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Abstract

The four inverted repeat (IR) flanking regions of the Cyanidium caldarium plastid DNA were cloned.
Southern blotting, transcript and sequence analyses of the border regions revealed the psbD-psbC operon
and the rpsl6 gene within the large single-copy region upstream of the 16S rDNA gene and the rpl21
gene downstream of the 5S rDNA within the 16 kb small single-copy region. The size of the IR is ca.
5 kb. The nucleotide sequences of the psbD-psbC, rpsi6, rpl21 and 5SS rRNA genes with the correspond-
ing alignments and physical maps of the regions are presented. Northern analysis revealed a less com-
plex psbD-psbC transcription pattern than has been found in higher plants. Comparisons to other red
algal data point to structural diversity within red algal plastid DNA.

Introduction

The plastid genomes of different higher-plant taxa
show remarkable structural conformity. With the
exception of some legume species and certain co-
nifers [25] they all have a duplicated area in in-
verse orientation. These inverted repeats (IR),
containing at least the genes for the ribosomal
RNAs, are of different size so that a different
number of additional genes like rpl2 or rbcL are
duplicated too [23]. Hence chloroplast genome

size depends to a large extent on the size of the
IR. Algal plastid DNAs are less uniform with
respect to existence and size of the IR. Different
Euglena strains possess up to five complete rRNA
operons [ 10, cf. 26] in direct repeats, recombina-
tion events destroyed the normally found rRNA
order in Chlamydomonas reinhardtii [4] and
Chlorella ellipsoidea [ 33, 34]; Codium fragile lacks
the IR [20]. Such differences may be useful char-
acteristics to reconstruct the phylogenetic rela-
tionships of the various plant lineages.

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Database under the

accession number X62578.
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Fig. 14. Physical map of the C. caldarium plastid inverted repeat and flanking regions. Numbered arrows represent open reading
frames: 1, tRNA®® and tRNAA; 2, groEL; 3, rpsl6; 4, psbC; 5, psbD; 6, ompR’; 7, 16S rRNA; 8, tRNA™® and tRNAA™; 9,
238 rRNA; 10, 58 rRNA; 11, rpl21; 12, UDP-acetylglucosamine-acyltransferase; 13, psb4; 14-18, phycobiliproteins and linkers.
Abbreviations: B, Bam HI; Bg, Bg/I1; E, Eco RI; H, Hind III; HII, Hind II; X, Xba I; kb, kilobase pairs; IR, inverted repeat.
Shaded areas represent the DNA fragments A, B, and C, which were used for Southern hybridizations (Table 1).
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Fig. 1B. Physical map of the C. caldarium plastid DNA area containing the small single-copy region (SSR), the inverted repeat
(IR) and parts of the large single-copy region (LSR), reconstructed from the cloned fragments shown in Fig. 1A and the South-
ern hybridizations listed in Table 1. Dotted lines represent the area which is not yet cloned. Genes represented by black boxes
above the bold line are transcribed clockwise and those below the bold line counterclockwise.

Recently controversial data cgncerning the
plastid DNA structure of red algag were pub-
lished. Li and Cattolico [13] presented a physi-
cal map of Griffithsia pacifica lacking an IR
whereas Shivji [25] found a small IR in the case
of Porphyra yezoensis. In our laboratory we anal-
ysed the plastid genomes of three red algal spe-

cies: Antithamnion sp. (multicellular), Porphyri-
dium aerugineum and Cyanidium caldarium (syn.
Galdieria sulphuraria) (both unicellular), to get an
impression of the gene content and the range of
structural genome diversity within the red algae.
In this paper we present a physical map of the
C. caldarium small single-copy region (SSR) and



IR with the flanking parts of the large single-copy
region (LSR), a total of about 34 kb. Up to now,
sequence and transcript analyses revealed
20 genes and open reading frames, respectively.
Sequences of the psbD-psbC operon and the genes
for 5S rRNA, rpsl6 and rpl2] including align-
ments to bacterial and higher-plant counterparts
are shown. Our data do not agree with either the
Griffithsia or the Porphyra plastid DNA map, sug-
gesting at least an isolated position of the unicel-
lular Cyanidium caldarium. The data could also
point to a large structural diversity within red
algal plastid DNA as well.

Materials and methods

Cloning and sequencing of the C. caldarium plas-
tid DNA was done as described [16]. Note that
the genus was revised and C. caldarium Geitler,
strain 14-1-1 isolated by Allen [1] was designated
as Galdieria sulphuraria [22].

Southern blotting and colony hybridization for
genomic walking and northern analysis used ei-
ther digoxygenin-dUTP or «-*?P-dATP-labelled
probes, using the random-primed labelling kits
from Boehringer Mannheim according to stan-
dard procedures.

Computing of the nucleotide sequence data was
done with the DN ASIS/PROSIS software (Phar-
macia) using the EMBL/SWISSPROT database,
the KROEGER MENUE [12], and the align-
ment software CLUSTAL ([8].

