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Abstract. Photosynthetic eukaryotes can, according torequired for the endurance of the extreme living condi-
features of their chloroplasts, be divided into two majortions of this alga.

groups: the red and the green lineage of plastid evolution.

To extend the knowledge about the evolution of the redKey words:  Chloroplast —Cyanidium caldarium—
lineage we have sequenced and analyzed the chloroplaStructure — Evolution — Sequence — Gene repertoire
genome (cp-genome) d@yanidium caldariumRK1, a
unicellular red alga (AF022186). The analysis revealed

that this genome shows several unusual structural fea- )

tures, such as a hypothetical hairpin structure in a geneLntrOdUCtlon

free region and absence of large repeat units. We provide

evidence that this structural organization of the cp-Itis assumed that plastids, the photosynthetic organelles
genome ofC. caldariummay be that of the most ancient of plants, are the remnants of an endosymbiosis event
cp-genome so far described. We also compared the cetween an amoeboid eukaryote and a cyanobacterium
genome ofC. caldariumto the other known cp-genomes (Lopez-Garc and Moreira 1999). Some different algal
of the red lineage. The cp-genome®@f caldariumcan-  lineages were formed by a secondary endosymbiosis
not be readily aligned with that dforphyra purpureaa  event, in which an unicellular algal species was engulfed
multicellular red alga, oGuillardia thetadue to a dis- by another amoeboid eukaryote (Winhauer et al. 1991).
placement of a region of the cp-genome. The phylogeBased on the morphology and the chlorophyll type of the
netic tree reveals that the secondary endosymbiosigirganelle, the plant kingdom can be divided into two
through whichG. thetaevolved, took place after the evolutionary lineages: the red lineage, comprising sev-
separation of the ancestors ©f caldariumandP. pur-  eral algal groups, and the green lineage, comprising
purea. green algae and higher plants (Whatley 1981).

We found several genes unique to the cp-genome of During the process of accommodation to the host the
C. caldarium.Five of them seem to be involved in the genome of the endosymbiont was reduced to a small set
building of bacterial cell envelopes and may be responof genes. Some genes of the original endosymbiont
sible for the thermotolerance of the chloroplast of thisneeded for the function and maintenance of the chloro-
alga. Two additional genes may play a role in stabilizingplast were transferred to the nucleus, and other genes
the photosynthetic machinery against salt stress and deéemained in the chloroplast. However, most genes of the
toxification of the chloroplast. Thus, these genes may bendosymbiont were lost. Most of the remaining genes of
unique to the cp-genome @. caldariumand may be the chloroplast genome (cp-genome) are involved in
photosynthesis and encode many of the protein subunits
needed for the building of ribosomes. The chloroplast
genome also provides a full set of tRNA and rRNA
Correspondence to5. Glackner; e-mail: gernot@imb-jena.de genes. Furthermore, the cp-genomes also contain some
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specific genes varying even in closely related speciesut and the agarose removed using the Jetsorb kit (Genomed). The
(Martin et al. 1998). fragments were then ligated into the Smal site of M13mp18 (Craxton

. . . . 1 LA li ith 1 i
Functional plaStId genomes in the green Ilneage dd 993). A second library with pUC18 as vector was constructed using

. A . random fragments of plastidal DNA completely digested with EcoRI.
not differ very much in their gene content. They com-

prise about 100_ * 20 genes (Su9|ura 1995)' I_n this lin- Sequencing and Assemblfhe M13mp18 template DNA for se-

eage the plastid genome dfephroselmis olivacea, quencing was recovered using standard methods (Mardis 1994). The
which has recently been sequenced, has the largest ge@gnplates then were cycle sequenced using Dye terminators (Amer-
repertoire with 127 protein coding genes. From the dif-sham). Sequencing data of 2400 clones were collected using ABI377
ferent gene losses during evolution of the green plastidssedauencers. Assembly of the reads was performed using the gap4 pro-
it was estimated that the ancestral green cp-genome Coﬁ[am (Staden 1996). One hundred random EcoRI fragments cloned in

. . . pUC18 were sequenced from both ends to check the correctness of the
tained about 137 protein COdlng genes (Turmel et alassembly. Primer walks on sequencing templates and sequences ob-

