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Abstract  

We have sequenced a plastid gene cluster from the unicellular red alga Cyanidium caldarium which is 
located downstream from the psbA gene and contains, in the following order, genes for a 
fi-allophycocyanin-like protein(apcB'), a putative 9.5 kDa allophycocyanin linker protein (apcL 9"s) and 
a putative 29 kDa phycocyanin linker protein (cpcL29). The apcB' and apcL 95 genes  are organized in 
the form of an operon. The cpcL 29 gene is transcribed monocistronically from the opposite strand of 
DNA. Both transcription units are probably terminated at a 25 bp inverted repeat 3 and 5 bp down- 
stream of the stop codons of the apcL 95 and cpcL 29 genes, respectively. The levels of both transcripts 
are greatly reduced in the dark as is the psbA transcript. Downstream from the phycobiliprotein gene 
cluster two open reading frames (ORFs) were found which are homologous to ORFs from plastid DNAs 
and cyanelle DNA of Cyanophoraparadoxa. Sequence homologies between genes analysed in this study 
and corresponding genes from cyanobacteria, chlorophytic plastids and cyanelles point to a large phy- 
logenetic distance between the plastids of Cyanidium and cyanobacteria and other plastid types. 

Introduct ion  

Phycobilisomes (PB), the major light-harvesting 
complexes in red algae and cyanobacteria, con- 
tain three abundant phycobiliproteins (PBP): 
phycoerythrin (PE), phycocyanin (PC) and allo- 
phycocyanin (APC), which account for about 
85~o of the PB mass. The phycobiliproteins are 
connected by linker proteins (LP [15, 16, 33]). It 
has been hypothesized that PBPs and LPs de- 
scend from a common biliprotein ancestor [40]. 
Additionally, a phylogenetic relationship may 
exist among light-harvesting proteins, phyto- 
chrome, chlorosome C-protein and phycobilipro- 
teins [45]. The c~- and fi-subunits (SU) of a given 

PBP are more related to a similar SU from dif- 
ferent species of cyanobacteria (about 75~o ho- 
mology) than to each other (about 30~o homol- 
ogy) indicating that the divergence of different 
PBP genes from a common ancestor gene oc- 
curred earlier in evolution than the division of 
cyanobacteria into different lines (cf. DeLange 
et al. [8]. 

Phycobiliprotein genes may be clustered and 
cotranscription of genes for the ct and fi SU of a 
given PBP was found in several cases. Cotrans- 
cription of PBP genes with LP genes has also 
been described [2-6, 11, 20-22, 24, 25, 31, 36]. 
Inhibitor studies suggested that at least some of 
the linker proteins are nuclear-encoded in eucary- 
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otic algae [9]. Several PBPs are translated from 
poly(A)- m R N A  in red algae and therefore appear 
to be plastid-encoded [1, 46]. 

As indicated by Rubisco sequence compari- 
sons, the line of cyanobacteria that led to 
rhodoplasts of Rhodophyta and some species of 
cyanobacteria (e.g. Anabaena, Anacystis nidulans) 
may have separated at an early stage of the evo- 
lution of the majority of cyanobacteria [47]. This 
hypothesis indicates that there should be signifi- 
cant differences in organization and sequence of 
PBP genes from red algae and cyanobacteria. To 
date no DNA sequence of a red algal PBP gene 
or LP gene has been published and information 
about the organization of such genes is scanty 
[43]. In contrast, several PBP and LP genes from 
cyanobacteria have already been analysed (cited 
above). 

Many efforts have been made to understand 
the regulation of gene expression in green chlo- 
roplasts (reviewed in [17]). However, gene ex- 
pression of other plastid types (e.g. in the rhodo- 
plasts of Rhodophyta and phaeoplasts of 
Chromophyta) is poorly understood. The puta- 
tive large phylogenetic distance between chloro- 
plasts on the one hand and rhodo- and phaeo- 
plasts on the other hand [48] may not allow use 
of chloroplast models of plastid gene regulation to 
explain the situation in rhodo- and phaeoplasts. 

Here we describe the organization of a plastid 
phycobilisome gene cluster and two additional 
plastid genes from the unicellular red alga 
Cyanidium caldarium. The investigation of tran- 
script levels of these genes and the rhodoplast- 
encoded psbA gene under different growth con- 
ditions indicated that transcriptional regulation 
may play an important role in rhodoplast biogen- 
esis. 

