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Abstract. The nucleotide sequence of a cluster of ri- Introduction
bosomal protein genes in the plastid genome of a unicel-

lular red algaCyanidioschyzon merolaghich has been  Plastids are thought to be descendants of cyanobacterial
supposed to be the most primitive alga, was determinedendosymbionts according to the endosymbiosis theory
The phylogenetic tree inferred from the amino acid se{Margulis 1970; Taylor 1974). Plastids of rhodophytes
quence of ribosomal proteins of two rhodophytes, a chromight be a likely link between the cyanobacteria and the
mophyte, a glaucophyte, two chlorophytes (land plants)plastids of land plants, but our knowledge on the plastid
a cyanobacterium, and three eubacteria suggested a clogenome of rhodophytes is limited. Studies on the rela-
relationship between the cyanobacteri@ynechocystis tionship of cyanobacteria and various plastids that are
PCC6803 and the plastids of various species in the kingbased on the nucleotide sequence of 16S rRNA are still
dom Plantae, which is consistent with the hypothesis otontroversial (Nelissen et al. 1995). Information on phy-
the endosymbiotic origin of plastids. In this tree, the two|ogenetic relationship that is inferred from sequence data
species of rhodophytes were grouped with the chroother than the nucleotide sequence of 16S rRNA may
mophyte, and the glaucophyte was grouped with thealso be helpful, because the phylogenetic trees inferred
chlorophytes. Analysis of the organization of the genesrom 16S rRNA are often affected by the G+C content
encoding the ribosomal proteins suggested that the trangmd some other factors (Helmchen et al. 1995).
location of thestr cluster occurred early in the lineage of  Until now, complete nucleotide sequence of the ge-
rhodophytes and chromophytes after these groups hagobme has been determined in a cyanobacteriGym{
been separated from chlorophytes and glaucophytes. echocystisPCC6803; Kaneko et al. 1996), plastids of a
glaucophyte Cyanophora paradoxaStirewalt et al.
Key words: Cyanidiophyceae —Cyanidioschyzon 1995), a multicellular rhodophytePorphyra purpurea,
merolae— Plastid genome — Protoflorideophyceae — Reith and Munholland 1995), a chromophy&@dpntella
Ribosomal protein — Translocation sfr cluster sinensisKowallik et al. 1995), and chlorophytes (plants,
for example,Marchantia polymorphaOhyama et al.
1986; Nicotiana tabacumShinozaki et al. 1986). These
complete nucleotide sequences made it possible to use
The nucleotide sequence reported in this paper has been submitted lgng consgrved_stretches_ for the analysis o_f the ph)_/loge-
EMBL/Gen bank/DDBJ with accession number D89930 netic relationships of various photosynthetic organisms.
Correspondence td\. Ohta; e-mail: niji@human.waseda.ac.jp Sequence data of algae which are likely to be the most
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primitive would be useful in analyzing the relationship whole gene cluster was cloned and sequenced by genome walking.
between cyanobacteria and plasti@yanidioschyzon Similarity search of the putative open reading frames against the Swis-

. . _sProt and CyanoBase databases, respectively, was performed with the
merolaeis a unicellular rhodophyte that belongs to Pro BLAST program (Karlin and Altschul 1990) at the Genome Net WWW

toflorideophyceae or Cyanidiophyceae (Seckbach 1992)erver through the Internet. The deduced amino acid sequences from
which is supposed to be the most primitive group ofrpi2, rps19, rpl22, rps3, rpl16, rpll4andrps8were combined as single
rhodophytes, and is closely related @yanidium  sequences, and then they were aligned with Clustal W program version
caldarium (Ohta et al. 1997)_ The primitiveness of this 1.6 for the querMag (Thompson et al. 1994). Phylogenetic trees base(_j
group has been supported by various observations sudfl " 000 anine sl seavences wore conseed b e
as mode of cell division, localization of plastid nuclei o the powermac (Strimmer and von Haeseler 1996) using the JTT
(we prefer to use this word rather than “nucleoids”), and model of sequence evolution (Jones et al. 1992) and 1,000 puzzling
the small size of the nuclear genome (Ohta et al. 1993steps. The following database entries of amino acid sequences were
Kuroiwa et al. 1994). Molecular phylogenetic analysis :Jssg "’r‘ t&%C:Lc;'?_t;‘;“;?f”‘;slf:btr”issg’f‘?’cngngp'ﬁ»o:flgr ;ﬂff;
inferred fromrbel. (Fujiwara et al. _1994; Delwiche and Up308,21p;Escherichia coli,U18F)997‘;H§em'oph}i/Ius irrljfluenzgéJ32761’
Palmer 1996) and 16S rRNA (Nelissen et al. 1995) alsQypi2, rps19, rpl22, rps3, rplLpand U327621pl14, rps9; Marchantia
supported the primitiveness of Protoflorideophyceae. Weolymorphax04465;Nicotiana tabacumz00044;0dontella sinensis,
attempted to use the ribosomal protein gene cluster tg67753; Porphyra purpurea,U38804; Synechocysti?CC6803,
compare various plastids, cyanobacteria, and noncyand20905.
bacterial bacteria, because ribosomal proteins are present
in a wide variety of prokaryotes and plastids. ) .