1999). The cp-genome dEpifagus virginiana,a plant  tained from PCR products filled the remaining three gaps. Two of the
with nonphotosynthetic chloroplasts encodes only 25gaps were smaller than 10 bp. The last gap was located in the region
proteins, since the photosynthetic machinery and the cofeontaining a potential secondary DNA structure. To obtain a reliable

: equence in this critical region 23 sequencing reactions on all templates
respondmg genes are not Ionger needed (WOIfe et aEivailabIe (one EcoRlI fragment, five M13mp18 clones, two PCR prod-

1992). Thus, loss of function is accompanied by the IOs%cts) were performed. The final mean coverage on the total cp-genome
of genes in the cp-genome. Here we will show that Spewas 4.4. For each single base at least one forward and one reverse or
cial environmental conditions may also have influencedwo reads with the same direction of good quality were present.
the gene content of cp-genomes.

In the red lineage some cp-genomes were previously Sequence Analysi©pen reading frames (ORFs) were detected
analyzed, namely, that @dddontella sinensis, Porphyra With the Wisconsin Sequence Analysis Package verison 9 (Genetics
purpurea,and Guillardia theta. O. sinensis diatom, is Computer Group). The translated ORFs were blasted (Altschul et al.

1990) against the trembl and Swissprot Databases. Gene names were

derived from a secondary endosymbiosis event (Kowal'assigned only when a significant similarity was reached over the whole

lik et al. 1995; Wang et al. 1997), which may have |ength of the protein. In some cases high similarities in conserved cores
caused major changes in gene content and organizatiotere sufficient to assign gene names (see Table 1 and 2). ORFs longer

compared to other members of the red lineage. A comthan 25 amino acids with no homology to other genes were only de-
parison of these three genomes revealed that there exi@ied if they did not overlap other known genes or structures. tRNA

. genes were detected using tRNAScan (Lowe and Eddy 1997).
Iarge regions of conserved order (Douglas 1998)' To al- Phylogenetic analysis was performed using a concatenated gene set

low a more detailed analysis of cp-genomes within thepsha, psac, psbD, atpH, petB, psaA, psaB, atpB, rps12, pshC, psbE,

red lineage we decided to sequence and analyze the cpsbF, psbB, psbL, atpA, psbl, rpl14, rpl36, pshT, pshH, psbhJ, rpl16,

genome of the red alg@&yanidium caldariumRK1. In  rPs19, psbK, rpl2, psaJ, psbN, petG, rps18, rpsll, rps7, rps4, rpsla,

some aspects, this unicellular red alga may be regarde§s2 PS8 1poB, ps3, 1poCl, 1pl20, rpl22, atpE, ycf4, ycf9, rpoC2,
. . . . . atpF) aligned with Clustal W. Neighbor joining methods as well as

asa “_Vlng fossil. Itis a U”'qF“? phOtOS}_/r_'lthetIC eu'_(aryOtemost parsimonious analysis was performed with PHYLIP after boot-

enduring the most extreme living conditions. It thrives all sirapping the data set. Maximum likelihood analysis was performed

over the world in a restricted environment, in hot andusing puzzle (Strimmer and von Haeseler 1997).

acid springs with temperatures well above 45°C, pH 1, Supplementary mgterial can be viewed Hitp://genome.imb-

and high salinity (Doemel and Brock 1970). These living/ena-defgermnotcyanidium.html.

conditions are a strong evolutionary pressure lasting

without changes since this alga evolved. This may have

led to a conservation of its chloroplast genome. Here wéesults

report on the detailed analysis of the cp-genome (Acces-

sion no. AF022186) of. caldariumand compare it with  stryctural Organization of the cp-Genome of

the other members of the red lineage. C. caldarium

The 164,921-bp circular cp-genome ©f caldariumis
Materials and Methods made up of 67.3% AT nucIeotides. Tyvo pairs of small

direct repeat units (A/A B/B’) exist, which separate the
DNA Isolation.Total cellular DNA was isolated using standard proce- CP-genome into two halves of 85.135 bp and 78.643 bp,
dures and separated into nuclear and plastid fractions by CsCl densitiespectively. The units A and B together make 386 bp
gradient centrifugation (1.1 g CsCl/ml, 120,0§070.1 Ti Rotor, 65h)  and do not code for any gene. Between the units A and
in the presence of Hoechst dye (33342, 0.1 mg/ml). B a potential hairpin loop with a stem of 67 bases and a

