synechocystis
PCC6803.
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translocated at the end of the ribosomal gene cluster to
give a continuous gene cluster. In the chlorophyte-
glaucophyte branch, various ribosomal genes have been
removed by transfer to the nuclear genome. After the
glaucophyte branch had been separated from the chloro-
phyte branch, a rearrangement took place between the
spccluster and therpl36 gene. In the chlorophyte (this
word is used in a broad sense, namely, a group of green
algae and land plants) lineage, various other genes have
been removed from the plastid genome and transferred to
the cell nucleus. Although we do not have enough data
on the mitochondria, the mitochondrial ribosomal gene
cluster can also be considered to be derived from the
hypothetical ancestor as illustrated on the lower right end
of the figure.

These observations confirm that the cyanobacterium
and the plastids are closely related. It is interesting that
Synechocystis,which is a free-living prokaryote, is simi-
lar to the plastids of algae and plants rather than to the
bacteria in the amino acid sequence of the ribosomal
proteins, because free-living prokaryotes have 21 kinds
of the small subunit of ribosomal proteins while in plas-
tid 20 kinds of the 21 polypeptides in bacterial ribosomal
small subunit have been detected, although some addi-
tional ribosomal proteins were reported in the plastids of
several kinds of higher plants (Wada et al. 1993). This
finding supports the monophyletic origin of plastids,
namely, that all the plastids are descendants of a single
cyanobacterial progenitor. Therefore, we propose that
the translocation of thestr cluster took place early in the
rhodophyte-chromophyte lineage after the endosymbio-
sis. Alternatively, there were multiple events of endo-
symbiosis that gave rise to different lineages of plastids,
namely rhodophyte-chromophyte lineage, glaucophyte
lineage, and chlorophyte lineage, and the translocation of
the str cluster occurred in the progenitor of the rhodo-
phyte-chromophyte lineage. Nevertheless, the similarity
of amino acid sequences of plastids andSynechocystis
suggests that we have no sufficient reason to support the
multiple endosymbiosis.

The present study clearly shows the early occurrence
of the translocation of thestr cluster in the rhodophyte-
chromophyte lineage. This clear-cut separation of this
lineage from other algae and plants is not evident in the
analysis of comparison of amino acid sequences of the
ribosomal proteins. We can conclude that thestr trans-
location took place very early after the separation of the
rhodophyte-chromophyte lineage. In this respect, it is
interesting to note that, in the tree inferred fromrbcL, the
rhodophyte-chromophyte lineage has been clearly sepa-
rated from the lineage of chlorophytes and glaucophytes
as a result of the horizontal transfer ofrbcL gene from
b-proteobacteria to rhodophytes and chromophytes (Del-
wiche and Palmer 1996). Thestr translocation may have
taken place at the same time when the horizontal transfer
of rbcL occurred.
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