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The understanding of the complex processes un- 
derlying the evolution and maintenance of a eu- 
caryotic cell with organelles depends on the avail- 
ability of data from organisms of different 
systematic positions. The comparison of unques- 
tionably less related taxa might enable us to re- 
construct the evolutionary history of organisms 
and to find common rules of cooperation between 
subcellular compartments, such as mitochondria 
or plastids and the nucleus. 

The plastid genomes of chlorophytic, chro- 
mophytic and red algae share some common fea- 
tures: the genome size is insufficient to encode all 
proteins the organelle needs, so it has to import 
nucleus-encoded proteins from the cytoplasm. All 
plastid genomes investigated so far encode the 
genes for the ribosomal RNAs, a set of tRNAs 
and genes for essential proteins of the photosyn- 
thetic apparatus such as the large subunit of 
Rubisco (rbcL) or the D 1 protein of photosystem 
II (psbA). Sequence studies have concentrated 
for a long time on higher plants and chlorophyll 
a + b-containing algae, thus there were more spec- 
ulations than data concerning the plastids of 

chlorophyll a + c algae or red algae. Recent in- 
vestigations show striking differences between the 
plastids of different algal taxa. There seems to be 
no common pattern of gene arrangement and 
genes which code for plastid proteins found on 
the nuclear genome in the case of higher plants 
and green algae such as rbcS (which codes for the 
small Rubisco subunit) are part of the plastid 
genome of chromophytic and red algae [3, 5, 15, 
18, 19, 20]. Trying to interpret those facts phy- 
cologists are faced with the question how often 
the chloroplast-host endosymbiosis took place 
during evolution. In other words, it is to decide 
what may be the relationship between different 
types of plastids and even whether they are of 
mono- or polyphyletic origin. 

In our laboratory we are screening the plastid 
genomes of several non-chlorophyll a + b algae 
for the existence of genes which were not found 
on the completely sequenced genomes of Nicoti- 
ana, Oryza or Marchantia [2, 14, 17]. 

On the plastid genome of two unicellular red 
algae, Cyanidium caldarium ( C. caldarium Geitler, 
Allen strain 14-1-1 has been reported to be iden- 

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under 
the accession numbers X62578 and X62579. 
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C ca[darium 

TAATAAATTTTAcTATAAAATAGTATTATATAATCTTTcATTcTATcTGTTTTTTTATTATAGAATTTAAT+TTGTATTTATTATGAcTTATTTcTATA 
TAAAAAAAAGAATAATATTTTCTTCTATTGTTTATAATCATAATTATAAATTCTATCCAGTATTATCAATGGACAATCTTCGACGTAAAGAAAAAATTTT 

NetAspAsnBeuArgArgBysGluLysIleLeu 

AATTGCAGATGACGAATCAAGTATTAGACGTATATTAGAAACACGTTTATCTATCATTGGATACGAAGTACTGACTGCGCCTGATGGCAGATCCGCTTTA 
I•eA•aAspAs•G•uSerSerIIeAr•ArgI1eLeuG•uThrArgLeuSer•1eI•eG•yTyrG•uVaILeuThrA•apr•As•G•yArgSerA•a•eu 

TTTTTATTTCATAAAGAACATCCAAATCTTGTAGTTTTAGATGTTATGATGCCTAAGATAGATGGATATGGAGTATGTCAAGAAATTCGTAAAGAATCTG 
pheLeu•heHisLysG•uHis•r•AsnLeuVa•Va•LeuAspVa••et•et•r•LysI•eAspG•yTyrG1yVa•CysG•nG•uI•eArg•ysG1u•erAsp 

ATATACCAATAATTATGTTAACAGCACTTGGGGATGTAACTGACCGAATTACTGGTTTAGAACTAGGAGCAGATGATTATGTAGTTAAACCTTTTTCACC 
I1epr~I~eI~e~e~LeuThr~1aLeuG1yAspVa1ThrAspArgI~eThrG1yLeuG~uLeuGIyAIaAspAspTyrVaIVa1L~spr~heSerpr~ 

TAAGGAATTAGAAGCTCGTATTAGATGTGTATTAAGACGAGTTGATAAATTTTATTTTTCTAATACATTTACTAATTCGGGAATAATTAATATTGGATTT 
LysG~uLeuG~uA1aAr~I1eArgCysVa1~euArgArgVa~As~Lys~heTyr~heSerAsnThrpheThrAsnSerG~y~e~eAsn~eG~yphe 