loop of 6 bases is inserted (Fig. 1). The stem contains a

Library Construction.Ten micrograms of the chloroplast DNA G homopolymer run of eight guanines. The free energy

obtained were sonicated two tisi® s each using a Sonicator (Heat of the whole stem is —81.0 Additionally the region ad-
Systems) to break it into pieces. Protruding ends of the sheared DNA t to th it A (b 57 98) i ’.d ble G rich
were filled with T4 Polymerase (NEB). To obtain fragments in the Jacent o the uni ( P - ) IS considerable ne

range of 1 to 3 kb the DNA was then separated on an 0.8% agarose géP6%0) and contains one additional short potential hairpin
(6 Vicm for 4 h). The region of fragments of the desired length was cutloop. Altogether, the region around the potential stem-
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Table 1. Unique genes (compared B purpureg of the C. caldariumcp-genome with similarities to genes with known functions

Similar to

Gene Classification Organism Accession no. ORF identity Identity (similarity)
hisH amino acid biosynthesis Synechocystis, (C. paradoxa) D64004 slr0084 42 (58)
IpxC cell envelope Synechocystis D90902 sll1508 37 (54)
IpxA cell envelope Synechocystis D64002 sll0379 50 (70)
thdF detoxification Synechocystis D90910 sll1615 36 (62)
menD biosynthesis of cofactors Synechocystis D64002 sll0603 27 (47)
menF biosynthesis of cofactors Synechocystis D90911 slr0817 26 (49)
menE biosynthesis of cofactors Synechocystis D64001 slr0492 29 (44) core
menB biosynthesis of cofactors Synechocystis D90906 sli1127 58 (78)
menA biosynthesis of cofactors Synechocystis D90911 sIr1518 24 (43) core
menC biosynthesis of cofactors Haemophilus influenzae P44961 — 31 (51) core
cobA biosynthesis of cofactors Synechocystis D64002 sllo378 42 (62)

lipB biosynthesis of cofactors Synechocystis D90915 slr0994 31 (54)
glms central intermediary metabolism  Synechocystis D90900 sll0220 42 (62)
desA fatty acid metabolism Synechocystis D90906 sll1468 54 (68)

Table 2. Unique genes (compared B purpureg of the C. caldariumcp-genome with unknown functions

Similar to
Gene Classification Length (aa) Organism Accession no. ORF identity Identity (similarity) %
cerfl 712 Plasmodium chabaudi  AF019972 20 in parts
ccrf2 31
ycf82 cell envelope ? 384 Synechocystis D90911 sIr1508 46 (65) whole length
ycf83 136 Synechocystis D64002 slr0204 28 (49) whole length
cerf3 36
ccrf4 26
ccrfs 55
ycf84 397 Synechocystis D90907 slr0882 25 (45) whole length
ccrfé 28
cerf7 71
ccrf8 43
ccrf9o 86
ccrfl0 regulatory functions ? 27 B. subtilis U55043_8 _8 50 in parts
cerfll 45
hairpin loop located adjacent to each other, but separated only by 206
A bp. Even though the two genes are transcribed in differ-
ﬁ» _EA ent directions irC. caldariumand in the same direction
in P. purpurea,this can be called a conserved synteny
according to the definitions by Clark (1999). The coun-
terpart region of the hairpin loop segment contains the
two direct repeat units (AB’) directly attached to each
other and comprises 463 bp between 1thid9 andclpC
-« genes.
B A

Fig. 1. The overall organization of thé. caldariumcp-genome. The

regions shown are not drawn to scale. Comparison of the Gene Repertoire caldarium

and P. purpurea

loop including the repeat units A and B comprises 12000n the cp-genome (Fig. 2) §. caldariumwe found 232

bp and is free of long ORFs. Thus, this region is thegenes and ORFs. As a consequence thereof the intergenic

largest gene-free region on the cp-genome. The boundspacer regions are very small with an average length of

aries of this segment are built by the genesyfic?7and 71 bp. The cp-genome encodes for 199 proteins and a

psbD. sufficient set of rRNAs (3) and tRNAs (30). The trans-
Interestingly, inP. purpureathese two genes are also lation of two of the genes§s20, ycf52 starts with GUG
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Fig. 2. The circular gene map of the cp-genomelofcaldarium.Genes transcribed in + direction are drawn outside the circle, genes in-direction
inside the circle as dark gray boxes. The rRNA and tRNA genes are drawn as light gray boxes.