Materials and methods 

Growth of the algae and isolation of plastid DNA 

Cyanidium caldarium Geitler (strain 14-1-1) was 
purchased from the Algae Culture Collection of 
the Institute for Plant Physiology of the Univer- 

sity of GOttingen, Germany. (On the basis of cy- 
tological and biochemical criteria this species has 
been described as Galderia sulphuraria [32].) Cells 
were grown autotrophically as described [46], 
mixotrophically in the light (1 ~o glucose added) 
or heterotrophically in the dark (1~o glucose 
added), and were harvested by centrifugation. 
Cells were lysed by SDS/EDTA/Proteinase 
K treatment and total cellular DNA was isolated 
as described [47]. Plastid DNA (ptDNA) was 
separated from nuclear DNA by CsC1 density 
gradient centrifugation in the presence of ethid- 
ium bromide [47]. 

Cloning and sequencing of ptDNA restriction frag- 
ments 

In a previous study we described the location of 
the psbA gene on a 5.8 kb p tDNA Eco RI frag- 
ment from C. caldarium [28]. We generated par- 
tial plastid DNA libraries using several restriction 
enzymes (Barn HI, Eco RI, Hind III, Xba I). Col- 
onies were transferred to nylon membrane and 
hybridized with the 5.8kb EcoRI fragment. 
Clones overlapping with this fragment were iso- 
lated and used for subsequent rounds of screen- 
ing. By this 'gene walking' procedure we were able 
to clone a contiguous p tDNA fragment of about 
14 kb (see Fig. 1). Those parts of the cloned areas 
which were found to be transcriptionally active 
(see below) were subcloned in pUC 18 and se- 
quenced with a T7 sequencing kit from Pharma- 
cia. Both strands of DNA were sequenced and all 
restriction sites were crossed. 

Transcription analysis of cloned ptDNA fragments 

Fragments of the cloned segment were labeled 
with 32p with a random-primed labelling kit (Boe- 
hringer) and used as hybridization probes against 
total cellular RNA from Cyanidium fractionated 
on 1.5 ~o formaldehyde/agarose gels using stan- 
dard procedures [7]. Transcribed parts of the 
cloned area were chosen for sequence analysis 
(see above). 
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Fig. 1. Gene arrangement of a 14 kb region of the ptDNA from Cyanidium caIdarium. The inverted repeat in the plastid DNA is 
indicated by hatching. Abbreviations are: 1, ORF 492 (apcB'); 2, ORF 252 (apcL95); 3, ORF 732 (cpcL29); 4, ORF 921; 5, 
ORF 210; B, Barn HI; Bg, Bgl II; E, Eco RI; H, Hin dIII; X, Xba I. 

In order to analyse the transcription of 
sequenced regions in detail we used single- 
stranded probes. Recombinant plasmids contain- 
ing parts of the sequenced areas were linearized 
with a restriction enzyme that cuts only at one 
side of the polylinker and subsequently denatured 
by boiling for 10 min and chilling on ice. Primers 
(17-mers) were annealed to the other side of the 
polylinker and a labelled complementary strand 
of the cloned fragment was synthesized using 32p_ 
labelled dATP and Klenow polymerase. This 
procedure enabled us to use full-length single- 
strand specific gene probes which do not contain 
labelled vector DNA and which were labelled to 
a very high specific activity. These probes were 
used in hybridization experiments with total cel- 
lular RNA isolated from auto-, mixo- and het- 
erotrophically grown Cyanidium using standard 
procedures [7]. 

Construction of dendrograms 

Dendrograms were constructed with the 
CLUSTAL program [18]. This program com- 
putes dendrograms based on 'similarity scores' 
between various sequences which indicate the 
number of matching residues between two se- 
quences minus a fixed score for every gap intro- 
duced to maximize homology ('gap penalty' = 1 in 
this study). 

Results 

Sequencing of transcribed regions 

Using a plastid psbA encoding 5.8 kb Eco RI 
fragment from Cyanidium caldarium [28] we 
cloned a contiguous 14 kb part of the ptDNA 
from this alga. By transcription and subsequent 
sequencing analysis we were able to localize the 
plastid inverted repeat containing the ribosomal 
RNA operon about 4 kb upstream of the psbA 
gene (Fig. 1; see [28, 29]). By northern hybrid- 
ization no transcription activity of the region be- 
tween psbA and the 5 S rRNA gene could be de- 
tected. Preliminary sequencing data showed the 
presence of unidentified reading frames in this 
area (unpublished results). Downstream of the 
psbA gene, a 0.9 kb transcript was identified by 
northern analysis (data not shown). The sequence 
of the transcribed region and its flanking regions 
wag determined (Fig. 2). Five open reading 
frames (ORFs) were identified in this area as in- 
dicated in Fig. 1. By sequence comparison to the 
EMBL sequence database these ORFs could be 
identified. 