TTAAAAATTGATATTAATCGCAAACAAGTTTATAAAAATGAAGAACGAATAAGATTAACAGGTATGGAATTTAATTTACTTGAATTACTAATTAGTAATT 
LeuLysI1eAs•IIeAsnArgLysG•nVa•TyrLysAsnG•uG•uAr•I•eArgLeuThrG•y•e•G1u•heAsnLeuLeuG•u•eu•euI•eSerAsnSer 

CAGGAGAAC•GTTATCCAGAA•AACTATTTTAGAAGAAGTTTGGGGATATACTCCTGAAAGAcACTTAGATACTAGAGTTGTAGATGTACACATATCAAG 
G•yG•upr•LeuSerArcThrThrI1eLeuG1uGIuVa•TrpGIyTyrThr•r•G•uArgHisLeuAspThrArgVa•Va•AspVa•H•sI•eSerAr• 

ACTTAGAGCTAAATTAGAAGATGATCCTAGTAAT•CTGAATTAATATTAACCTCACGAGGcA•CGGATATTTATTTCAA•GTATAATGGAAATTAATAAA 
~euArgAIaLysLeuGIuAspAsp~r~SerAsnpr~G~u~euI~eLeuThr~erAr~G~yThrGIyTyrLeupheG~nArgI~e~etG1u~eAsnLys 

AATTATAATCCCATTATTCAAATACAAAAGATTTAAATTATTAATATAAATTAAcAAA•TTAcTGAAGTTAAAAATTTTTATTTTTCAAATTATAATAAT 
A s n T y r A s n P r o I l e I ! e G l n I l e G I n g y s r l e - c -  

R aerugineum 

2 0 1 A A G A A A A A ~ c c A A A T A A T ; ~ ; ~ ; ~ ~ c ~ ~ & ~ ; ~ c ~ ~  
MetG•n•ysG•uLy•I1eLeuVa•I•eA•pA•pG1uA•aSerI1eArgArgI•e•eu•1uTh•ArgLeuSe•I•eI1eG1y 

301 TATGATGTTATAAGCGCAGCAGATGGTGAAGAAGCACTATCTATATTTAAGCGAGAACATCCTAATTTAGTGGTGCTAGACTTAATGATGCCTAAGTTAG 
TyrAspVa•I•eSerA•aA1aAspG•yG•uG•uA•aLeuSerI•ePheLysArgG•uHisPr•AsnLeu•a•Va•LeuAspLeuMetMet•r•LysLeuAsp 

401 ATGGTTATGGTGTTTGTCAAGAACTACGTAAAGAATCTGATGTTCCTATAATAATGCTAACTGCATTGAGTGATGTTTcTGATCGCATTACAGGTTTAGA 
G~yTyrG~yVa~CysG1nG~u~euArgLysG~uSerAs~Va~Pr~I~eI~eMetLeuThrA~aLeuSerAspVa~SerAspArgI~eThrG]yLeuG~u 

501 ATTAGGAGCAGATGATTATATTGTTAAGCCATTTTCACCGAAAGAGTTAGAGGCAAGAATTcGTTCTGTATTAAGACGCGTTGATAAAGCAAGCTCAAAT 
LeuG•yA•aAspAspTyrI•e•a•Lyspr•PheSerPr•LysG•uLeuG•uA•aArgI•eArgServa•LeuArgArgVa•AspLysA•aSerSerAsn 

601 AATAATTTACCAAACTCTGGCATTATTAATATAGGTTTTTTAAAGATAGATGTTAATAAGCATCAAGTATATAAGAATAATGAAAGAGTTCGATTAACTG 
AsnAsnLeuPr•AsnSerG•yI•eI•eAsnI•eG•yPheLeuLysI•eAspVa•AsnLysHisG•nVa•TyrLysAsnAsnG•uArg•a•ArgLeuThrG•y 

701 GTATGGAGTTTAGTCTTCTAGAACTTTTGATTAGTAAAGCAGGACAACCTTTTTCGAGAGCTACAATCTTACAAGAAGTATGGGGATATACTGCTGAACG 
MetG1u•heSerLeuLeuG•uLeuLeuI1eSerLysA1aG1yG•nPr•PheSerArgA•aThrI•eLeuG•nG•uVa•TrpG•yTyrThrA1aG]uArg 