instead of AUG. One gengcf20,uses UUG. The overall most of the other chloroplast genomes so far described
coding capacity oC. caldariumis comparable to that of (Martin et al. 1998; Stoebe et al. 1998). On the other
P. purpurea(Accession no. U38804), a multicellular red handC. caldariumcontains 28 genes and not yet defined
alga, with 251 genes and ORFs. While their general codORFs that have not been detected in any other plastid
ing capacity is very similar, there are significant varia- genome. Two additional gendsigH andycf49 are only
tions in the chloroplast gene sets of both red algae. present in a glaucocystophyte alga containing cyanelles,
C. caldariumlacks 39 genes that are presentRn  which are suggested to be “primitive” plastidSyano-
purpurea (basl, chlB, chiL, cpeA, cpeB, dsbD, fabH, phora paradoxgHelmchen et al. 1995). In summary, 30
infB, moeB, pbsA, pgmA, psbX, rne, rpl9, rpsl, syfB, syhprotein coding genes and ORFs are present in the cp-
upp, ORF58, ORF62, ORF111, ORF121, ORF148,genome ofC. caldariumthat are not found in the cp-
ORF287, ORF491, ORF621, ycf7, ycf21, ycf22, ycf29genome oP. purpureaThe gene products of 14 of these
ycf33, ycf34, ycf35, ycf36, ycfd8, ycf56, ycf57, ycf63genes have a known function as shown in Table 1, while
ycf64). Many of these 39 genes are also not present irthe function of the gene products of the remaining 16
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Table 3. Conserved regions betweéh caldariumandP. porphyracomprising more than two coding genes in both organisms

Number Unique
of Region C. caldarium  Additional genes
Region genes Genes it. caldarium (bp) Polarity genes in P. purpurea
1 4 ycf27, psbD, psbC, ycfl9 4784 - upp, ycfl7
2 3 ycf3, atpB, atpE 3014  +
3 16 rps18, rpl33, ginB, rps20, ccrfll, rpoB, rpoC1, rpoC2, 16,181 - cerfll
rps2, tsf, atpl, atpH, atpG, atpF, atpD, atpA
4 6 ftrB, psal, pshJ, psbL, psbF, psbE 1320 +
5 3 ycf4, ycf49, psaL 1204  + ycf49
6 5 ycf10, ccrfl, ycf58, psbl, ycf39 4820  + cerfl orfl11, orf621,
orf62
7 9 carA, ycf53, ycf55, cobA, ycf54, desA, ycf30, ycf32, rpl32 6416 + desA, cobA
8 13 cpcG, ycf18, ycf5, psaK, accA, ycf23, psaC, gltB, ycf6l, 12,759 + glms ycf21, pgmA, ycf22,
glmS, cpcB, cpcA, secA cpeB, cpeA
9 5 ycfa4, trpG, thiG, ycf60, rps6 3780 -
10 4 accB, ycf86, ycf45, acpP 2120 - ycf86
11 7 ftsH, ccrf2, psaE, psbH, psbN, psbT, psbB 4475 - ccrf2
12 4 rpl19, clpC, ccrf3, dnaB 5048 + cerf3
13 13 rplll, rpll, rpl12, petD, petB, ntcA, ompR, ycf40, ccrfd, 7727 + ccrf4 orfl48, syh, rpsil,
psbW, groEl, ycf65, rps16 syfB
14 9 rpl28, trxA, rbcL, rbcS, cfxX, ilvH, ycf84, ycf85, infC 7138 + ycf85, ycf84 ycf34
15 3 ycfl2, ycf62, trpA 2139 - ycfé4
16 8 ycf37, ycf52, psaF, psald, apcD, accD, pshV, petJ 4799 + psbX, fabH
17 30 rps10, tufA, rps7, rpsl2, rpl31, rps9, rpll3, rpoA, rpsll, 16,998  +
rpsl3, rpl36, secY, rps5, rpll8, rpl6, rps8, rpl5, rpl24,
rpll4, rpsl7,l rpl29, rpll6, rps3, rpl22, rpsl9, rpl2,
rpl23, rpl4, rpl3, dnaK
18 10 apcB, apcA, apcE, ycf43, petA, odpB, odpA, preA, 9505 +
rpl20, rpl35
19 4 ycf59, cerf6, ycf6, petM 1566 - ccrf6
20 5 ycf9, psbK, petG, hisH, rps14 1663  + hisH