Results and discussion

Previously we were able to clone the 23S rDNA
3’-end/5S rDNA by genomic walking from the
plastid encoded psbA gene of C. caldarium [16].
As it was not possible to clone further overlap-
ping fragments (maybe due to interactions be-
tween the clones 23S rDNA with the Escherichia
coli JM 83 host genetic apparatus), we cloned a
heterologous rDNA probe from Cyanophora
paradoxa cyanelle DNA [2] to identify the 16S
rRNA coding regions of the C. caldarium plastom

1003

by colony-hybridization. A 4 kb Bgl/II fragment
was in agreement with the southern blot pattern
probed with the homologous 23S rDNA 3’-end
(data not shown). From this 4 kb Bg/ II fragment
we started again with genomic walking which en-
abled us to identify the two IR-flanking regions
upstream of the 16S rDNA. The second 5S rDNA
downstream region was identified with the ho-
mologous 58 rDNA probe mentioned above. All
fragments were proved by comparison to South-
ern blot patterns of C. caldarium plastid DNA
restriction digests and by sequencing. The ob-
served Southern-hybridization signals of the
cloned plastid DNA probes A, B and C (shaded
in Fig. 1A) are listed in Table 1. They enabled us
to localize the small single-copy region (SSR) be-
tween the two 5S rDNA portions of the IR. The

Table 1. Fragment sizes of southern blot hybridization pat-
terns using the cloned C. caldarium plastid DNA-fragments A,
B and C (shaded in Fig. 1A) and restriction digests of en-
riched C. caldarium plastid DNA. The position and size of the
small single-copy region was deduced from the restriction
sites of the cloned fragments and the hybridization patterns
of probes A and C. The two Eco RI and Hind I1I fragments
hybridizing with fragment B contain the two IR/large single-
copy borders. The two IR/small single-copy borders are sit-
vated within the two Eco RI and Hind III fragments hybrid-
izing with fragment A.

DNA fragment Enzyme Size of detected
(see Fig. 1A) fragments(s)
A Asp 718 23
Bam HI 14+ >23
Bgl 11 35412
Dral 2.2
EcoRI 1.1+4.6
Hinc 11 12+13
Hind 111 1+55
Pst1 20
Sacl 43+18
Xba 1 57+8
Bam HI1/Eco RI 1.1+4.6
Xba1/Eco R1 1.1+43
B Aval 10+ 13
EcoR1 3+45
Hind 111 3.6+4.5
C Asp 718/Bam H1 53+11
Ava 1/Bam H1 45+175




1004

183 mNA
-

101
20

-

30

-

401

501

90t

1001

1101
1201
1301

1401
1501
1601
1701
1801

1901

pshD

2001
2101
2201

2301

TTTCAATACTATTTAATATTTGTTTCTTTTTTCCTCTTGATTCAGATAAGATCTTTGTTTTTATTCAAAGACCTATAATAATATATTAT%E?EEETTTAT
TATTTGTCAAGTGCTAATTTAATARATT TTACTATAAAATAGTATTATATAATCTTTCATTCTATCTGTTTTTTTATTATAGAATTTAATTII TGTATTT

ATTATGACTTATTTCTATATAAAAAAAAGAATAATATTTTCTTCTATTGTTTATAATCATAATTATAAATTCTATCCAGTATTATCiATGGACAATCTTC
MetAspAsnLcuArg

GACGTAAAGAAAAAATTTTAATTGCAGATGACGAATCAAGTATTAGACGTATATTAGAAACACGTTTATCTATCATTGGATACGAAGTACTGACTGCGCC
ArgLysGluLysIleLeulleAlaAspAspGluSerSerIleArgArgIleLeuGluThrargLeuSerIleIleGlyTyrGluvalbeuThralaPro

TGATGGCAGATCCGCTTTATTTTTATTTCATAAAGAACATCCAAATCTTGTAGTTTTAGATGTTATGATGCCTAAGATAGATGGATATGGAGTATGTCAA
AspGlyArgSerAlaLeuPheLeuPheHisLysGluHisProAsnLeuValValLeuAspValMetMetProLysIleAspGlyTyrGlyValCysGln

GAAATTCGTAAAGAATCTGATATACCAATAATTATGTTAACAGCACTTGGGGATGTAACTGACCGAATTACTGGTTTAGAACTAGGAGCAGATGATTATG
GlulleArgLysGluSerAsplleProllelleMetLeuThrAlaleuGlyAspValThrAspArgIleThrGlyLeuGluLeuGlyAlaAspAspTyrval

TAGTTAAACCTTTTTCACCTAAGGAATTAGAAGCTCGTATTAGATGTGTATTAAGACGAGTTGATAAATTTTATTTTTCTAATACATTTACTAATTCGGG
ValLysProPheSerProLysGluLeuGluAlaArgIleArgCysvValLeuArgArgvalAspLysPheTyrPheSerAsnThrPheThrasnSerGly

AATAATTAATATTGGATTTTTAAAAATTGATATTAATCGCAAACAAGTTTATAAAAATGAAGAACGAATAAGATTAACAGGTATGGAATTTAATTTACT T
IlelleAsnIleGlyPheLeuLysileAspIleAsnArgLysGlnValTyrLysAsnGluGluArglleArgLeuThrGlyMetGluPheAsnLeul.eu