801 TCAAGTAGATACGAGAGTAGTTGACGTTCATATTTCCAGGTTAAGAGCTAAATTGGAAGATGATCCTAGTAATCCAGATTTAATTTTAACTGCTAGAGGA 
G~nVa~AspThrArgVa~Va~AspVa1HisI~eSerArgLeuArgA~aLysLeuG~uAspAspPr~SerAsnPr~AspLeuI~eLeuThrA~aArgG~y 

901 ACCGGTTACTTATTTCAAAGACTAAATGACTCGATTGTTTAATCTACTGTAAATATAATAGAACATACAAAATCAAATAAAAACATTGACATTTATCGTA 
ThrGlyTyrLeuPheGlnArgLeuAsnAspSerI1eVal-c- 

Fig. 1. Nucleotide and amino acid sequences of the two red Ng~ ompR homologues. The mverted-repem/sin~e-copy border in 
the case of C. caldarium is marked by an arrow. 

tical with Galdieria sulphuraria [13]) and Porphy- 
ridium aerugineum, we were able to detect an open 
reading frame (ORF) in the upstream region of 
the ribosomal operon [7, 8, 9] encoding a protein 
with 37~o (C. caldarium) or 40~o (P. aerugineum) 
identity and 57 ~o or 58 ~o homology, respectively, 
to the ompR gene product of Salmonella typhi- 

murium [6]. The bacterial protein is one part of 
the two-component regulatory system mediating 
the osmotic parameters of the procaryote. It has 
been reported to work as a DNA-binding protein 
which enables the RNA polymerase to start tran- 
scription at less effective promoter motifs [1, 4, 
11, 22]. OmpR-dependent promoter motifs were 
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CcORF : 
PaORF 
StOmpr 
EcPhob 
AtVirg 

CcORF : 
PaORF 
StompR 
EcphoB 
AtvirG 

........................ ~EKILN~DEpISIR~LETRLS~IG~D~IS~ap__~E~_~S~g~HPNLEVL~4~MP~DGYGVCQELRK I 

. . . . . . . . . . . . . . . . . . . . . . .  ~ - - - ~ c g ~ T i - v ~ ~ 0 3 / ~ s w ~ ~ ~ 0 ¢ l ~ c ~  

. . . . . . . . . . . . . . . . . . . . . . .  - ~ r ~ ~ 5 - d ~ v ~ v ~ s ~ p ~ / L _ q ~ ~ g ~  
v n ~ s ~ s s A v ~ s ~ ~ q _ ~ V ~ _ ~ v ~ ~ r ~ v ~ s ~ w s s ~ w ~ w E ~ v ~  

-D~g~MLTA~s~Dv~RITGLELGa~Dxg~KpwspKEL~AR~sNLRRvD-q-NAss~L~sG~[N~GF~KI--~).wK~1giN--%~ 

T~D~p~RGEE~R~L~GADDY~PFSP~KEL~RI~R~SPMAVEEVIEMQ~SLDPTSHRVMAGE~PLEM-~ ...... 
~I~I~SGDRLEE~VVEA~/-E~.q~IpA~-~P-[~I~[~F~/~e--~VRpNVVR~SKDRRSFC~FTDWTL~LR~RRLMS~AGGEVLI~[-L-~ 

CcORF : 
PaORF 
StOmpr 
EcPhob 
AtVirg 

~ ~ ~ ~  TRVVDVHI S R L R A K L E D D P S N ~ I M E  INKNYNP I I QIQK I 
~aSm~rIL~VWGY~TRWDVnI SR~.RAKT.~DDPSNP~ILa'C~GTCY~Q~NDS IV . . . . . . . . . . .  
~fl~Irls Rb K---~i~N LA-~--~a~y~M~ ----+N] D ~  S R L~rg-va~ pff'FIm~H~V~Ca~--~DG s KA . . . . . . . . . . . .  
p E~@~o~-~v~NvYv ED- -Nn%vn I~T.Rk<A~%--dHDg-M~494[~G~S TR ~ ............... 

~~LE~0~__~~W~ ~~~@~N~_~A~0~w~ . . . . .  