ORF 492 shows about 60~o homology (on the 
amino acid level) to/%APC from various species 
and to a '/3-APC-like protein' from Mastigocladus 
laminosus (,fl16.2, [37]). The gene was therefore 
designated apcB'. ORF252 encodes for a 
9.5 kDa protein which shows the highest amino 
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24 J CTAA.~T.~CGCATTGATA~TATAAAA~.~`~%~rTAACGAACAA[;CGG~T~rTAA~rATTAAAGAGACCAG~GCTGAGT.~AT.~TGAAGAATA~A~`~`GA~r.]`~rAT~AAGACCAGGCGG~AATGC~`T 
A snLeuArgl | eAspI ] eT ] e[,ysPhe] ] eAsnGl ~G l nA l aVa I Le.T I el ] eLy sG| uThrSerA |aG|uLellPheG] uG l uTyrT I eAspLeuLeuArgProG1 yG] y AsnA I aTyr 

]6] A1~ACAACAAGAAGATACGCA~CATGTATAAGAGATTTAGACTATTATTTGAGATATGCTACCTATAG~'ATGTTAGCAGATGACCCATCAATTTT~GATGAAAGAGTATTAAATC~GTCTAA 
ThrT|irArgArgTy rA ] aA | aCyl~ r leAr(JAspLe|lAs[~TyrTyr[,euArgTyrAlaTbrTyrSerMetLeuAlaAspAspProSer~ | eLellAspG [ uArgVa ] |.euA~nG] yLeuLys 

401 AAC, AAACTTATAATTCTTTAGGCGTA CCTATTGGTGCTACTATTAGAGCACTTAGTATAATGAA AAAAATTGTACAAAAACAAGTA AGTCAAGAAGCCCAAAATATAGTTAGCTTACCTT 
G | ~IT|* rTy rAs n Se r LeuG ] yVa ] P rol leG] yA ]aTh r [ } eA rgA | a LeuSe r I ] eMe tLysLy s I I eva 1G I nLy sG ] nVa ] S e rG 1 rig ]IIA] a G |nAsn I ] eva l Ser LeuP roPhe 

AspTy rMet I | eAsnSe r LeuS(.'rTy r-c- 
M~. ) L G ] l~[.o_u I l e I ] el | eAsnTh r LeuLeuG ] y I ] ePheSe rSe r AsnLe|iLeuCysTh r I ] eTy rTh rGl nTh r 

72, A~;~TGA~TG~GTcTATAT~TTA~ATc~T~`~G~T.~AT~TGAA~TTAT~A~TAT~G~T~A~A~TTT~T~^~A~AAe~T~.~T~T~T..r°TTT~TG~ 
C, ] yAspT r pSe r LellTy rLeuTh rSe rCys I | el ] eA ] a LellTyrG ] u [ ] e I | eSe rTy r l I eSe rTy rAsnG ] hi'he I ] eLysLysTh rI~ [ sLy sAsn ] I e I ] e/% snCy s PheAsnG ] y 

84[ TTTTAAA~TTGGATTAATTT~ CGGATTATATTTAGATGCGTTTAAATTAGGAAGCTi~AAAAGCTAAAAAAAAAGAACAAAGTAAATATTTACTTTGTTCTTTTTTTTTAGCATTAATATT 
PheLysl ] eG] yLeuI I eTyrG| yLenTy rLeuAspA|aPheLysLeuG] ySe r-c- I ~' " I 

- e -  

• . . , 

961 AGCGATTAACTAATCC~%GGGTATCTATTGAATTTAGGAGTAATATTTAAGTCATAAACCATATTTAAAAACAAAACAGGATCACCTGCTCTAGGTCTTTGTTCTTGAGGACGAAATCGGC 
ArgAsnVa | LeUG 1 yProTy rA rgAsnPhe [,yap roTh r ][ J eAsn[,euAspTy rVa | MetAsn LeuPheLeuVa ] ProAspG I yA I a A rgProA rgG] nG] uGl nProA rgPheA rgA rg 