GAATTACTAATTAGTAATTCAGGAGAACCGTTATCCAGAACAACTATTTTAGAAGAAGT TTGGGGATATACTCCTGAAAGACACTTAGATACTAGAGTTG
GluLeuLeulleSerAsnSerGlyGluProLeuSerArgThrThrileLeuGluGluvalTrpGlyTyrThrProGluArgHisLeuAspThrArgValval

TAGATGTACACATATCAAGACTTAGAGCTAAATTAGAAGATGATCCTAGTAATCCTGAATTAATATTAACCTCACGAGGCACCGGATATTTATTTCAACG
AspValHisIleSerArglLeuArgAlaLysLeuGluAspAspProSerAsnProGluLeulleLeuThrSerArgGlyThrGlyTyrLeuPheGlnArg

TATAATGGAAATTAATAAAAATTATAATCCCATTATTCAAATACAAAAGATTTAANTTATTAATATAAATTAACAAACTTACTGAAGTTAAAAATTTTTA
IleMetGlulleAsnLysAsnTyrAsnProllelleGlnIleGlnLyslle-c

TTTTTGAAATTATAATAATTATATGTGAACTATTAAATTTTTAAGAAAAATAAAACTTTTTATTATTTTTTAATATTTGTTATTAAATAATTTATATTAA

- 8D
AATTTAAGTTAATATCTTAGATAATAAAAGCTACGACACTTAGATTAATTATAAATTAAAAGGATACTTAAATCTTAAATAAAGTTTTGGGAGAATATTT

ATGACTATAGCTATAGAAAGAAATATACAAAGAGGTTTATTCGATTTAGTTGATGATTGGCTAAAACGTGATCGCTTTGTATTTATTGGATGGTCAGGTT
MetThrIleAlalIleGluArgAsnIleGlnArgGlyLeuPheAspLeuValAspAspTrpLeulysArgAspArgPheValPhelleGlyTrpSerGlyLeu

TATTACTTTTTCCTTGTTCCTATCTAGCCCTAGGCGCTTGGTTTACAGGTACAACTTTTGTTACTTCTTGGTATACTCATGGTTTAGCTTCTTCTTATTT
LeuLeuPheProCysSerTyrLeuAlaLeuGlyAlaTrpPheThyrGlyThrThrPheValThrSerTrpTyrThrHisGlyLeuAlaSerSerTyrieu

AGAAGGATGTAATTTTTTAACTGCTGCAGTATCAAGCCCTGCAAATAGTATGGGACACTCATTACTATTTTTATGGGGACCAGAAGCTCAAGGTGATTTT
GluGlyCysAsnPheLeuThrAlaAlavalSerSerProAlaAsnSerMetGlyHisSerLeuLeuPheLeuTrpGlyProGluAlaGlnGlyAspPh

ACTAGATGGTGTCAAATTGGAGGTTTATGGACATTTACAGCTTTACATGGTGCTTTTGGAT TAATAGGTTTTTGTTTACGTCAATTTGAAATAGCAAGAT
ThrArgTrpCysGlnIleGlyGlyLeuTrpThrPheThralaLeuliaGlyAlaPheGlyLeulleGlyPheCysLeuArgGlnPheGlulleAlaArgleu

TAGTAGGAATTAGACCATATAATGCAATAGCTTTTTCGGGACCAATTGCAGTTTTTGTTTCAGTATTTCTTATTTATCCACTTGGACAAGCTAGTTGGTT
ValGlyIleArgProTyrAsnAlalleAlaPheSerGlyProlleAlavValPheValSerValPheLeulleTyrProLeuGlyGlnAlaSerTrpPhe

TTTTGCACCTAGTTTTGGAGTTGCAGCTATCTTTAGATTTATTTTATTTTTGCAAGGCTTCCATAACTGGACTTTAAATCCATTCCATATGATGGGTGTT
PheAlaProSerPheGlyvalalaAlallePheArgPhelleLeuPheLeuGlnGlyPheHisdsnTrpThrLeuAsnProPheHisMetMetGlyval

GCTGGAATACTTGGTGGAGCATTATTGTGCGCTATTCATGGAGCAACTGTAGAAAATACCTTATTTGAAGATGGCGAAGCTGCTAATACTTTCAGAGCTT
AlaGlyIleLeuGlyGlyAlaLeuLeuCysAlaIleHisGlyAlaThrValGluAsnThrLeuPheGluAspGlyGluAlaAlaAsnThrPheArgAlaPhe

TTACACCAACACAATCAGAAGAAACTTATTCAATGGTTACAGCTAATCGTTTTTGGTCACAAATTTTTGGTGTTGCTTTTTCTAATAAAAGATGGCTACA
ThrProThrGlnSerGluGluThrTyrSerMetValThrAlaAsnArgPheTrpSerGinIlePheGlyValAlaPheSerAsnLysArgTrpleuliis

TTTCTTTATGCTATTTGTGCCAGTTACTGGATTATGGACAAGTTCTATTGGTATTATAGGACTTGCATTAAATTTACGTGCATATGATTTCGTTTCTCAA
PhePheMetLeuPheValProvalThrGlyLeuTrpThrSerSerileGlyIlelleGlyLeuAlaLeuAsnLeuArgAlaTyrAspPhevValSerGln