Fig. 2. Amino acid alignment of the two red algal ompR homologues with bacterial regulatory proteins. Asterisks mark identical 
residues, points mark conservative residues. Identical residues in the case of both red algae and other organisms are boxed. Ab- 
breviations: CcORF, Cyanidium caldarium open reading frame; PaORF, Porphyridium aerugineum open reading frame; StompR, 
Salmonella typhimurium ompR protein; EcphoB, Escherichia coli phoB protein; AtvirG, Agrobacterium tumefaciens virG protein. 

found in the upstream regions of genes of outer 
membrane-spanning proteins, so-called porins. 
This raises the question of the possible function 
of the homologous plastid protein. 

There seems to be no homologous gene on 
chloroplast genomes of higher plants and March- 
antia, so either there is no need for this regulatory 
protein or the gene has been transferred to the 
nucleus. As the amino acid sequence is highly 
conserved between the bacterial and the 
rhodoplast protein not only in the N-terminal re- 
gion which the ompR gene product shares with 
other regulatory proteins such as phoB [10] or 
virG [12, 16] but also in the C-terminal part (see 
Fig. 2), the red algal protein at least should have 
a homologous function as a promoter-specific 
protein mediating the interaction between DNA 
and RNA polymerase. No data are available on 
red algal plastid RNA polymerase and only few 
red algal pt genes are sequenced with their pro- 
moter regions [5, 18, 19, 20, 21]. Further inves- 
tigations will have to show whether there are genes 
homologous to those bacterial porin genes or at 
least ompR-dependent promoters upstream of 
other rhodoplast genes. 

Northern blotting experiments with total cellu- 
lar RNA failed to detect a transcript but a low 
level of ompR-mRNA might be enough to guar- 
antee the regulatory function of the gene product. 

Although one may see the plastid ompR gene as 
a relic of the former endosymbiont without any 
function, the conserved amino acid sequence in 
the case of two red algae points to a selective 
pressure on the gene. A C. caldarium ompR gene 
probe hybridizes with the 16S rRNA upstream 
region of the multicellular red alga Antithamnion 
sp. indicating the existence of the ompR homo- 
logue on the pt-DNA of a more highly evolved red 
alga. 

Figure 1 shows the nucleotide and amino acid 
sequences of the two genes and Fig. 2 shows 
an amino acid alignment of the two red algal 
ornpR genes and some bacterial counterparts. In- 
terestingly the ompR genes of C. caldarium and 
P. aerugineum which are both located close to the 
genes for the small subunit ribosomal RNA are 
encoded on different strands. Detailed sequence 
analyses of the P. aerugineum rRNA operon point 
to a recombination event within this plastid-DNA 
area in comparison to the red algae C. caldarium 
and Antithamnion sp. (manuscript in preparation). 
It would be of great interest to know more about 
the existence of ompR homologues within the 
plastid genomes of different taxonomic groups. 
Further investigations on taxon-specific genes 
may provide us with phylogenetic markers which 
will help to elucidate the evolutionary history of 
the different groups of algae. 



780 

References 

1. Dairi T, Inokuchi K, Mizuno T, Mizushima S: Positive 
control of transcription initiation in Escherichia coll. J Mol 
Biol 184:1-6 (1985). 

2. Hiratsuka J, Shimada H, Whittier RF, Ishibashi T, Saka- 
moto M, Moil M, Kondo C, Honji Y, Sun C-R, Meng 
B-Y, Li Y-Q, Kanno A, Nishizawa Y, Hirai A, Shinozaki 
K, Sugiura M: The complete sequence of the rice (Oryza 
sativa) chloroplast genome: Intermolecular recombination 
between distinct tRNA genes accounts for a major plastid 
DNA inversion during the evolution of the cereals. Mol 
Gen Genet 217:185-194 (1989). 

3. Hwang SH, Tabita FR: Cloning and expression of the 
chloroplast encoded rbcL and rbeS genes from the marine 
diatom Cylindrotheea sp. strain N1. Plant Mol Biol 13: 
69-79 (1989). 

4. Karlsson MB, Pirhonen M, Saarilhahti HT, Palva ET: 
Molecular cloning of ompRS, a regulatory locus control- 
ling production of outer membrane proteins in Erwinia 
carotovora subsp, carotovora. Mol Gen Genet 226: 353- 
360 (1991). 

5. Kostrzewa M, Valentin K, Maid U, Radetzky R, Zetsche 
K: Structure of the rubisco operon from the multicellular 
red alga Antithamnion spec. Curr Genet 18:465-469 
(1990). 