I l)fl 1 ()~ATGGCACCTTGCCAAATAAAT'~G~(~G!~TTAACTAATTTATCTCTGAATTCTATTCCATATCTTGG~GTTTTTAGATTAAATGGAGTT ~CCCCATTAACACGTTGAAAAATTATTCTTC 
I ]eA 1 aG] yG ] nTr pit ] e PheG ] n P roLy s va ] LeuLysAspArgPh~G ] u I IeG ] yTy rArcJProThr LysLeuAsnPhe P roTh rG ]uG I yAsnVa ] A rgG ] .P|le I ] e I IeA r gA rg 

] 2[)] TTCTTTGATAAGGAACTATATTGTCACCAAAGTTTTCTAAATATTCTTGACTATTAATTAAGCAATCAATAAAACCTATTACACCTTTATTACATATAACAATTGACCAAGCTATTTTTT 
A ~'gG | nTy rProV~ } ][ | eAsnAs[,G | y PheAsnG l t~I,euTy rG | uG | nSe rAsn I | eLetlCy sAsp][ ] ePheG | y I | eva ]G | y LysAs nCys I | eVa | T | eSe rT rpA I a I ] eLy sG | ~l 

1321 CT]'TC'~'CATTA]'A'I'ACATCTCGTCCAAGA ATTCTCTGGACACATAATTCAACAAAACGATAATTATTATTTACATCAT/%A'rTTAATTTTCTAAAAGAATCTGATATAGCTAATCCTCTAA 
[.ysG ] uAsnTy rva ] AspA rgG ] yLeu I ] eArgG l nVa ICy s LeuG ] uVa 1 PheArgTy rAsnAs nAs aVa l AspTy rAsnLeuLysA rg PheSerAspSe r l ]eA ] aLeuGl yArgI I e 

1441 TA A ATTC'I~CTTACTTTA/% T T]'GA'I']'AAAAC G'I~ AAT'I~G'I~GAI'T CT AGA A ATC'I'TTGTCTTGTA A A ]'TTT A A AATTTGA TGTT CACTAA ATATTTGACGGTA TG CT GC C C A A ATTAAT TCA T 
PheG] uArgVa ILysI ] eG| nAsnPheAr, Le~IG I nSerG hlLell PheA rcjG | nArgTh r PheLy sLeuI ] eG ] n||isG ] user Phe I I eG ] nA rgTy rA | aA | aT rpl | eLeuG | uAsp 

| S6 ] CCATCTCGGAAGCACTTGGGAGAG~A]~CAGTTG~ATe~AATTTTAGA]`TGTTC.~`TCGTTTGATAAAATTTCAAAACTTTCTACACGTTGATTTTGTGTTGACAAAGGATAATATAAAAGAG 
Me tG l u Se rA l a Se r P roLeuTh rA s pTh rTh rTy r I I ely sSe rG ] nG ] nG | uAs nSe rLeu [ ] eG ] uPh eSe rG I uVa | A rgG l nA s nG | nTh rSe r LeuP roTy rTy rLeuLeuP ro 

[58| GAATAGACATAAAACAATCTCCAATATATTTTATTAGCTTTATTAAGAAAAATATATATCATTAAACTAATATTTAATATTATAAATTTAGTTTATATTTTGAATTATATTAGTAATAA~% 
][ | eSe rMet 

• • - I O  - ~ 5  

1801 TTTTAACTAAATATTAAATGAATAA AAATTATAATTCTTATCTTGGACTT^GTTTAGAACA^GA,%TTTAAACTCA AATTATATTCAC^AATAGTAG/%GACTTTAAATGAAA AGCAAAAAA 

1921  ACGATTATTACTGGAAATTTTAAAATATATGTTATTAAATGATAATATATTAAAATAT~TAATAAAATATACTAATTTAAAATAATATGTTAACATTAAATATGAATCTAA ATTATCAAA 
Me t [.etlTh r LeuAsnMetAsnl.euAsnTy rG l nl I e 

2[14 I TTGATAACTACT(~TTTAAATATAAGTTTTTTATCTTTATTTA1.AAGTATGATCTC~TTATTGGTTAGTAATAGCTTTCCCTAAGAAAATATTTTTTTTAAAATTTGCGCATTTCGAGGTAA 
A s[,AsnTy r Cys[,euAsn[ ] e Se r Ph,-'T,euSe r I,euPheI | e Se the t I ] e CysTy rTrpLeuUa l I ] e A ] a P heP r oLysLy s l | e PhePhel,euL 'sPheA ] a l l  i s PheG I u Va l S e r 