The gene cluster encoding the ribosomal proteins hag&esults and Discussion
been extensively studied ischerichia coli.ln E. coli,
ribosomal protein genes are arranged as ribosomal gengene Order
clusters. In these clusters, multiple genes are cotrans-
cribed as ribosomal protein operon (Cerretti et al. 1983)Nucleotide sequence of the ribosomal protein gene clus-
Similar operons are present in the plastid genomes thder of the plastid genome &@. merolaewas determined.
have been sequenced (Sugiura 1992) and the cyanobaé/e identified the following genes in the following order:
terial genome (Kaneko et al. 1996). In these genomegpl3, rpl4, rpl23, rpl2, rpsl9, rpl22, rps3, rpll6, rpl29,
more than half of the ribosomal proteins belong to one ofrps17, rpll4, rpl24, rpl5, rps8, rpl6, rpll8, rps5, secY
the three operons$S10 (Zurawski and Zurawski 1985), (gene for the preprotein translocater subunipl36,
spc (Cerretti et al. 1983), and (Bedwell et al. 1985). rpsl3, rpsll, rpoAgene for the RNA polymerase alpha
These operons are, in turn, parts of a large ribosomasubunit),rpl13, rps9, rpl31, rps12, rps7, tuffgene for
gene cluster. Thetr operon is located 16.9 kbp away the elongation factor Tu), amgs10.The organization of
from this large cluster il coli (Post and Nomura 1980). the gene cluster for the ribosomal proteins of the plastid

In the present study, we cloned and sequenced thgenome ofC. merolaewas compared to that of the gene
gene cluster that encodes ribosomal proteins in a unicekluster of Porphyra purpurea(Reith and Munholland
lular red algaCyanidioschyzon merolaghich has been 1995),0dontella sinensigKowallik et al. 1995) Cyano-
supposed to be the most primitive alga. We compared thphora paradoxgStirewalt et al. 1995)Marchantia poly-
order of the genes in this cluster to that in the homolo-morpha (Ohyama et al. 1986), anNicotiana tabacum
gous gene cluster of other species. We also constructed(&hinozaki et al. 1986). We also compared these with the
phylogenetic tree inferred from ribosomal proteins. Westructure of the ribosomal gene clusters of mitochondrial
found that thestr cluster has been translocated in thegenomes ofAcanthamoeba castellan{iBurger et al.
lineage of rhodophytes and chromophytes, suggesting995) andM. polymorpha(Oda et al. 1992) and the
that this translocation occurred early after the separatiogenomes ofSynechocystifCC6803 (Kaneko et al.
of this lineage from the chlorophyte and glaucophyte1996), Escherichia coli(E. coli database collection;
lineage. http://susi.bio.uni-giessen.de/usr/local/www/html/
ecdc.html), andHaemophilus influenzaéH. 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 operonskn coli are

Cells of Cyanidioschyzon merolagere grown in the medium of Allen called S10, spc,a, and str, respeqtlvely, we use the
(1959) as previously described (Suzuki et al. 1992). Plastid DNA wasN@mes,L2, spc,a, and str, respectively. We use L2
isolated according to the methods described by Suzuki et al. (1992)cluster” instead of ‘S10cluster” since thepsl10gene is

The DNA was partially digested with restri(;tion endonucle@aeBAl not a|WayS present in the gene clusters that Correspond to
and the resultant fragments were F:qued in Iambd:_:l DASH 1I (Strata-the S100peron inE. coli. We have chosen[“2” as the

gene, La Jolla, CA, USA). Subcloning into pBluescript Il SK+ (Strata- . .

gene, La Jolla, CA, USA) was performed usitagcoli XL-1 blue as the name of this gene cluster becaus# is IocatEd_ most
host bacterium. A part of the ribosomal protein gene cluster was oblpStream among the genes that are conserved in the gene

tained first by random sequencing of cloned fragments, and then theluster of all of the species analyzed in the present study.