ORFs is unknown (Table 2). Four of the five genes,regions. On the other hand, 17 of the 39 unique genes of
which are similar taSynechocystigenes (Kaneko et al. P. purpureashow also up in such syntenic regions (Table
1996), were given new ycf numbergcf82—ycf85 W. 3). When the locations of the single genes outside the
Loffelhardt, personal communication). The other 11conserved order segments of both cp-genomes were
ORFs show no or only slight similarities to ORFs from compared we observed five genes that probably were
other prokaryotic organisms. Therefore, some of theséransferred from their original position. These genes have
ORFs may not represent true genes. One gene with urdifferent positions and neighbors in both organisms
known function is shared only betweén purpureaand  (Table 4). Additionally, one entir€. caldariumregion

C. caldariumand has been given the nammef86 (L6f- of 25 kb does not have the same position in the cp-
felhardt, personal communication). genome as the corresponding regioPirpurpurea.This
region contains the genes of the regions 14 to 16 in Table
3 and the genegcfl6, ycf24, IpxC, IpxA, psaM, thdF,
chll, ycf80,andrps4. Yet in the cp-genomes d@. theta

and P. purpurea,this region is in a colinear context
éDougIas 1998).

Conserved Order

An alignment of the cp-genomes 6f caldariumandP.
purpureareveals that large parts of the two genomes ar
similarly arranged over their total length (not shown). In
Table 3 the 20 segments of conserved order making uphylogenetic Position of th€. caldariumChloroplast
more than two genes are listed. The respective polarity of
these segments is given according to their Genbank enA/e performed a bootstrapped phylogenetic analysis with
tries (U38804 forP. purpureaand AF022186 forC. the neighbor joining method using the same gene set as
caldarium). Only one geney(cfl7) located in a conserved it was used by Martin et al. (1998). In the resulting tree
order segment irC. caldarium appears to have been C. caldariumrobustly clusters withP. purpureaand G.
moved from that postiion ifP. purpurea. theta According to this treeG. thetabuilds an assembly
Many of the unique genes of both species are embedwith P. purpureaand does not branch before the two red
ded in segments of conserved order. Fourteen of the 38lgae.O. sinensissupposed to be derived from a sec-
novel genes irC. caldariumare enclosed in such large ondary endosymbiosis, branches before the red algae and
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Table 4. Translocated genes

C. caldarium P. purpurea
# Genes Position Neighbors Position Neighbors
1 ycf26 143258-145153 apcB, argB 181393-183363 psbE, orf263
2 chll 109777-110838 thdF, infC 184540-185610 orf263, psaM
3 chiN 90499-91686 rpl1l, dnaB 1095-2402 chiL, orf491
4 ycfl7 85058-85189 rpl19, menD 143858-144004 psbC, orf198
5 rpl34 57400-57537 orf437, secA 4047-4187 chIN, ycf37
G. theta derivatives (Abdulrashid and Clark 1987). These sulfur-

C. caldarium containing heterocycles are likely to occur in sulfurous,

acidic, and hot springs, the natural habitat ©f

P. purpurea ! . .
caldarium. The gene for desaturation of fatty acids

1000

O SINENSIS e o 997796 (desA is also unique tdC. caldarium.Recently it was
997 green lineage shown thatdesAis important for the tolerance of the
photosynthetic machinery to salt stress (Allakhverdiev et
100 al. 1999).
Synechocystis/ Three genedpxA, IpxC,andlipB are involved in the
C. paradoxa synthesis and secretion of lipid A, the lipid moiety of