2161 GTTTAGCAAATATTT1`ATTGGTTTACTTATTGGCATATC(CTGGTTAAAATATTCATATTTCCCATTAAGTAACTTATATGAATCATTACTTTTTTTAAGTTGGAGTTTGACGACTATAC 
[.euA I a Asn I ] e Lel|Le~iVa | T y r [,ellI,enA ] a Ty r A r gTr pLeuLysTyrSe r Ty r PheP l'o[.euSe r AsnLellTy rG | use r [,euLeu P he LeuSe r TrpSe rLeuTh r T~ r~ | eG | n 

• o • 
2281  AATTAATATTAC, AATTTAA ~TTTAAACATAAGCTTATAGGAGCTATAGCT~GTCCTATAAGTA CTTTGACTTTAGCTTTTTCTAGCTTTTTTTTACCGhAGTATATGCAAGAAGTTTCTC 

Leu I ] e LeuG I n PheLys P heLysl| ] s I.ysLeu I I e G l yA | a I I eA ] a Se r Prol I e SerTh rLeuTh r LeuA )aPheSerSe r PhePheLeuP roLysTy rMetGl nG I u Va ] S erP ro 

2401 CATTAATACCAGCTTTAAAATCAAATTGGTTACTTATGCATGTA AGTGTAA TATTAATTAGTTATGCAATGTTA CTAATAGGATCGTTATTATCAATTTTATTTCTTCTTTTATCTCGCA 
[.elil leProAlaI,e~ll.ysSerhsnTrpT,etl[,euMel:llisVa]SerVa ] I ] eli,ell[ |eSerTyrA] aHetl,euLetll [ eGlySer [,~uLellSerI ] eLeuPheLellLeu|,euSerArgAsn 

~52| A~AA~`AAA•~TAAA~TACA(~TAAAAA~AA~`AA.rTTAAC'~ACAGCC.~CTAATTC~AATGATACATTAATTTTAAAAAATGAAGATAAACTAAATT~ATTAAATAC~ATTGATAATTTAAGTT 
As nl[,ys[,e~IAsnTy rTh r|,ysAs.As nAsn[,ellTht-Th rA I a SerAsnSerAsnAspTh r |,ell ~ ] eLe~iLysAsnG | uAspLy aLexiA s n|,euLenAs nTh r I | eAspAsnLetlSe rTy r 

2641 ACAGAATTATC(;GCTTAGGCTTCCCTTTTTTAACAATAGGTATTATCTCTG~;AGCAGTCTGGGCAAATGAAGCATGGGGCTCATATTGGAGCTGGGATCCTAAGGAAACTTGGGCTCTAA 
A r g[ | ,.~] IeG | yLeuG | y PheP r¢~Phe LetlTh ~" [ ]eG | y I | e I ] e Se rG | y A IaVa ] T rpA | a AsnG ] ~IA I a TrpG ] y Se r TyrTrpSe r T r pAspProLysG| u Th rTrpA | a Leu] J e 

2761 TTACATGGATTA.rTTTTGCTATATATTTACATACAAGAATTAATAAATC~TGGCAAGGCAAAAAATCTGCTATAGTAGCGGGCTTTGGTTTTGTCGTTGTTTGGATATGCTATTTAGGAG 
TllrTrpI l eF |ePheA | a [ I eTyr[,eulli sThr~ rgl I eAsrlLysSerTrpG | nG [ y I,ysLysSe rA ] a I l eva ] A IaG l y PheG] ]/PheVa l va l Va l TrpI |eCysTy r LeuG] yVa | 

• . . SD . . 
2881 TA A ~ TT T TTT AGG'I'A A AGGT'i"['f;CA'I'A£;'["~ A I'GG'I"I'(;GI'I'TI'TATA A'!° ]'TT C~'T AT A'I'A A'~ATATA A C A A'[" A TAGGT A ATATA]'C'I'C'I'~I'ATATA T T GG A T AA A T A TA TG T TAA TAGCAGT 

Asr,Phe [,euG [ y [,ysG | yLe[~|l [ sSe rTy rG | yT rpPheI,eu-c- 
MerLe|*| IeA lava ] 

