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Summary. In the multicellular red alga Amntithamnion
spec. both rubisco genes (rbcL and rbeS) are encoded on
the plastid DNA (ptDNA). Both genes are separated by
a short A/T-rich spacer of 100 bp and are cotranscribed
into an mRNA of approximately 2.7 kb. These findings
are in extensive agreement with those obtained from two
unicellular red algae (Porphyridium aerugineum and
Cyanidium caldarium). The large subunit (LSU) of ru-
bisco shows an amino acid homology of 82—87% with
the LSUs from the two unicellular red algae and only
about 55% to LSUs from green algae, higher plants and
two cyanobacteria. The small subunit (SSU) of rubisco is
more similar to those from the unicellular red algae and
two algae which are members of the Chromophyta
(about 60% homology) than to cyanobacterial and
higher plant proteins (27-36% homology). These data
indicate that rhodoplasts originated independently from
the chloroplast line. The plastids of chromophytes and
rhodophytes appear to be closely related.

Key words: Red algae — Plastid evolution — Ribulose-1,5-
bisphosphate carboxylase/oxygenase — Plastid DNA

Introduction

The concept of an endosymbiotic origin of plastids is now
generally accepted (Margulis 1981; Cavalier-Smith 1987;
Giovannoni et al. 1988). As the plastids of red algae
(rhodoplasts) share some characteristic features with
cyanobacteria [e.g., phycobiliproteins, which are orga-
nized in complex structures (phycobilisomes), and thy-
lakoid arrangement] it appears likely that they originate
from an endosymbiotic cyanobacteria-like ancestor.
Chloroplasts (plastids of green algae and higher plants
containing chlorophyll a and 4) might have evolved from
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a chlorophyll a/b-containing procaryote, such as
Prochlorothrix hollandica, which lacks phycobiliproteins
(Morden and Golden 1989; cf. Turner et al. 1989).

We have previously analyzed the genes for the Ribu-
lose-1,5-bisphosphate carboxylase/oxygenase (rubisco)
from two unicelluar red algae (Valentin and Zetsche
1989, 1990a). In contrast to the situation in chlorophyll
a/b plants, both rubisco genes are encoded on the ptDNA
and are cotranscribed in these algae. The organization of
the rubisco genes in unicellular red algae is, therefore,
similar to that of the cyanobacteria (Shinozaki and Sug-
iura 1983; Nierzwicki-Bauer ctal. 1984), Cyanophora
paradoxa (Starnes et al. 1985) and some groups of Chro-
mophyta (Reith and Cattolico 1986; Hwang and Tabita
1989; Douglas and Durnford 1989; Valentin and Zetsche
1990b). Sequence homologies between rubisco genes
from red algae, two recent cyanobacteria, and chloro-
phyll a/b-plants, clearly indicate a polyphyletic origin of
chloroplasts and rhodoplasts (Valentin and Zetsche
1990a). These findings are supported by a phylogenetic
tree based on sequences for the plastid-encoded 5 S
rRNA (van den Eynde et al. 1988). In addition, similari-
ties in the structure and the sequence of the small subunit
(SSU) suggested a close phylogenetic relationship be-
tween rhodoplasts and the plastids of the Chromophyta
and the Cryptophyta (Valentin and Zetsche 1990a, b).

To confirm the findings mentioned above it is neces-
sary to analyze the organization and nucleotide sequence
of the rubisco genes from a more highty evolved, multi-
cellular, red alga. Moreover, a comparison of rubisco
sequence-homologies between unicellular red algae and
higher evolved forms with those between green algae and
higher plants should allow an estimate as to whether the
endosymbiosis which has led to rhodoplasts, or that
which has led to chloroplasts, occurred first during the
course of evolution.

In this study we present the organization and nucle-
otide sequence analysis of the rubisco genes from the
multicellular filamentous red alga Antithamnion spec.
(Florideophyceae). The possible phylogenetic implica-
tions of the results obtained, such as the phyletic age of
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the red algae and the relationships between rhodoplasts
and other plastid types, are discussed.