Fig. 3. Phylogenetic position of. caldarium.A neighbor joining  lIPOpOlysaccharids (Akatsuka et al. 1997; Frenken et al.
tree derived from a concatenated gene set as described in methods1993; Goldman et al. 1992; Stingele et al. 1996). An
shown. Bootstrap values are indicated at the brancBgsechocystis  gdditional unigue ORF with a weak homology to a ga-
was used as root, the branching®@f paradoxacould not be resolved Iactosetransferasgc(f83 may be needed for the synthe-
using this data set. . . . . .
sis of the saccharide moiety of this molecule. Lipopoly-
saccharids are a main component of bacterial cell

the cryptophyta. To confirm this result we performed envelopes. No other photosynthetic eukaryote described

additional analyses using maximum likelihood methods SO far contains these genes for the production of lipo-

The trees obtained with these methods gave the sanf¥Plysaccharids in the cp-genome. The gene product of
topology as that shown in Fig. 3. glmSis one of the main components of the cell envelope

in Thermus thermophilugFernandez-Herrero et al.
1995). This gene may thus also play a role in plastid
UniqueC. caldariumGenes with Known Functions envelope synthesis i@. caldarium.

The geneshisH, cobA, desAand gimSare inserted in
segments on the cp-genome, which show a conserv
order betweerP. purpureaandC. caldarium.The other
10 of the 14 known genes unique@ caldariumare not ~ Phylogeny

embedded in such regions. _ _ The phylogenetic tree shown in Fig. 3 implicates that the
A cluster of six genes is responsible for the biosyn-roq jineage is subdivided into two branches. The forma-
thesis of menaquinone (vitamin K). Menaquinone Sy, of organisms such 8. thetatook place after the
supposed to be the secondary electron acceptor in tr@eparation of. caldariumandP. purpureafrom a com-
Photosystem | (Bittl et al. 1997; Hauska 1988). The bio—rnon ancestor, whereas the endosymbiotic ancestor of
synthesis of menaquinone requires at least seven reagj,angisyas formed before that event. This tree is sup-
tions (Sharma et al. 1996). The enzyme required for theborted by the finding that the cp-genomesPofourpurea
seventh step has only been described Escherichia and G. thetacan be aligned throughout the whole ge-
coli. The gene for this protein has no counterpart inyo e \whereas one region @ caldariumis displaced.
Synechocystig cyanobacterium. Thus, this enzyme hasgithermore(. caldariumlacks the intein, which is pre-

to be encoded by a different gene Siynechocystiand - oy i thednaBgene inP. pupureaas well asG. theta
may be represented by one of the four ORFsQof (Douglas 1998).

caldarium with high homology toSynechocystigenes
with unknown function. The plastid &. caldariumthus

. . Structure
seems to posses a nucleus-independent menaquinone
biosynthesis. Additionally, th€. caldariumcp-genome A common feature of most green chloroplast genomes is
encodes ahdF gene. InE. coli the gene product is in- a large, inverted, repeated region containing at least the
volved in detoxification and metabolization of thiophene rRNA genes (Maier et al. 1995; Sugiura 1995; Tsudzuki

elaiscussion
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et al. 1992). Commonly, these repeat units divide than the shotgun library. By using several primers located
chloroplast genome in a large and a small single copyear and in the potential stem we were able to obtain the
region. EverNephroselmis olivacea, green alga, shows sequence of this region. The difficulty in cloning and
the quatripartite structure characteristic for higher greersequencing this part of the cp-genome may be due to the
plants (Turmel et al. 1999). Interestingly, a unicellular presence of a stable secondary structure in this region.
member of the green lineag€hlorella vulgaris,con-  For the replication in mitochondria a hairpin structure is
tains no larger repeat regions (Wakasugi et al. 1997)necessary, although no conserved sequence seems to be
whereasEuglena gracilisstrain Z, which most likely required (Clayton 1992). Suppose the structure observed
evolved from a secondary endosymbiosis, has three tarts such an origin of replication: there is only one present
demly arranged direct repeat units containing the rRNAIN this cp-genome as it is in mitochondria. The very long
genes (Hallik et al. 1993). stem of the hypothetical hairpin structure could be nec-

C. caldariumand P. purpurea,the two known red €ssary for the replication at elevated temperatures, be-
algae, contain direct repeats. On the other hand, membef@use temperature can influence the replication effi-
of the red lineage evolved from a secondary endosymgiency’ if hairpin structures are involved in this process
biosis ©. sinensis, G. thejacontain inverted repeats. (Bérkhout et al. 1997).