3001 ATCAACTAATATAATATTTATTGTTGTTAATACAr%TATGTGTAATTT~GGCAAATATAGTGTTCAAAATAAAAAAAATGAATCATATTCAATTGCTA ATATAAATTTAGCTGAATTATT 
SerThrAsnl | eT ] ePhe | I eva ]V;~ | AsnTh rT I eCysVa ] I | eLetIG | yLysTyrSerVa |G| nAsnLysLysAsnG| uSerTy rSe r ~ J eA]aAsn[]eAsnLeuA|aGlllLeuLeu 

312[ AGCAAGCATGAGTTTAGGACATATTATTAGTTCAGCAACTGTATTA~GATTAAAATCTTTAAATTTAATCCAATAAATACTATATTGGTGT~[`TTCTATGAAAAATAAATAAAAAGATAGA 
A | aSerMetSerLeuG] yHisT ] eT ] eSerSe rA ] aThrVa I LeuG ] yLeuLysSerLeuAsnLeul ] eG] n-c- ] 

3241 TTAAGTTAACAATCAATAATTATTGATTGTTA ACTTAATCTATCTTTTTATTTATTTTTCATAGAAAACA C CAATATITTCGGAATTTTTTATAACGATTGTCCTTTCTTTCAATATCAGA 

3361 TAAATTTTCTAATTCTTTAATTTTATTTATTA AAATTTCTTTAAGATTCTTTATAGTAAAAAGAGGATTACTTTGAGAACCACCAATAGGTTCTTCTATTATTTCATCGATAATACCAAG 

] 40 l AATTTTCAAATCTTCTGCAG'r*|'ATTTTTAAAGATTCTGAAGCCTCTACATATCTAGA 

Fig. 2. Nucleotide and deduced amino acid sequence of a gene cluster from Cysnidium caldorium containing genes for a 

fl allophycocyanin-like protein ('ORF 492' = apcB ', 141-632), a 9.5 kDa APC linker protein ('ORF 252' = apcL 95, 647-898), a 
29 kDa PC linker protein ('ORF 732' = cpcL ~, 1690-959, opposite strand of DNA),  a hypothetical 35 kDa protein (ORF 921, 
2007-2926) and a hypothetical 7.4 kDa protein (ORF 210, 2987-3196). Numbering starts at the stop codon of the psbA gene 
(base 1-3). Sequences that resemble procaryotic -35 and -10 promoter sequences and ribosome-binding sites (Shine-Dalgarno 
sequences, SD) are underlined. Arrows mark inverted repeats of 41 bp downstream of psbA, of 25 bp between apcL ~5 and c])cL 29 

and of 58 bp downstream of ORF 210. These may serve as transcription terminators and/or m R N A  processing signals. 
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Fig. 3. Dendrograms derived by comparison of amino acid 
sequences of various PC 30kDa  linker proteins (A), 
ORFs 921 (B), ORFs 210 (C) and small linker proteins (D). 
Numbers are the similarity scores which indicate the number 
of matching amino acids minus a fixed score for each gap 
introduced to maximize homology. Abbreviations and refer- 
ences are: (A) FdH2=Fremyella diplosiphon cpcH2 [24], 
Fd H3 = F. diplosiphon cpcH3 [30], A C =Anabaena cpcC [2], 
S C = Synechococcus 7002 cpcC [4], Fd 12 = F. diplosiphon 
cpcI2 [24], Fd I3 = F. dipIosiphon cpcI3 [30], Cc = Cyanidium 
caldarium cpcL29; (B & C) Os = Oryza sativa ORF321/ORF62 
[19], Nt=Nicotiana tabacum ORF313/ORF62 [42], 
Mp=Marchantia polymorpha ORF321/ORF62 [35], Cp 
Cyanophora paradoxa ORF65 [ 10], Cc = Cyanidium caldarium 
ORF210; (D) M1 pc =Mastigocladus laminosus small phyco- 
cyanin linker (cpcD [ 13,14]), S pc = Synechococcus 7002 small 

acid homology (about 23 ~o ) to small APC linker 
proteins from cyanobacteria (conservative amino 
acid exchanges about 63 ~o) and amino acid ho- 
mologies of 16-19~o to other small linker pro- 
teins. We therefore propose to give it the gene 
n a m e  apcL 95. ORF 732 was found to encode a 
29kDa putative phycocyanin linker protein 
(ca. 30 ~o amino acid homology to other PC linker 
protein genes encoding proteins of about 30 kDa 
and was therefore designated cpcL 29. 