Materials and Methods
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Fig. 1. The position of the ribosomal gene
cluster in the plastid genome Gf/anidioschyzon
merolae(this study),Porphyra purpureaReith
and Munholland 1995)0Odontella sinensis
(Kowallik et al. 1995),Cyanophora paradoxa
(Stirewalt et al. 1995)Marchantia polymorpha
(Ohyama et al. 1986), anNicotiana tabacum
(Shinozaki et al. 1986); in the mitochondrial ge-
nomes ofM. polymorpha(Oda et al. 1992) and
Acanthamoeba castellanfBurger et al. 1995);
and in the genome d&. coli (http://susi.bio.uni-
giessen.de/ecdc.html}jaemophilus influenzae
(http://susi.bio.uni-giessen.de/hidc.htm) and
Synechocysti$CC6803 (Kaneko et al. 1996).
Genes that are shown outside tele are tran-
scribedclockwiseand those that are shown in-
side are transcribecbunterclockwise. Bold lines
show ribosomal protein clusters on the plastid
and mitochondrial genomesSemibold lines
show typical repeat region containing rRNA
gene encoded in the plastid or cyanobacterial
genome.

Since the gene cluster that is composed of three genes) this study were present in a single clusterSynecho-

rpl13, rps9,andrpl31, has not been described i coli,
we define this gene cluster &9.We use the term “clus-

cystis,theL2, spc,a, andS9clusters made a large single
cluster, whereas thstr cluster was located apart. .

ter” instead of “operon” to designate the group of genes coli, the three operons namé@ (S10), spcanda made
in the algal plastomes since the exact transcription unitsl large single cluster but tH&9cluster is located down-
are not established in these organisms, and since, at leastteam of the large cluster. In the plastid genoméof

in one casesecYin a rhodophyteC. caldariumis re-

paradoxa,the clustersL2 and spc were grouped in a

ported to be transcribed monocistronically (Vogel et al.large cluster, and the clustersandS9were also grouped

1996).

as a separate large cluster. In the plastid genonid.of

In the plastid genomes of. merolae, P. purpurea, polymorphaandN. tabacumthe S9cluster was not pre-
andO. sinensisthe ribosomal protein genes investigated sent in the plastid genome. Though the clustétsspc,
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Fig. 2. Comparison of the organization of the ribosomal protein gene cludt@rsspc,a, S9,and str. The organizations in the genomes of
Escherichia coli, Haemophilus influenzae, Bacilus subtdisd Synechocysti®CC6803, the plastid genomes @fanidioschyzon merolae, Por-
phyra purpurea, Odontella sinensis, Cyanophora paradoxa, Marchantia polymaaphlicotiana tabacumas well as the mitochondrial genomes
of Acanthamoeba castellaréind Marchantia polymorphare compared. The genes that are contiguous are linkdmblolylines.

and o were grouped as a single large cluster, gtie  phaandN. tabacumTherpsl4gene, which was a mem-
cluster was located at a distant locus. In the mitochonber of thespc cluster inE. coli, H. influenzaeand B.
drial genome ofA. castellanii,the str, L2, spc,anda  subtilis and the mitochondrial genome &f castellanii
clusters made a large single cluster, while in the mito-and M. polymorphawas located away from the ribo-
chondrial genome df1. polymorphathelL2, spc,anda somal gene cluster in the cyanobacterium and the plas-
clusters made a single cluster but thi cluster was tids (Figs. 1 and 2).
located at a distant locus. TI®9cluster was not present The spccluster contained various genes that encode
in both of the mitochondrial genomes. nonribosomal proteins in bacteria and plastids. $eeY
Gene organization of the ribosomal gene clusters frongene was present in this clusterkn coli, H. influenzae,
various organisms is compared in detail in Fig. 2EIn  B. subtilis, Synechocystiand the plastid genomes 6f
coli, H. influenzaeandB. subtilis the first gene of th&2  merolae, P. purpurea, O. sinens&ndC. paradoxa. B.
cluster wasrps10, whereas the first gene of the corre- subtilis also containedcadk (gene for the adenylate ki-
sponding cluster wasgpl3 in Synechocystignd in the nase),map (gene for the methionine aminopeptidase),
plastid genomes oE. merolae, P. purpurea, O. sinensis, andinfA (gene for the initiation factor IF-1)Synecho-
and C. paradoxa.In Synechocystiend C. paradoxa, cystiscontainedadkandinfA, while the plastid genomes
rps10was present at the end of the cluster, which was of M. polymorphaand N. tabacumcontainedinfA. The
located upstream of the2 cluster. InC. merolae, P. genesrpsl4, rpl30, rps4, rpll7.and fus, which were
purpurea,andO. sinensis, rpsl@as present at the end present inE. coli andH. influenzaewere not present in
of the str cluster, which was located downstream of thethe corresponding clusters in the plastid genome€.of
large ribosomal gene cluster. The first gene in Ll  merolae, P. purpureaand O. sinensis. Synechocystis
cluster wagpl23 in the plastid genomes &fl. polymor-  rather resembled€. merolaein this respect; it did not
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contain the genepsl4, rpl30,andrps4in the ribosomal Escherichia coli 0.1
gene clusters. e . . 4@Haemophilus influenzae
The genaps4was specific tcE. coli andH. influen-