GAATTACGTGCCGCAGAGGATCCAGAATTTGAAACCTTTTATACTAAAAATTTACTCCTAAATGAAGGTATAAGAGCATGGATGGCAACACAAGATCAAC
GluLeuArgAlaAlaGluAspProGluPheGluThrPheTyrThrLysAsnLeuLeuLeuAsnGluGlyIleArgAlaTrpMetAlaThrGlnAspGlnPro

CACATGAAAATTTTGTATTCCCAGAGGAGGTTTTACCACGTGGAAATGCCCTTTAA
HisGluAsnPheValPheProGluGluVallLeuProArgGlyAsnAlaLeu-c-

Fig. 24. Nucleotide sequence of one C. caldarium 16S tDNA upstream region encoding an ompR homologue [9], the psbD-psbC
operon and rpsl6 (boxed). Nucleotide position one is the first nucleotide upstream to the 16S rDNA (arrowhead). The inverted
repeat (IR) border is marked. Putative Shine-Dalgarno sequences (SD) are marked by dashed lines and the psbC downstream IR

by arrows.

cloned areas represent about 34 kb of the plastid
genome with a small (less than 0.1 kb) gap within
the 23S rDNA gene and a gap of some 3 kb within
the SSR. Fig. 1A shows a restriction map of the
areas with the hitherto detected coding areas.

Fig. 1B summarizes the results of the Southern
analyses with respect to the orientation of the IR
and the SSR. As we know about additional genes
like rbcS, ompR and phycobiliprotein genes [9,
11, 28a, 28b, 29, 30; Glockner, unpublished
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1]
2301 CA(ATGAAAATTTTGTATTCCCAGAGGAGGTTTTACCAdE:;JAAATGCCCTTTAATAATCGTATTGAATTCGCCGGTAGAAGTATTGAGTCCACAGGTT
HisG)uasnPhevalPheproGluGluvalLeuProArgGlyAsnAlaLeu-c-
etLyaIlebeuTyrSerGlnArgArgPheTyersValGluMetProPheAsnAanArgIleGluPheAlaGlyArQSerIleGluSerThlGlyTyr

2401 ATGCCTGGTGGGCAGGAAATGCTCGTTTAATAAATGTCTCTGGTAAATTATTAGGAGCTCATGTAGCTCATGCAGGTCTAATAGTTTTTTGGACAGGTGC
AlaTrpTrpAlaGlyAsnAlaArgieulleAsnValSerGlylLyaLeuLeuGlyAlaHisValAlaliisAlaGlyLeulleValPheTrpThrGlyAla

2501 [AATGACTTTATTTGAAGTTGCACATTTTCTACCAGAAAAACCATTATATGAACAAGGTTGTATTTTATTACCTCATTTAGCAACATTAGGTTGGGGTGTA
MetThrLeuPheGluvalAlaHisPheLeuProGluLysProLeuTyrGluGlnGlyCysIleleul.euProtijisLevAlaThrLeuGlyTrpGlyval

2601 GGACCTACTGCTGAAATTATTGATACTTATCCTTATTTTGTCATAGGTGTCTTACATTTAGTCTCTTCAGCGGTATTAGGATTTGGAGGACTTTACCATT
GlyProThrGlyGlulleIleAspThrTyrProTyrPhevallleGlyValLeuHisLeuValSerSerAlaValLeuGlyPheGlyGlyLeuTyrHisSer

2701 [CTCTTATAGGTCCAGAAATTCTAGAAGAATCATATCCATTTTTTGGATATGACTGGAGAGATAAAAATAAAATGACAACTATTTTAGGTATTCATTTAAT
LeulleGlyProGlulleLeuGluGluSerTyrProPhePheGlyTyrAspTrpArgAspLysAsnLysMetThrThrIieLeuGlyIleHisLeulle

2801 |TTTATTAGGAATTGGAGCTTTCTTGCTAGTTATAAAAGCTATGTTTTTTGGGGGAGTTTATGACACATGGGCACCTGGTGGAGGTGATGTACGTTATATC
LeuLeuGlyIleGlyAlaPheLeuLeuVallleLysAlaMetPhePheGlyGlyValTyrAspThrTrpAlaProGlyGlyGlyAspValArgTyrlle

2901 |AATAATCCAACCCTAAATCCATTAGTAATTTTTGGCTATCTTTTGAAATCTCCATTCGGAGGAGATGGATGGATCATAAGTGTAAATAATATGGANGATT
AsnAsnProThrLeuAsnProLeuValllePheGlyTyrleuleuLysSerProPheGlyGlyAspGlyTrpllelleServValAsnAsnMetGluAspLen

3001 [ TAATTGGTGGACATATTTGGATTGGTTTAATTTGTATTGGCGGAGGCATATGGCATATTTTAACTAAGCCTTTCGGATGGGCAAGAAGAGCTTTTGTCTG
11eGlyGlyHisIleTrpIleGlyLeulleCyslleGlyGlyGlyIleTrpHiglleLeuThrLysProPheGlyTrpAlaArgargAlarhevalTrp