Materials and methods

Molecular cloning and sequencing of the rubisco operon from An-
tithamnion spec. PtDNA from Antithamnion was isolated as de-
scribed (Valentin and Zetsche 1989). A 7.5 kb EcoRI fragment con-
taining the complete operon was isolated from a ptDNA gene li-
brary by colony-hybridization (Walker 1984) with an rbcL-specific
gene probe from the unicellular red alga Porphyridium aerugineum
(Valentin and Zetsche 1989). This fragment was mapped with sev-
eral restriction enzymes and the location of the Rubisco genes was
determined by Southern hybridization (Maniatis et al. 1982) using
rbcL- and rbeS-specific gene probes from Porphyridium. Rubisco-
encoding fragments were subcloned in pUC 18 according to Mani-
atis et al. (1982). The nucleotide sequence of the complete operon
was determined with a “Kilobase Sequencing System” (from BRL)
or a “Sequenase Sequencing System” (from Renner/USB). Over-
lapping fragments were used in order to determine the sequence of
both strands and to cross all restriction sites. Computer analysis was
performed with the “Kroéger Menue” (Kroger and Kroger-Block
1984).

Nothern analysis. Total cellular RNA from Antithamnion was iso-
lated as described (Steinmiiller et al. 1983). About 5 ug RNA per
lane was electrophoresed on formaldehyd-agarose-gels and blotted
to nitrocellulose according to Davis et al. (1986). Blots were hy-
bridized with 3?P-labelled rbcL- and rbcS-specific gene probes from
Antithamnion spec. as described (Maniatis et al. 1982).

Construction of dendrograms. Dendrograms of various large sub-
units (LSUs) and sequence alignements were constructed with the
“CLUSTAL” program (Higgins and Sharp 1988). Program
parameters, such as “K-TUPLE SIZE” and “GAP PENALTY"”,
were changed in order to differentially evaluate the occurrence of
insertions/deletions according to the instruction manual (see legend
Fig. 3 and discussion). The program calculates dendrograms on the
basis of “‘similarity scores” which give the number of matching
residues between two sequences. From this score a fixed value is
subtracted for every gap (=gap penalty). The LSUs from chloro-
plasts and cyanobacteria are about 13 amino acids shorter than
those from rhodoplasts. Thus, assuming an average amino acid
homology between different rhodoplast LSUs, or between different
chloroplasts LSUs, of more than 80% (see Table 1), the similarity
score between chloroplast LSUs will be about 10 points (80% from
13) lower than between rhodoplast LSUs. Therefore a score of 10

1 GRAGTTTTATATTGTATTTTIGTAGACTARTTTTATTAGCATCAGCTACAAT TATATAGCTAACTTAACAAC TAATGA TACTGCC T TARATTCARGGAGE AATAAR TG TC TARCTCTGTA