zae.These two bacteria as well & subtiliscontained
the genespl30 andrps14,and therps10gene preceded
therpl3 gene. Thapl31l gene was present at the end of
the S9cluster inSynechocystiand the plastid genomes
of C. merolae, P. purpureandO. sinensisln these four
genomes, the clustet®2, spc,a, and S9made a large
cluster. Thestr cluster was also a part of this large cluster Marchantia polymorpha
in C. merolae, P. purpureaand O. sinensisThe genes —{—SQT—————- Nicotiana tabacum
rpl3, rpl5, rpl6, rpl18, rps5, rps9, rps13, rpsl7, se@d  Fig 3. Phylogenetic tree inferred from the amino acid sequences of
tufA were not present in the plastid genomedvbfpoly-  ribosomal proteins. Amino acid sequences that are deduced from
morphaandN. tabacumThe continuity of thex cluster  nucleotide sequences gfi2, rps19, rpl22, rps3, rpl16, rpll4andrps8
and thespccluster was not conserved in the plastid ge_were combineq aqd used in the analysis. The tree was constructed by
. . the maximum likelihood method (Felsenstein 1981) with the PUZZLE
nome ofC. pqradoxa.We are interested in the f?Ct that software (Strimmer and von Haeseler 1996). Tihenber at each node
thestr cluster is located at the end of tBOcluster inthe  shows the reliability value of the branch, which was calculated from
plastid genomes dE. merolae, P. purpureagndO. sin- 1,000 quartet puzzling steps. Theale barepresents 0.1 mutations per
ensis,whereas it is located upstream of th2 cluster in  site. Branch lengths are drawn to scale.
most other species. It is interesting to note tp10is
located at the 5end of thel.2 cluster (in bacteria) or at
the 3 end of thestr cluster (inSynechocystiand plas-
tids). In the mitochondrial genome &f. castellanii,the
str and L2 clusters were contiguous. B subtilis,only
a single open reading frame is located betweensthe
cluster and th& 2 cluster. All of these results suggest tha
the plastid genomes @&. merolae, P. purpureandO.
sinensisare especially similar, and they are distinct from
the plastid genomes of chlorophytes (land plants)@nd
paradoxa.

Bacilus subtilis

Synechocystis sp.

Odontella sinensis

Cyanidioschyzon merolae

Porphyra purpurea
Cyanophora paradoxa

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
tplants). 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

The phylogenetic tree inferred from the amino acid se.trees of 16S ribosomal RNA are not consistent with both

guences of the ribosomal proteins was constructed e>$—he tree of ribosomal proteins and the organization of

cluding the mitochondrial sequences (Fig. 3). We did notrlb(;somhal genes.h is diff ¢ . dies |
use mitochondrial ribosomal proteins, since the similari- nother point that is different from previous studies Is

ties of mitochondrial ribosomal genes to other sources‘that the plastid OC.' merolags Iocateq within the group
are markedly low (Burger et al. 1995). of rhodophytes (Fig. 3). In the tree inferred fraocL,

The deduced amino acid sequences frpig, rps19 the plastid ofC. merolaeand with the plastid ofC.
(pl22, rps3, rpl16, rpl1d,and rps8 were combined as Ccaldariumbelong to the first branch that separates from
singlé seq,uence’s, and’ then they were aligned witfihe rest of the plastid group (Ohta et al. 1997), and sev-