Thus, in both the red and the green lineages repeats of
various sizes and in both orientations exist.

Turmel et al. (1999) found striking similarities in gene
partitioning amongC. paradoxa, G. theta, N. olivacea, The i . b db h i f
and even land plants. Due to that widespread existence of € Inversions observe etween the cp gef‘om@* 0
uniform structural patterns in chloroplasts it was postu_pgrpureaandc. caldariumlead to a fragmentation qf the
lated that the inverted repeats in cp-genomes have %Ilgnment of the cp-genomes. The fragments include

p pP-9

single origin (Turmel et al. 1999). Yet, the occurrence ofparts of the genome ranging from 1.2 10 17 kb (Table 3).

. . . Yet, most parts are at a comparable position in both

direct repeats in red algae may be a primary event. The - A sinal . 95 Kb | t located at th

evolution of an inverted repeat after a secondary endo(—:p genomes. A single region o 1S notlocated atthe
biosi i found 6. thet be t d back same place in both algae. Thus, this region must have

fym 10SIS gs ! t\_/vas fOthj]n RN A ge:can eD racle 13(;8 been translocated in one branch after the separation of

0 arecombination ot the r cistrons (Douglas ) )'the two branches in the red lineage.

Thus, inverted repeats would have evolved several times. Several unigue genes of both organisms are located in

Otherwise, the direct repeats of the two red algae have tPegions of conserved order. They can be placed in joined

be acquired independently after their separation from %egments (Table 3). A joint gene map would comprise

common ancestor. This can be inferred from the phyloyhe common genes and 31 of the 68 unique genes of both

genetic analysis, which shows th@t theta,containing  gpecies. The combination of all genes of both species in

inverted repeats, evolved after the separatioR.opur-  and around such syntenic regions may partially resemble

pureaandC. caldariumfrom a common ancestor. the ancestral red cp-genome. Information on additional
The lack of large repeats i8. caldariummay repre-  gpecies, which are as far relatedRispurpureaand C.

sent an archaic form of the cp-genome organizationca|darium,may help totally reconstruct this ancestral red
since hairpin structures together with small repeat elegp-genome.

ments can be the seed for the development of larger
direct repeats (Cohen et al. 1994; Ohshima et al. 1992).
All the genes, where a translocation event is veryEnvironmental Conditions May Have Influenced the
likely (Table 4), are located in the vicinity of the second Loss or Maintenance of Plastidal Genes
copy of the rRNA cluster irP. purpurea.Since these During Evolution
genes are distributed over the whole cp-genome€.in
caldariumthey have to be transferred from their original Six genes comprise thmengene cluster. It is not obvi-
position by other mechanisms than serial inversions. Obeus why at least six of the seven genes needed for mena-
viously, the gain or loss of the second copy of the rRNAquinone synthesis were retained in the cp-genome as a
cluster may have led to these translocations. We cannatluster. Possibly the clustering of the genes could be the
exclude that further genes not included in conserved orfirst step for the translocation of all genes together to the
der segments were also translocated during the evolutionucleus of the eukaryote. The process of translocation
of the two red algal branches, but there is only weakthen may have been stopped due to problems occurring
evidence for such an event. in connection with the transcriptional regulation of the
The region of 1200 bp including the hypothetical hair- genes in the nucleus or the transport of the proteins to the
pin structure is gene-free in an otherwise gene-rich geehloroplast. There is no evidence that thengene clus-
nome. This may be a hint for a role of this region in ter represents alien genes translocated to the chloroplast.
regulatory functions and/or replication. This region wasThe codon usage can be a marker for such events
the only one for which no shotgun clone could be found(Mrazek and Karlin 1999). Yet in this cluster it does not