MetSerAsnServal

121 GAAGAACGGACAAGAATTAARAATGAGCGTTATGAGTCTGETGTAATACCTTACGCTAARATGGGATATTCCGATCCTGAATATGCAGTTARAGATACTGATATC T TAGCTCTATTCCET
GluGluAegThrArglleLysAsaGlurgTyrGluSerGiyvalTleProTyrAlalysMetGlyTyrTrpAspProGlulyralaVallyshspTthraspl leLeuAlaLeuPhedry
241 GTAAGTCCACAACCAGGTGTTGATCCARTTGAAGCATCTGCAGC TGTAGCAGETGARTCATCTACTGCAACTTGGACTGTTGTATGGACAGATTTATTAACTGCATGTGAT TTATATAGA
ValSerProGinProGlyValAspProlleGlualaserilaAlaValAlaGlyGluSerSerThrAlathrTepThrValVal TrpThrAspleuleuThrAlaCysAspLeuTyrarg
361 GCARAAGCTTACARAGTAGATGCTGTACCTAACACATCTGATCARTACTTCGCATATATICCATATCATATCGATITATT TGAAGAAGGTTCAATIGCAAACTTAACTGOTTCAATTALE
AlaLysAlaTyrlysValispAlaValProdsaThrSerAspGlnTyrPheAlaTyrTlealaTyraspl leAspleuPheGluGluGlySerlledlahsnleuthralaserIlelle
481 GGTAACGTATTTGGTTTCAAAGCAATAARAGCTTTAAGATTAGRAGATATGCGTATTCCTGTAGCTTACCTARAARCAATCCAAGETCCAGCARCAGCTATAATCGTAGAACGTGAGCGT
GlyAsaValPheGlyPheLysAlallelysAlaleuhrgleuGluAspHetArglieProvalAlaTyrleuLysThrlleGlnGlyProAlathrGlyTlellevalGluargGluarg
801 ATGGATAAATTTGGTCGTCCATTCCTAGETCCARCTGTTAARCCTAARTTAGGTTTATCAGGAAAAAACTACGGAAGAGTAGTATATGAAGETCTTAGAGG TGGTTTAGACTTCCTTAAA
HetAsplysPheGlyArgProPheleuGlyProThrValLysProkysteuGlyleuSerGlylysAsnTyrGlyArgValvalTyrGlulyleutrgGlyGlyleuAspPhelenLys
721 GATGATGAAAATATTAACTCTCAACCATTCATGCGTTGGAARGAAAGATTCCTATATICTATGGAAGCTGTARACCETTCARTIGCTGCAACTGGTGAAGTGARAGGTCACTACATGRAT
AspAspGludsnlleAsnSerGinProPheMetArgTrplysGludrgPheleuTyrSerdetGiualavalAsndrgSerileaiatlaThrGlyGluvallysGlyBisTyrietAsn
§41 GTTACTGCATCAACTATGGAAGACATGTATGARAGAGCTGAATTTGC TAAGCAACTAGGCACAGTTATTATCATGAL TGACTTAGTTATCGGATATACAGCAATTCAAAGTATGGGTATC
ValThralaSerthrietGluAspMetTyrGluArgAlaGluPheAlalysGinkeuGlyThrValllel leMetTleAspleuVallleGlyTyrThrAlalleGlnSer#etGlylle
961 TGGGCTCGTARGAATGATATGATTTTACACTTACATCGTGCTGGTAACTCAAC TTATTCACGTCAARRAATTCATGGTATGAACTTCCGTGTARTTIG TAAGTGGATGCO TATGGCAGET
TrpAlaArglysAsnAspetlleleufiisleulisArgdlaGlyAsnSerThrlyrSerArgGlniysIleBisGlyHetAsnPheArgVallleCyslysTrpMetArghetAlaGly
1081 GITGACCATATTCACGCAGGTACTGTTGTAGGTAAACTAGAAGGTGATCCATIGATGATTAGAGG T TTCTACAATACTTTACTACT TAGTGAACTTGCAATAGACTTACCAARAGGTATT
ValaspAisIleBisAlaGlyThr¥alValGlyLysleuGluGlyAspProlenMetIleArgGlyPheTyrAsnThrleuleuleuSerGluleudlalleAspleuProlysGlylle
1201 TTCTTCGAACAAGATTGGGCIGCTTTACGTAAAGTAACTCCAGTTGCTTCTGETGGTATTCACTGTGGACAAATGCACCAATTACTIGATTATTTAGGTAATGATGTAGTACTACAATTT
PhePheGluGinAspTrphladlaleudrghysValThrProvalalaSerGly6lyTleRisCysGlyGlaketBisGinLeuleuhspTyrieuciyAsnhspValVailen nphe
1321 GGTGGTGETACAATIGGACATCCAGATGGTATCCARGCAGGTGCAACAGCTAACCGTGTAGCTTTAGAATCTATGG TAATAGCACGTAACGAAGAACGTGACTATGTAGCAGAAGGTCCA
GlyGlyGlyThrileGlyHisProAspGlyIleGinalaGlyAlaThraladsnArgValAlaleuGluSertetVallleAlahrghsnGluGlurgAspTyrvalalagluclybro
1441 CAAATTTTACTIGATGCAGCTAAAACATGTGGTCCTTTACAAACAGCTTTAGATCTATGGARAGATATTACATTTAATTATACTTCTACAGATACAGCTGACTTCGTAGARACTCCAACA
GInIlelenLenAspAlaAlalysThrCysGlyProleuGinThralaleudspheuTrplysAsplleThrPheAsnTyrThrSerThrAspThralaAspPhevalGluThrProthr