3ot GTCAGGGGAAGCTTATTTATCATATAGTTTAGCTGCATTATCATTAATGGGTTTTATAGCATGTATTTATGTATGGTATAATAATACAGCTTATCCAAGT
SerGlyGluAlaTyrLeuSerTyrSerLeuAladlaleuSerLeuMetGlyPhelleAlaCyslIleTyrValTrpTyrAsnAsnThrAlaTyrProSer

psbC

1201 [CAATTTTATGGACCAACAGGACCGGAAGCATCTCAAGCTCAAGCTTTCACTTTTTTAGTTAGAGATCAACGTTTGCGAGAAAATGTGGCTTCAGCACAGG
GluPheTyrGlyProThrGlyProGluAlaSerGlnAlaGlnAlaPheThrPheLeuValArgAspGlinArgLeuGlyGluAsnvalAlaSerAlaGinGly

. . . . . . . . . .
3301 |GACCAACTGGTCTTGGAAAATACTTAATGAGATCACCAAGCGGAGAGGTTATTTTTGGTGGAGAAACTATGAGATTCTGGGATCTAAGAGCACCTTGG T
ProThrGlyLeuGlyLysTyrLeuMetArgSerProSerGlyGluvalilePheGlyGlyGluThrMetArgPheTrpAspLeuArgAlaProTrpLen

3401 |JAGAACCATTAAGAGGTCCAAATGGATTAGATCTGAACAAAATTAAAAATGATATTCAGCCATGGCAAGAAAGAAGGGCTGCTGAATATATGACTCATGCA
GluProLeuArgGlyProAsnGlyLeuAspleuAsnLyslleLysAsnAsplleGinProTrpGinGluArgArgAlaAlaGluTyrMetThriHisAla

3501 JCCACTAGGCTCAATCAATTCAGTAGGTGGTGTAGCAACTGAGATAAATTCATTTAATTACGTATCTCCACGTTCTTGGCTAACAACTTCACATTTTGTTT
ProLeuGlySerIleAsnSerValGlyGlyValAlaThrGlulleAsnSerPheAsnTyrValSerProArgSerTrpLeuThrThrSerHiasPhevValleu

3601 | TAGGTTTTTTCTTATTTGTTGCACATTTATGGCATGCAGGAAGAGCAAGAGCTGCTGCTGCTGGCTTTGAAAAAGGTATAAATAGAGAAAATGAACCAGT
GlyPhpPhnbeuPheValAlaHisLeuTrpHisAlaclyArgAlaArgAlaAlanlaAlaGlyPheGluLysGlyIleAsnArgGluAsnGluPrQVAI

370 bLTTTCAATGAAATTAATAGATIAA AAAAAATCTTGCTCTATAGCLATATTAATGGCTATAGAGCAAGATTTTTTTTTAAGTTTTAGACAAGTCLTAAG
LeuSerMetLysLeul leAsp-c-|

anol AAATGTAAAACGCCTTTTCCTGTTATAAGCTCAGTTACTAAAGCGGATA&AAATCCAATCATAGCTAGTCTTCCATTCCAATTCTCTGC*CCTGTAGTAA
3901 AGCCCCAAC*CCATGTATTACGATCTTTA%TTTGCATGA&TTAATTCCT&TATTTAATT%TTAAGTTTAAATAAATTAAATTTATATAT;ATATAATATR
4001 ACATAAATT*TATAAATTT&AATATTAGT%TCAATAAAAAAATTATTTAéAATTAATTA&ACAAATTGTAATTTTCTATATTATAATGT*GATATAAATA
4101 ATTTTTTAT&TATATTTTA;TTTTATATAATCAGATATTAACTATGTTRATATTTATAT;GTTTGTTATACTCAAAATT&TTCTTGGTG;TATTACRGAA
4201 TTTTGTAGAATATACCTAT;TGCTCTATCAATTAGAGTA}TTTTAGCGTéGATAGTTACiATTAATTGG%ATACACAGC&TTATATTGT+TTAAAABAA&

4301 TGACAGATCCATATTTAAATTTATTTAGAGGAACTTTGCCATTAATTTTAGGTATGGATTTTTCGAGTATGTTAGGATTTCTATTTTTAGAATGTGTAAT

4401 AAAACTATTAGAAAGTATTTATATTGAAATAATATATTAAAATTTTAAATGATATAAAAATATGTTAAAGATTAGATTAAAAA1§TGTTAARGATTAGAT
etLeulLysIleArgLeu

4501 |[TAAAAAGATGCGGAAGAAAAAAACAAACAAGTTT TAAAATAGTCGTTATGAATAATCTCGATAAGCGAGATGGTCAAGCAATAGAAGAATTAGGCTTTAT
LysArgCysGlyArgLysLysGlnThrSerPheLyslleValValMetAsnAsnLeuvAspLysArgAspGlyGlnAlalleGluGluLeuGlyPheMet

4601 |GAATCCACGAACCAAAGAAAAATACCTAAATATAAATAAAATTAATCATTACTTAAGATTAGGTGCAAAGCCTACTAAAACAGTATTTGATTTATTAAAT
AsnProArgThrLysGluLysTyrLeuAsnlleAgnLysIleAsnHiaTyrLeuArgheuGlyAlaLysProThrLysThrValPheAspLeuLeuAsn