Conserved Order in Large Segments
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deviate significantly from the codon usage of all genes of of inverted repeats during gene amplification. Mol Cell Biol 14:

the cp-genome (data not shown). 7782-7791

. . Craxton M (1993) Cosmid sequencing. Methods Mol Biol 23:149-167
A second group of genes comprises genes for lipog WN, Brock TD (1970) The upper temperature limiQyfani-

polysaccharid synthesidigB, IpxA, IpxC, and ycf82, dium caldarium. Arch Mikrobiol 72:326-332

which in turn is needed for building bacterial outer mem-pouglas SE (1998) Plastid evolution: origins, diversity, trends. Curr
branes. The target for the lipopolysaccharides produced Opin Genet Devel 8:655-661

in the chloroplast could therefore either be the cell en_Fernandez-Herrero LA, Badet-Denis.ot MA, Badet B,' Berenguer J
veIope of the eukaryote or the plastid membrane. A fifth (1995) gImS ofThermus thermophiluslB8: an essential gene for

. . . . cell-wall synthesis identified immediately upstream of the S-layer
gene detectedgimsS, is also involved in building cell gene. Mol Microbiol 17:1-12

envelopes. Frenken LG, de Groot A, Tommassen J, Verrips CT (1993) Role of the
The presence of these five genes in the cp-genome of lipB gene product in the folding of the secreted lipasé>séudo-
C. caldariumsuggests that this alga contains lipopoly-  monas glumaeMol Microbiol 9:591-599

. . . . Goldman RC, Capobianco JO, Doran CC, Matthysse AG (1992) Inhi-
saccharide-like membrane constituents. Thus, this chlo bition of lipopolysaccharide synthesis igrobacterium tumefa-

roplast would ha_V9 reta_ined anCie_nt fez_itures. ciens and Aeromonas salmonicidal Gen Microbiol 138:1527—
It was shown irE. coli that mutations idpxA or [pxC 1533

cause a temperature-sensitive phenotype (Vuorio andallik RB, Hong L, Drager RG, Favreau MR, Monfort A, Orsat B,

Vaara 1995). Thus, thermotolerance Gf caldarium Spielmann A, Stutz E (1993) Complete sequencEuglena graci-

. . lis chloroplast DNA. Nucleic Acids Res 21:3537-3544
may be mediated thrOUgh this group of genes. Hauska G (1988) Phylloquinone in photosystem |: are quinones the

TWO genes of the cp-genomthdF anddesA seem to secondary electron acceptors in all types of photosynthetic reaction
be involved in stress endurance. These genes may have centers? Trend Biochem Sci 13:415-416

been also retained in the chloroplast due to their imporHelmchen TA, Bhattacharya D, Melkonian M (1995) Analyses of ri-

tance for survival under the extreme environmental liv- Posomal RNA sequences from glaucocystophyte cyanelles provide
. . . . new insights into th lutionary relationshi f plastids. J Mol
ing conditions of this species. ew insights into the evolutionary relationships of plastids. J Mol

Evol 41:203-210

Additionally, the presence of so many genes (19) Withkaneko T, Sato S, Kotani H, Tanaka A, Asamizu E, Nakamura Y,
similarities in photosynthetic organisms onlySgnecho- Miyajima N, Hirosawa M, Sugiura M, Sasamoto S, Kimura T,
cystisand C. paradoxagenes leads us to the following Hosouchi T, Matsuno A, Muraki A, Nakazaki N, Naruo K, Oku-
conclusion: These genes are the remnants of an ancient Mmura S, Shimpo S, Takeuchi C, Wada T, Watanabe A, Yamada M,
cp-genome, and they are mainly maintained due to the Yasuda M, Tabata S (1996) Sequence analysis of the genome of the

L e . unicellular cyanobacteriurBynechocystisp. strain PCC6803. II.
extreme living conditions ofC. caldarium.Thus, only Sequence determination of the entire genome and assignment of

cp-genomes of close relatives, which live under the same potential protein-coding regions. DNA Res 3:109-136
conditions, but no other cp-genome may contain thesé&owallik KV, Stoebe B, Schaffran I, Kroth-Pancic P, Freier U (1995)
genes. The chloroplast genome of a chlorophyll a+c- containing alga,
Odontella sinensisPlant Mol Biol Rep 13:336-342
Lopez-Garc P, Moreira D (1999) Metabolic symbiosis at the origin of
eukaryotes. Trends Biochem Sci 24:88-93
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