1561 GCTAACGTATAAARTATTTACATCGTTATICTTTACGTGTTTCACGTAAGTTTAGTGAATATCAARATTCAAGCTTTAATAATTGCTTAACCATCATAAGGAGTACAAAATAGTGAGA

dlaAsnVal-c-

Heblrg

1679 CTAACACAAGGAACTTTTTCCTTCTTACCAGATTTAACTGACGAACAARTTAAAARACAGAT TGCATACGCAGTATCACAARACTGGGCAATCAACATTGAATTTACTGATGATCCGCAT
LeuThrGlnGlyThrPheSerPheleuProspleuthrispGluGint lebyshysGlnl leAlaTyrAlaValSerGinAsaTrpAlal leAsnl leGluPheThrAspAspProfis
1799 CCAAGAAATAACTATTGGGAACTITGGGGTTTACCATTATTCGATATCAATGACGTAGAATCAGTAATGTATGAACT TG AAAGT TG TCGTAAACARCATTCAGGTTTATATATTARAATA
ProArgAsnAsnTyrTrpGluleutrpGlyLeuProleuPheAsplleAsndspValGluServalbetTyrGluleuGluSerCysArglysGlndisSerGlyleuTyrilelysile
1919 AACGCATTTGACAACACTAGAGGTGTTGAAAGTTGTGTTTTATCATTCATTATTAATAGACCTTCTTACGAACCAGGCTTCGAACTAATTAGATCAGAAGATATTGGAAGAAATCARRAA
AsuAlaPheAspAsnThrArgGlyValGiuSerCysValleuSerPhellelleAsnArgProSerTyrGluProGlyPheGluleulleArgSerGlusplieGlyArgAsnGIntys
1039 TATAGCTTCCGCAGTTATGCAACAGCTAAACCTGAGGGTTCTCGTTATTAATATAT TAAATGCTTTAGT TARACTAAT TAACTAATATTAAGAAGA AAGATAAAATATCTTICTTCTTAA

TyrSerPheArgSerTyralaThralalysProGluGlySerArgTyr-c-

2159 TTAATTATAAACTTGTAAATAATATAAACAATAAACAATACAATATGAATACAACATTTCCTGATGATACTCTAGT TAATCTACAACAAGAATATGATAAAACTCAAATTCAGAAATAAT
2279 AGATGAATTAGAAAAAGAACTTATTGGATTAAAACCTGTTAAAACAGAAT TAAAGAGATAGCAGCTTTATTATTARTTGATAAATTAAGAAATARCTTAGGCT TAATATCTGGTAGTCCT

Fig. 1. Nucleotide and deduced amino acid sequence of the Rubis-
co operon from Antithamnion spec. Putative Shine-Dalgarno se-
quences and a proposed transcription-terminator (16 bp inverted

repeat) are underlined. The sequences have been assigned the acces-
sion No. X54532 A. SPEC: RHODOPLAST RBCL & RBC S
GENES, at the EMBL data bank
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was added to every similarity score between chloroplast and
cyanobacterial LSUs before calculating dendrograms.