The amino acid of ORF 921 is about 45~o 
identical to hypothetical protein coding regions 
for proteins of about 37 kDa of the tobacco 
(ORF 313 [42]), Marchantia polymorpha 
(ORF 320 [35]) and rice ptDNA (ORF 321 [ 19]), 
respectively. 

The amino acid sequence coded for by 
ORF 210 is about 25~o identical and about 63~o 
homologous to ORF65 from cyanelles of 
Cyanophoraparadoxa [10] and to ORF 62 of sev- 
eral chloroplasts [ 19, 35, 42], and is collinear with 
these ORFs (data not shown). Up to now the 
function of ORFs 921 and 210 is unclear. Hy- 
dropathy plots of gene products of both ORFs 
show the presence of several putative transmem- 
brahe domains (data not shown) indicating that 
the gene products are membrane-bound proteins. 
The presence of a terminator-like inverted repeat 
structure downstream of ORF 210 (Fig. 2) and 
the absence of such a structure between the ORFs 
indicates that they are cotranscribed. However 
we did not detect a transcription signal from ei- 
ther ORF. 

Dendrograms for cpcL 29, apcL 9"5, ORF 921 
and ORF 210 showing their relationships in dif- 
ferent organisms have been constructed (Fig. 3). 

Transcription analysis 

Hybridization experiments with single-stranded 
probes revealed that the 0.9 kb transcription sig- 
nal initially found (see above) was made up of two 

phycocyanin linker (cpcD [4, 26]), S apc = Synechococcus 6301 
small allophycocyanin linker (apcC [21]), Ml=M.laminosus 
small APC linker [ 12], Cc = Cyanidium caldarium apcL 9"5. 
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signals of similar size from opposite strands, one 
specific for ORF 732 (cpcL 29) and the other 
for ORFs 492/252 (apcB'/apcL95), respectively 
(Fig. 4). ORF252  (apcL 95) appears to be 
cotranscribed with ORF 492 (apcB'). Between 
these transcription units a transcription termina- 
tor-like structure consisting of a 25 bp inverted 
repeat was found (Fig. 2). Upstream of the start 
codons ofapcB' and cpcL 29 s e q u e n c e s  were iden- 
tified that resemble procaryotic -35 and -10 
promoter sequences (Fig. 2). Assuming that these 
sequences serve as transcription promoters and 
terminators transcripts of ca. 850 bp for both 
transcription units could be expected. This value 
is in good agreement with the size of both tran- 
scripts determined by northern hybridization 
(about 900 bp; see Fig. 4). We therefore suggest 
that the 25 bp inverted repeat between both tran- 
scription units may serve as a bidirectional tran- 
scription terminator. 

Light-regulated expression of apcB',  apcL 9"5, 
cpcL 29 and psbA 

In green algae the copy number of the p tDNA 
may depend on growth conditions [41]. There- 
fore we isolated total cellular DNA from auto-, 
mixo- and heterotrophically grown Cyanidium and 
hybridized these DNAs to a plastid specific psbA 
gene probe. Figure 5A shows that in this alga the 
proportion of plastid DNA in total cellular DNA 
is not influenced by these growth conditions. We 
then used apcB'/apcL 95- and cpcL29-specific gene 
probes in hybridization experiments with total 
cellular RNA isolated from auto-, mixo- and het- 
erotrophically grown Cyanidium. It was found that 
the amounts of both transcripts were not influ- 
enced when cells were grown in mixotrophic 
conditions but were strongly reduced in het- 
erotrophically grown cells (Fig. 5B). Therefore we 
analysed the expression of another plastid- 
encoded photosynthesis-related gene. The psbA 
transcript level w a s  strongly reduced in mix- 
otrophically and heterotrophically grown C. cal- 
darium (Fig. 5B). 

Fig. 4. Transcription of the region downstream psbA in 
Cyanidium caldarium plastid DNA. Bars give sizes and loca- 
tion of hybridization probes used in this experiment. The di- 
rection of the single-strand probes is indicated by arrows. 
Antisense probes of ORF492/252 (apcB'/apcL 9.s) and 
ORF 732 (cpcL 29) hybridized to mRNAs of ca. 0.9 kb (lanes 2 
and 4). 