Clustal W and a phylogenetic tree was constructed. W&l Previous analyses showed tatcaldariumwas the
chose these ribosomal proteins to construct a phyloge-IrSt l_)ranch in the plastid group (Fujwara et al. 1994;
netic tree because these ribosomal protein genes a}%elwmhe and Palmer 1996; Nelissen et al. 1995).
common in the organisms analyzed in the present study,
and they are all located within one large ribosomal geneygdel
cluster. Phylogenetic trees constructed by the maximum-
likelihood method (Felsenstein 1981) are shown in Fig.The results of phylogenetic analysis and comparisons of
3. E. coli, H. influenzaeand B. subtiliswere used as gene arrangement are most reasonably understood if we
outgroups. assume that thetr and thel.2 clusters had been a part of
Synechocysti®as a sister group of the plastid group, a large gene cluster in the origin. A plausible gene or-
which suggests that an ancestral cyanobacterium was thganization in the origin might have begus12-rps7-fus-
origin of the plastid as proposed in previous studiestufA-rps10-rpl3-rpl4-rpl23-rpl2. . . (etc.). This gene ar-
(Bergsland and Haselkorn 1991; Morden et al. 1992rangement was broken in two different ways in different
Helmchen et al. 1995). In the plastid group, two majorbranches of evolution (Fig. 2): In bacteria, the linkage

Phylogenetic Tree
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Fig. 4. A model of the evolution of the ribosomal protein gene clus- the endosymbiosis of a hypothetical cyanobacterial progenitor into a
ter. A hypothetical gene arrangement was made from the gene organeukaryotic cell, two lineages emerged. Early in the rhodophyte-
zation of Synechocysti®CC6803 andacillus subtilis.Major gene chromophyte lineage, trer cluster has been translocated to the end of
clusters are shown blyoxes.Some genes that are relevant in consid- the SO cluster. In the glaucophyte-chlorophyte cluster, various genes
ering the reorganization of the gene cluster are also included. Fohave been removed from the cluster into the nuclear genome. In the
simplicity, the names of the genes are indicated by the name of th@laucophyte lineage, a separation took place betweersgheluster
protein, e.g.L.2 instead ofrpl2. In the bacterial lineage, separation of and therpl36 gene. In the chlorophyte lineage, a number of additional
therpl31 gene and the str cluster took place. We cannot give a com-genes have been removed from the gene clusies, Acanthamoeba
prehensive route for the diversification of the bacterial genomes be-<castellanii; Bsu, Bacilus subtilis; Cme, Cyanidioschyzon merolae; Cpa,
cause of lack of data. The mitochondrial lineage is a simple derivationCyanophora paradoxa; Eco, Escherichia coli; Hin, Haemophilus in-
of the hypothetical gene cluster by loss of several geneSyhrecho-  fluenzae; Mpo, Marchantia polymorpha; Nta, Nicotiana tabacum; Osi,
cystis, a separation took place between tps10 gene and thd 2 Odontella sinensis; Ppu, Porphyra purpurea; Scy, Synechocystis
cluster. Each of the ribosomal gene clusters of all the plastids can b®CC6803.

explained as a derivative of the cyanobacterial gene cluster. After

betweentufA andrps10has been disrupted by insertion organization of ribosomal genes in various prokaryotes,
of unrelated genes. I8ynechocystishe linkage between plastids, and mitochondria. The ribosomal gene cluster
rps10andrpl3 has been broken by rearrangement, andf a hypothetical ancestor is supposed to be composed of
this breakage is conserved in all the plastids that arestr, L2, spc,a, and S9 clusters as well asps10, infA,
descendants of a hypothetical cyanobacterial progenitorpl36, andrpl31 genes. In the bacterial lineage)31 has
In C. merolae, P. purpureandO. sinensisthestr clus-  been separated from the cluster.Hncoli andH. influ-
ter was again grouped with the main ribosomal genesnzae the str cluster has also been separated from the
cluster, but at the end of tf&9cluster. This translocation cluster. As a result, thgps10gene precedes tHe2-spe
seemed to take place only in the rhodophyte-a-S9 clusters in these bacteria. lBynechocystisthe
chromophyte lineage. This translocation must have takeseparation has taken place between &l 0 gene and
place very early during the evolution of the rhodophyte-the L2 cluster. This type of genome is supposed to be the
chromophyte lineage. progenitor of plastids of all the algae and plants. After
We propose a model for the evolution of the ribo- the endosymbiosis of the cyanobacterial progenitor into a
somal gene cluster (Fig. 4), which is essentially based oeukaryotic cell, two branches emerged: the rhodophyte-
the phylogenetic tree inferred from ribosomal proteinschromophyte lineage and the chlorophyte-glaucophyte
(Fig. 3). This model was constructed so as to explain thdineage. In the former branch, trer cluster has been
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