Results

Both Rubisco genes are encoded on the ptDNA of An-
tithamnion spec. as shown by heterologous hybridization
using rbeL- and rbeS-specific gene probes from the uni-
cellular red alga Porphyridium aerugineum (Valentin and
Zetsche 1989). A 7.5 kb EcoRI fragment of the ptDNA
hybridizing with both gene probes was cloned and the
nucleotide sequence of the region coding for Rubisco was
determined (Fig. 1). The rbcS gene (417 bp) follows at a
distance of 100 bp from the stop codon of the rbcL gene
(1467 bp). Putative Shine-Delgarno sequences are ob-
served 6 and 9 bp upstream of the rbcL and rbcS genes,
respectively (Fig. 1 underlined). Thirty-five bp down-
stream of the stop codon of the rbcS gene a 16 bp inverted
repeat is found which may serve as a transcription termi-
nator (Fig. 1 underlined). When RbcL- and rbcS-specific
gene probes are used to detect Rubisco mRNAs in a
Northern blot experiment the gene probes hybridize to

<
N

Fig. 2. Cotranscription of both Rubisco genes from Antithamnion
spec. RbeL-(1) and rbeS-(2) specific gene probes were used to iden-
tify specific mRNAs. Both gene probes hybridize to a mRNA ap-
proximately 2.7 kb in size

Table 1. Sequence homologies (in %, deletions excluded) between Rubisco protein from different sources

SSU C.cal. P.aer. Ant. Cryp. 0. lut. E.sil. Anab. A.nid. C.par.  E.gra. C.rei. N.tab.
P.aer 62.3

Ant. 60.1 69.6

Cryp. 61.6 72.5 67.4

O.lut. 53.6 64.5 57.2 62.6

E.sil. 52.9 64.7 62.3 64.7 67.4

Anab. 33.0 34.8 35.7 34.8 357 31.3

A.nid. 36.6 30.4 33.9 339 33.9 34.8 58.9

C.par. 35.5 36.4 35.5 36.4 327 32.7 46.2 50.9

E.gra. 32.1 29.9 27.6 313 313 29.9 48.2 39.3 43.6

C.rei. 33.6 311 29.9 33.6 30.6 30.6 46.4 42.0 49.1 59.7

N.tab. 27.6 27.6 29.3 26.8 25.2 26.8 40.2 41.1 39.1 52.8 50.6

Maize 23.6 26.0 26.8 244 25.2 27.7 42.0 42.0 40.0 51.2 51.2 68.3
LSU

P.aer 83.3

Ant. 81.7 87.1

E.sil. 79.3 83.9 82.3

Anab. 56.9 55.5 54.5 54.3

A.nid. 533 55.5 551 54.7 82.5

C.par. 55.1 53.9 64.1 53.3 82.3 82.5

E.gra. 53.3 52.5 52.5 52.9 80.3 79.9 83.9

C.rel. 531 52.1 51.5 51.5 81.5 80.9 83.9 90.9

N.tab. 54.3 54.1 54.7 52.9 82.1 81.3 83.5 84.7 86.5

Maize 53.9 527 53.3 52.5 78.1 76.9 81.7 82.1 83.9 88.7

In the upper section various small subunits (SSUs) are compared. In the lower section sequence homologies between different large subunits
(LSUs) of Rubisco are given. Abbreviations are: C.cal.= Cyanidium caldarium (Rhodophyta; Valentin and Zetsche 1990a); P.aer. =
Porphyridium aerugineum (Rhodophyta; Valentin and Zetsche 1989); Anti.= Antithamnion spec (Rhodophyta); Cryp.=Cryptomonas &
(Cryptophyta; Douglas and Durnford 1989); O.lut. = Olisthodiscus luteus (Chromophyta, Chrysophyceae; Boczar et al. 1989); E.sil.=
Ectocarpus siliculosus (Chromophyta, Phacophyceae; Valentin and Zetsche 1990b); Anab.=Anabaena 7120 (Cyanobacteria; Nierzwicki-
Bauer et al. 1984, Curtis and Haselkorn 1983); A.nid. = Anacystis nidulans (Cyanobacteria; Shinozaki and Sugiura 1983, Shinozaki et al.
1983); C. par. = Cyanophora paradoxa (Starnes et al. 1985; Valentin and Zetsche 1990c¢); E. gra. = Fuglena gracilis (Gingrich and Hallik 1985;
Chan et al. 1990); N. tab. = Nicotiana tabacum (Mazur and Chui 1985; Shinozaki and Sugiura 1982); C.rei. = Chlamydomonas reinhardii (Dron
et al. 1982; Goldschmidt-Clermont and Rahire 1986); Maize (Mazur and Chui 1985; Matsuoka et al. 1987)