4701 JAAGGCTAAAATCATATAARACAAAAATAATAAATAAATATAAAATATATTTTTTATTAAAAAAAAATGTGCAGAAATAATAGTGCTGACAATCTAGA
LysAlabyulle[le-CJ

rpsi6

55 RNA |R

>1 'I‘TTAT'I‘CT’!‘TATAAATAAA’!‘TTCTTTTTGAAACTAATATATCGTAAAATATTTTCATTTTCTTTTAAATATTTTTCAAATACTT ATGACCﬂkTGCAAT
MetThr'l‘yrAlaI le

101 AATTGAAAATAGTGGAAGACAATTCTTTACTGAACCAGGTAAATTTATTGATATAAACCATATCAAAGCAGAAGTTGGAGATATAATTTATTTTAATCGT
IleGluAsnSerGlyArgGlnPhePheThrGluProGlyLysPheIleAspIleAsnﬂlsI]eLyuAlaGluValGlyAspIleIIeTerheAanArg

201 GTATTATTGTTAAAAAGTAATAATCTAATTGAAATAGGATATCCATTTATAAACAATATAAAAGTAAAA&CAAAAATTT&AAAGCATTT%AAAGACAAAA
ValLeuLeuLeuLysSerAlnAsnLeuIleGIuI1eGlyTerroPheI1eAsnAsnIleLysValLyshlaLyBI1eLeuLysHiaPheLynAspLysLyz

301 AAATTAGAGTATATAAAATGAATCCTAAAAAAGGAACTAGAAAAACAAAGGGATATCGAAGCTTATGTAEGAGAGTATT;ATAGAATCTATAGAAAATA&
IleArgValTyrLysMetAsnProLysLysGlyThrargLysThrLysGlyTyrArgSerLeuCysThrArgValLeulleGluSerIleGluAsnThr

rpl 21

. 9 - - . . . . . .
401 jAGAAAATATTATAAATTAATACAATAAAAGAGAAAATAATATGGCTCATAAAAAMAGGTAGTGGAAGTACAAAAAATGGAAGAGATTCAAACTCAAAAAGA
GluAsnIlelleAsn-c-|

Fig. 24. (Continued) (top).

Fig. 2B (bottom). Nucleotide sequence of one C. caldarium plastid 58 rRNA downstream region encoding ribosomal protein 1.21
(boxed). The inverted repeat border is marked.
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results; K. Valentin eral., submitted] on the
rhodoplast genome compared to the higher-plant
plastids, we are interested in the coding capacity
of the C. caldarium plastid genome which is sim-
ilar to the size reported for Porphyra yezoensis
(A. Emich, unpublished results). Qur previous re-
sults revealed a tendency to dense arrangement of
genes and short intergenic regions [18]. Up to
now sequence analyses of the IR and surround-
ing areas detected the following genes (Fig. 1).

Within the IR. 16S TRNA [17], 23S rRNA, 58
rRNA, tRNA*? (UGC) and tRNA™ (GAU)
[18].

Upstream of the 16S rRNA, within the LSR. psbD,
psbC, rpsl6, an ompR homologue [9], groEL
(homologue to the nuclear-encoded Rubisco
subunit-binding protein of higher plants),
tRNAS" (UUG), tRNA*™ (ACG) and an equi-

valent to a bacterial UDP-acetylglucosamine-
acyltransferase gene. The latter four will be pub-
lished elsewere [19].

Downstream of the 58 rRNA, within the SSR. rpl21,
psbA [16] and five genes for phycobiliproteins
and related linker proteins (K. Valentin et al.,
submitted).

The psbD-psbC operon. This operon, coding for
the D2 protein of the photosystem II (PSII) re-
action centre and the 43 kDa chlorophyll-binding
protein of PSII, is located 1.3 kb upstream of the
16S rRNA gene. It is transcribed from the oppo-
site strand with a transcript size of about 3.5 kb
(Fig. 3). With total cellular RN A from cells grown
at 40 °C, the northern blot displays a single
cotranscript without smaller signals which may
represent processed transcripts or point to differ-
ent promoters as they were reported for the psbD-

Table 2. A. Percentage of conserved amino acid residues of the ribosomal proteins S16 and L21 deduced from the nucleotide
sequence. B. Percentage of conserved amino acid residues of the deduced psbD/psbC gene products.

A 1

S16 L21

Sa Nt Ec So Mp Ec
Ce 43 42 37 Ce 32 37 25
Ec 39 33 Ec 31 28
Nt 85 Mp 29
BZ

Os Sc Nt So Mp Cr Sy

Ce 87/83 87/83 86/83 86/83 88/83 86/82 88/nd
Sy 88/nd 86/nd 85/nd 86/nd 86/nd 86/nd
Cr 93/85 93/85 92/86 93/86 94/87
Mp 97/95 97/94 97/96 97/95
So 97/96 97/96 98/98
Nt 98/97 97/96
Sc 99/98

1 Abbreviations and references: Cc, Cyanidium caldarium (pt); Ec, Escherichia coli (EMBL X01818); Mp, Marchantia polymorpha
(pt, EMBL X04465); Nt, Nicotiana tabacum (pt, EMBL X03415); Sa, Sinapis alba (pt, EMBL X13609); So, Spinacia oleracea

(nc, [21]); nc, nucleus-encoded; pt, plastid-encoded.