Discussion 

We have sequenced a phycobilisome gene cluster 
from the unicellular red alga Cyanidium caldarium 
containing genes for a /%APC-like protein 
(apcB'), a putative 9.5 kDa APC linker protein 
(apcL 95) and a putative 29 kDa PC linker protein 
(cpcLa9). We believe that apcB' does not encode 
a 'regular' (major light-harvesting) /~-APC pro- 
tein. Firstly, it shows homology of only about 
60 ~o (on an amino acid level) to several/?-APCs 
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Fig. 5. A. Hybridization of a plastid DNA specific psbA gene probe to Southern blots of total cellular DNA isolated from auto- 
(a), mixo- (m) and heterotrophically (h) grown Cyanidium caldarium. B. Hybridization of psbA, apcB '/apcL 9s and cpcL 29 specific 
gene probes to northern blots of total cellular RNA isolated from auto- (a), mixo- (m) and heterotrophically (h) grown C. caldarium. 

from cyanobacteria and red algae (including a 
fi-APC protein sequence from C. caldariurn de- 
termined by protein sequencing [34]). Sequence 
homologies among 'regular' fl-APCs from cyano- 
bacteria and Cyanophoraparadoxa are higher than 
7470 [3, 5, 8, 22, 23, 31, 44]. Secondly, the tran- 
script level of the apcB'/apcL 95 operon is rela- 
tively low as compared to that of cpcL 29 (Figs. 3 
and 5). As/~-APC is a prominent component of 
the PB S one would expect a much higher level of 
expression for the 'regular' apcB. We think apcB' 
might encode for a fi-APC-like protein similar to 
the ,fl16.2, protein from Mastigocladus laminosus 
[37, cf. 27]. Both the small APC linker protein 
and the fi-APC-like protein are contained in small 
amounts in cyanobacterial phycobilisomes 
[27, 37-39]. This is in good agreement with the 
finding that apcB' and apcL 95 are  probably 
cotranscribed. 

The organization of cpcL 29 and apcL 95 in 
C. caldarium differs significantly from that in cy- 
anobacteria. In these organisms phycocyanin 
linker protein genes usually are part of a large 
gene cluster containing genes for c~- and fi-PC and 
PC linker proteins and are cotranscribed with the 
whole cluster or at least with other PC linker 
protein genes [2, 4, 6, 24, 30]. In C. caldarium, 
cpcL 29 constitutes a single transcription unit. Cy- 
anobacterial genes for small allophycocyanin 
linker proteins are parts ofAPC gene clusters and 

are cotranscribed with other APC and APC-linker 
genes [20, 21 ]. These differences might have been 
caused by genome rearrangements during the es- 
tablishment of rhodoplast endosymbiosis. Alter- 
natively, a large phylogenetic distance may exist 
between rhodoplasts of Cyanidium and some cy- 
anobacterial species. Sequence comparisons in- 
dicate that the second possibility might be true 
(see Fig. 4). A deep branching was found between 
Cyanidium linker proteins and those from cyano- 
bacteria (see Fig. 4). Recently we have found a 
similar gene cluster in the multicellular red alga 
Antithamnion sp. indicating that the different or- 
ganization of these genes is possibly typical of red 
algae (unpublished results). 

Sequence comparisons of plastid encoded 
Rubisco genes [47], psbA genes [28] and 16S 
rRNA genes [29] indicated a large phylogenetic 
distance between plastids of green plants and 
those of red algae and suggested a polyphyletic 
origin of these plastids. This hypothesis is sup- 
ported by sequence comparisons of ORF 921 and 
ORF 210. In both cases the C. caldarium genes 
are widely divergent from the chloroplast cluster 
(Fig. 4). 

We have found that transcript levels of genes 
analysed in this study are influenced by light 
and/or the presence of glucose in the growth me- 
dium (Fig. 5). Thus it is possible that in C. cal- 
darium transcriptional regulation of photosynthe- 
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sis-related genes plays an important role. It is 
noteworthy that apcB' /apcL 95 and cpcL 29 tran- 
script levels are not reduced in mixotrophic cells 
whereas the amount of phycobilisome proteins 
decrease at these growth conditions (unpublished 
results). These findings suggest that a complex 
regulation mechanism may exist for these genes: 
the level of transcripts might be influenced by light 
and the translation efficiency of transcripts might 
be reduced by the presence of a carbon source in 
the medium. 

We are now analysing the organization and 
expression of phycobilisome genes from the mul- 
ticellular red alga Antithamnion sp. in order to 
characterize red algae-specific gene arrangements 
and expression patterns of such genes. 
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