468

mRNAs of similar size (approximately 2.7 kb, Fig. 2) in-
dicating that the two genes are cotranscribed.

Both Rubisco genes from Antithamnion are colinear
with corresponding genes from the unicellular red alga
Porphyridium aeruginewn (data not shown). The An-
tithamnion SSU contains the large insertion at the car-
boxy terminus which was found to be typical of SSUs
from red algae, chromophytes and cryptophytes
(Valentin and Zetsche 1990a, b; data not shown).

Sequence homologies (at the amino acid level) of both
subunits of Rubisco from Antithamnion with correspond-
ing proteins from chloroplasts and cyanobacteria are
given in Table 1.

Discussion

Our results establish that both Rubisco genes are en-
coded on the ptDNA of Antithamnion spec. within a sin-
gle operon. As we have previously found a similar loca-
tion and organization of the Rubisco genes in two unicel-
lular red algae (Porphyridium aerugineum and Cyanidium
caldarium; Valentin and Zetsche 1989, 1990 a) this feature
appears be typical of the red algae as a whole.

A similar organization of rubisco genes has been es-
tablished in some unicellular chromophytes (Reith and
Cattolico 1986; Hwang and Tabita 1989) and in the cryp-
tophyte Cryptomonas @ (Douglas and Durnford 1989).
Therefore, the location of the rbeS genes in the nuclear
genome of chlorophyll a/b-plants appears to be an excep-
tion in terms of the whole plant kingdom. In addition, the
different coding sites of the rbcS gene in red algae, chro-
mophytes and chlorophyll a/b-plants may be interpreted
as an indication of a common phylogenetic origin of
rhodoplasts and phaeoplasts and a polyphyletic origin of
these two plastid types and chloroplasts. This hypothesis
is strongly confirmed by a sequence comparison of Ru-
biscos from different sources. Red algal and chromo-
phyte LSUs are well conserved throughout these taxa
(79-87% homology, Table 1) but are clearly distinct
from LSUs of chloroplasts and two recent cyanobacteria

0
—+300

‘(about 55% homology, Table 1). LSU homologies be-

tween chloroplasts and cyanobacteria are much higher
(approximately 83%, Table 1) than between LSUs from
chloroplasts and rhodoplasts or phaecoplasts. Thus,
chloroplasts are obviously more closely related to
cyanobacteria than to rhodoplasts or phaeoplasts. A
polyphyletic origin of chloroplasts, rhodoplasts and
phaeoplasts, therefore, appears to be very likely (see also
Fig. 3). This hypothesis is confirmed by sequence ho-
mologies between SSUs from red algae, chromophytes,
cyanobacteria, and chlorophyll a/b-plants (Table 1, cf.
Valentin and Zetsche 1990a, b).