2 Abbreviations and references: Cc, Cyanidium caldartum; Cr, Chlamydomonas reinhardti (EMBL X04147/X13879); Mp,
Marchantia polymorpha (EMBL X04465); Nt, Nicotiana tabacum (EMBL 200044); Os, Oryza sativa (EMBL X15901); Sc, Secale
cereale (EMBL X13366); So, Spinacia oleracea (EMBL X01724); Sy, Synechococcus sp. (EMBL M20815); nd, not determined.
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Fig. 3. Northern blots of total cellular C. caldarium RNA
probed with a-32P-dATP-labelled DNA fragments of psbD
gene (internal, 1) psbC gene (internal, 2) and rpsI6 gene
(3) with 0.3 kb upstream area. Filters were washed three times
at 50 °C for 20 min in 0.5 x SSC, 0.5, SDS. Exposure time
was 2 h for lanes 1+ 2 and 8 h for lane 3.

pshC operon from tobacco [35] and barley [6].
The C. caldarium transcription pattern seems to
be less complex, even though it still has to be
tested whether the transcription pattern changes
depending on culture conditions. As in other or-
ganisms, the coding regions of the two genes over-
lap by 50 bp. This situation is found in higher
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plant psbD-psbC operons too. A possible Shine-
Dalgarno sequence is present only upstream of
the psbD start codon. However, there is a possi-
ble Shine-Dalgarno sequence with a GTG trans-
lation initiation site downstream of the psbC ATG
codon. This second initiation site was postulated
in the case of the tobacco psbC gene [35].
Figures 2A and 2B show the nucleotide sequence
with the two reading frames. Downstream of the
psbC gene there is a 30 bp IR. Such relatively
small repeat structures are thought to work as
processing signals of the mRNA rather than as
transcription terminators [24]. Table 2 shows the
percentage of identical amino acids for both de-
duced proteins with homologous proteins of other
organisms. On the higher-plant plastid DNAs a
gene for tRNAS was found downstream the
psbC gene on the opposite strand [3, 35]. On the
C. caldarium plastid genome psbC is followed by
the rpsi6 gene in the same direction.

rps16. This gene for the S16 ribosomal protein of
the 30S ribosomal subunit is encoded 0.7 kb
downstream of the psbD-psbC operon on the same
strand. As in other plants it is not part of a ribo-

60
Cc : MUKTRLKRCGRKKQTSFKIVWMNNLDK RT----KEKVLNINKINHY
Sa : [MVKLRLKRCGRK viA R -=—=-NQTYLNLPALLDF
Nt : MVKLURLKRCGRK VA ~-=-NQTYLNVPAILYF
Ec : fFidAk| v A R SEKEE LDRIJAHW
S16 X, %% X ¥ X . * . x* ¥ N 1 X, ., *
82
Ce : LG, VEDLL Ilocemmm e
Sa : G s IF TKLN
Nt :  |UEKG NQDIT L VF| —
Ec : VGQGA----TIsp--RVAIALY A--
T %, % EN
. 60
B : FQ RMSHAQTVRLEKLD I AGETVHFAE-= - -~ IANGEEVEKILGVP
Ce : IEN FT FIDINHIKA==-—=~ GDIIYF LLKSNNLIEIGYP
Mp : 1E FYNIRHFVSLPNELEQNTKITILT IRQESTI P
So : EEI VI WIYTQRLKGAIVNDK TVLNK-—---] LVGTKAST p
L21 K, * * KK, R
117
Ec : FVDGGV VVAHGRGHKVKIVKIFRR A \J Amemmm
Cc © FINNI ILKHFKDKIKIR N 56 NTENIIN
Mp : WLKGA RILHSCLEKKII T IYM I SKKK IVDS{IFLNGKEI -
So : IVTNA VEEQLLDDKNV IVHRYKKEKN TKOTGIrGYEDYP~
. L. %, . % % %, * . =

Fig. 4. Amino acid sequence alignment of C. caldarium plastid-encoded ribosomal proteins S16 and L21 with corresponding
proteins from E. coli and plants (EMBL/SWISSPROT database and [21]). Abbreviations: Cc, C. caldarium; Ec, Escherichia coli,
Mp, Marchantia polymorpha; Nt, Nicotiana tabacum; Sa, Sinapis alba; So, Spinacia oleracea. Asterisks mark identical, and dots mark
homologous residues. Residues conserved in at least three of four cases are boxed.
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Cc : TTGGTGCTCATAGCGTAGTGGAACCACTCTGATTCCATTCCGAACTCGGCTGTGAAACGC
5 S As : TTGATATTCATAGCATAATGGCACCACTCCAATC-CATCCCGAACTTGGCTGTTAAACA-
Pu : TTGATACTTATAGCGCAGTGGACCCGCATCGATCGCATCCCGAACTCGATTGTTAAGCAC

RNA Kkkk Kk ok kkkkk ok kkk Kk X ¥¥ kKK XkkkKkXk kX  kkX Xk %
119

r Cc : TAC-AGCGGCAACGATACTAAAGGGGAAGCCCTTTGGGAAAATAGCTCAGCACCAAGGT
As : TTATAGCGACGATAATACTGAAGAGGGAGCTCTTTGGGAAAGTAGTTCAATATCAAGGT

Pu : TGCAAGCGGCAATGGTACTGAAGGGGAAGCCTTTTGGGAAAGTAGCTCAGTGCCAAGGT

* kEkkk ¥ * kkkk Kkk kk kkk  kkkkkkkokk Kkk kKX LEE T2 23

Fig. 5. Nucleotide sequence alignment of red algal plastid 5S rDNA. Abbreviations: As, Antithamnion sp.; Cc, Cyanidium caldarium;

Pu, Porphyra umbilicalis [31]. Asterisks mark identical positions.

somal protein operon. However, there is a small
(294 bp) open reading frame which ends 20 bp
upstream of the rpsI6 start codon. This ORF
could not be identified by comparison to EMBL
data bank up to now. A DNA probe containing
both the ORF and the rps/6 gene hybridizes to a
transcript of 1.0 kb (Fig. 3), so both genes may be
cotranscribed. Within the plants investigated so
far, there are examples for nuclear- as well as for
plastid-encoded rpsl6 genes (for review see [ 14]).
Figure 2 shows the nucleotide sequence with the
deduced amino acid sequence which is aligned
with other S16 proteins in Fig. 4.

rpl21. The start codon for the gene of the L21
protein of the 50S ribosomal subunit is located
84 bp downstream of the 5S rDNA and 7 bp
within the IR. Hence there is a very short rpi21
pseudogene (Fig. 1, 2A, 2B). The rpl2] gene is
plastid-encoded in Marchantia polymorpha
whereas it was not found on the plastid genomes
of higher plants [21]. An amino acid alignment
with the currently available corresponding F. coll,
M. polymorpha, and S. oleracea proteins is shown
in Fig. 4. The spinach L21 nucleus-encoded plas-
tid sequence was deduced from a ¢cDNA clone.
Its remarkably low homology to the plastid-
encoded liverwort L.21 protein gave rise to the
hypothesis that the spinach plastid L.21 protein is
derived from a mitochondrial gene [21]. As is
shown in Table 2, both C. caldarium ribosomal
protein genes investigated show merely slightly
higher homologies to their chloroplast counter-
parts than to those of E. coli. More data from red
algal and cyanobacterial ribosomal protein genes
are necessary to interpret these results.

35S rRNA. This small and therefore easy-to-
sequence rRNA gene is frequently used to estab-
lish phylogenetic trees [27, 31] because of its high
degree of conservation throughout all organisms.
Nevertheless its taxonomic significance is not un-
contradicted because of the insufficient length of
the gene [7]. We compared the C. caldarium 58
rRNA with its counterpart from the multicellular
red alga Antithamnion sp. and from Porphyra
umbilicalis [31]. Figure 5 shows the nucleotide
alignment. 649, of the nucleotide positions are
conserved within the compared species.

Discussion

The data presented are the first detailed sequence
analyses of an IR on a plastid genome of a red
alga. They show remarkably dense arrangement
of genes throughout the investigated areas. None
of the genes contains introns. The IR region of
some 5 kb is limited to the rRNA operon. How-
ever, within the SSR there is a 4.5 kb region be-
tween the rpl2] pseudogene and the psbA gene
(Fig. 1) from which no transcript could be de-
tected in northern blot experiments. Sequence
analyses of this region revealed relatively long
(more than 600 bp) reading frames without initi-
ation codons or Shine-Dalgarno sequences
(U. Kessler, unpublished results). These inter-
rupted reading frames may represent relics of
former genes which have been destroyed by size
alterations of the IR region, as is the case for the
rpl21 pseudogene.

The gene localization of the C. caldarium plas-
tom shows striking differences when compared to



the situation in higher plants. All these aforesaid
features allow additional genes to be encoded on
the red algal plastid genome, which may be trans-
ferred to the nucleus in the case of higher plants
(ribosomal proteins, groEL) or may be reduced
due to a loss of function (phycobiliproteins).
Hence the red algal plastid genome organization
may represent a more ancient situation with more
similarities to (cyano-)bacterial genomes. It is
noteworthy that the psbD amino acid sequence
homology is almost identical between C. caldar-
ium and the cyanobacterium Synechococcus and
between C. caldarium and higher plants (Table 2),
pointing to similar evolutionary distances between
the recent cyanobacteria and the plastids of red
algae and higher plants. The same discrepancy
was found in the case of the red algal pshA gene
[16, 32] which shows on the one hand the cy-
anobacterial carboxy terminus with a seven amino
acid insertion, and on the other higher amino acid
homologies to psbA genes from higher plants. This
situation is probably due to different rates of point
mutations affecting the amino acid sequence and
larger insertion/deletion events reordering the
whole plastid genome.

Our data do not agree with the previously pub-
lished physical maps of the red algae Griffithsia
pacifica (no IR) and Porphyra yezoensis (SSR ad-
jacent to the 16S rDNA portion of the IR); in-
stead, they show remarkable resemblance be-
tween the chloroplast genome of C. caldarium and
those of the cryptophyta [5, 15] with respect to
the position of the SSR and the pshA gene. It
would be of great interest to know whether these
differences represent a general plastid DNA
diversity throughout the red aigae or require as-
signment of the unicellular C. caldarium to a more
isolated position within the red algal group.
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