A comparison of sequence homologies between prim-
itive and advanced forms of both plastid types should
help to answer the question as to whether rhodoplasts or
chloroplasts arose first in the course of evolution. By
sequence comparisons of Rubisco genes we have postu-
lated that the plastids of Chromophyta and Cryptophyta
arose from endosymbiotic unicellular red algae (Valentin
and Zetsche 1990a, b). If this hypothesis is correct ho-
mologies of red algal LSUs to those from the brown alga
Ectocarpus siliculosus have to be taken into account when
evaluating the phylogenetic age of rhodoplasts. LSU ho-
mologies between an advanced red alga (Antithamnion)
and two primitive forms (Cyanidium caldarium and Por-
phyridium aerugineum) are about 83—87%; that between
the LSUs from Ectocarpus (advanced chromophyte) and
Cyanidium (primitive red alga) is 79%. Corresponding
homologies between advanced chlorophyll a/b-pants (to-
bacco and maize) and primitive members of this group
(Euglena gracilis and Chlamydomonas reinhardtii) are
about 82—-86%. The occurrence of insertions/deletions
may also be a good criterion for evaluating phylogenetic
distances. Considering this, it is noteworthy that the red
algal and chromophyte LSUs are colinear except for an
insertion of five amino acids (aa) at the amino-terminus
of the Cyanidium LSU (data not shown). Most LSUs
from chlorophyll a/b-plants are colinear (e.g., in spinach,
Chlamydomonas and Euglena). The maize LSU shows
four insertions/deletions of one aa when compared to the
former chloroplasts’ LSUs (data not shown). Therefore,

Fig. 3. Dendrogram of different LSUs
constructed using the “CLUSTAL”

Maize program. Numbers represent the similarity

N.tab. score which indicates the number of
Alf. identical residues minus a fixed score (““gap
Spin penalty”) for every gap introduced to

maximize homology. A gap penalty of 1 was

C.rel. used to construct this dendrogram. Gap

E.grac. penalties of up to 3 did not affect the

C.par. topology of the dendrogram; gap penalties
A.nid. of 4 or more resulted in branching out of
Anat. the maize LSU before the gree aigal LSUs,

Ceal which appears to be very unlikely.

b Abbreviations are as in Table 1;
. 28I

Spin. = Spinacia oleracea (Zurawski et al.

Ant. 1981); Alf.= Alfalfa (Medicago sativa,
E.sil. Aldrich et al. 1986)




several dendrograms were constructed by different valua-
tions of insertions/deletions (gap penalty between 1 and
3, see Material and methods). Figure 3 represents a den-
drogram constructed using different LSUs (gap pen-
alty=1) which shows rhodoplasts branching out slightly
carlier than chloroplasts. By adjusting the gap penalty up
to three, we achieved a dendrogram which shows chloro-
plasts and rhodoplasts branching out simultaneously
(data not shown). Analysis of 5 S rRNA sequences from
rhodoplasts and chloroplasts revealed a higher phyletic
age for the rhodoplasts (van den Eynde etal. 1988).
Therefore, it seems likely that rhodoplasts arose slightly
carlier than chloroplasts during the course of evolution.

On the other hand, the LSU homologies between
higher plants and recent cyanobacteria are in the same
range as they are between green algae and higher plants,
while the LSU homologies between red algae and recent
cyanobacteria are remarkable low. This can be explained
in two different ways: cither the rhodoplasts originated
from a group of cyanobacteria which have not as yet been
found or else investigated, or rhodoplasts arose much
earlier in the course of evolution than chloroplasts. When
discussing the phyletic age of plastids one should consid-
er the necessity for the evolution of an adequate eucary-
otic host cell which was capable of integrating a procary-
otic cell.

A dendrogram constructed with different LSUs
shows rhodoplasts and the plastids of the brown alga
Ectocarpus siliculosus (Chromophyta, Phaeophyceae) on
the same branch (Fig. 3). This result is in agreement with
the hypothesis that the plastids of Chromophyta and
Cryptophyta originated from a unicellular red alga, like
Porphyridium species (Gibbs 1981; Valentin and Zetsche
1990 a, b).

It is noteworthy that the Cyanidium LSU is found on
a branch of the dendrogram (Fig. 3) separated from the
red algal and the chromophyte LSUs. Cyanidium was
originally isolated from hot and acidic springs and toler-
ates extreme habitats (temperatures up to 58 °C, pH be-
low 1.0; Allen 1959). 1t may, therefore, represent a very
ancient eucaryote or, in contrast, could be an organism
showing secondary adaptions. Rubisco homologies seem
to support the first hypothesis.
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