6. Liljestr0m P, Laamanen I, Palva ET: Structure and ex- 
pression of the ompB operon, the regulatory locus for the 
outer membrane porin regulon in Salmonella typhimurium 
LT-2. J Mol Biol 201:663-673 (1988). 

7. Maid U, Valentin K, Zetsche K: The psbA-gene from a 
red alga resembles those from cyanobacteria and cy- 
anelles. Curr Genet 17:255-259 (1990). 

8. Maid U, Zetsche K: Nucleotide sequence of the plastid 
16S rRNA gene of the red alga Cyanidium caldarium. 
Nucl Acids Res 18:3996 (1990). 

9. Maid U, Zetsche K: Structural features of the plastid 
ribosomal RNA operons of two red algae: Antithamnion 
sp. and Cyanidium caldarium. Plant Mol Biol 16:537-546 
(1991). 

10. Makino K, Shinagawa H, Amemura M, Nakata A: Nu- 
cleotide sequence of the phoB gene, the positive regulatory 
gene for the phosphate regulon ofEscherichia coli K12. J 
Mol Biol 190:37-44 (1986). 

11. Matsuyama SI, Mizushima S: Novel rpoA mutation that 
interferes with the function of ompR and envZ, positive 
regulators of the ompF and ompC genes that code for 
outer-membrane proteins in Escherichia coli K12. J Mol 
Biol 195:847-853 (1987). 

12. Melchers LS, Thompson DV, Idler KB, Schilperoort RA, 
Hooykaas P J J: Nucleotide sequence of the virulence gene 

virG of the Agrobacterium tumefaciens Ti plasmid: signif- 
icant homology between virG and the regulatory genes 
ompR, phoB and dye ofE. coli. Nucl Acids Res 14: 9933- 
9942 (1986). 

13. Merola A, Castaldo R, de Luca P, Gambardella R, 
Musacchio A, Taddei R: Revision of Cyanidium ealda- 
rium. Three species of acidophilic algae. Giona Bot Ital 
115:189-195 (1981). 

14. Ohyama K, Fukuzawa H, Kohchi T, Shirai H, Sano T, 
Sano S, Umesono K, Shiki Y, Takeuchi M, Chang Z, 
Aota S, Inokuchi H, Ozeki H: Chloroplast gene organi- 
zation deduced from complete sequence of liverwort 
Marchantia polymorpha chloroplast DNA. Nature 322: 
572-574 (1986). 

15. Reith M, Cattofico RA: Inverted repeat of Olisthodiseus 
luteus chloroplast DNA contains genes for both subunits 
of ribulose-l,5-bisphosphate carboxylase and te 32,000- 
dalton QB protein: phylogenetic implications. Proc Natl 
Acad Sci USA 83:8599-8603 (1986). 

16. Ronson CW, Nixon BT, Ausubei FM: Conserved do- 
mains in bacterial regulatory proteins that respond to 
environmental stimuli. Cell 49:579-581 (1987). 

17. Shinozaki K, Ohme M, Tanaka M, Wakasugi T, Ha- 
yashida M, Matsubayashi T, Zaita N, Chungwongse J, 
Obokata J, Yamaguchi-Shinozaki K, Ohto C, Torazawa 
K, Meng B, Sugita M, Deno H, Kamogashira T, Yamada 
K, Kusuda J, Takaiwa F, Kato A, Tohdoh N, Shimada 
H, Sugiura M: The complete nucleotide sequence of the 
tobacco chloroplast genome: its gene organization and 
expression. EMBO J 5:2043-2049 (1986). 

18. Valentin K, Zetsche K: The genes of both subunits of 
ribulose-l,5-bisphosphate carboxylase constitute an 
operon on the plastome of a red alga. Curr Genet 16: 
203-209 (1989). 

19. Valentin K, Zetsche K: Rubisco genes indicate a close 
phylogenetic relation between the plastids of Chro- 
mophyta and Rhodophyta. Plant Mol Biol 15:575-584 
(1990) 

20. Valentin K, Zetsche K: Structure of the Rubisco-operon 
from the unicellular red alga Cyanidium ealdarium - evi- 
dence of a polyphyletic origin of the plastids. Mol Gen 
Genet 222:425-430 (1990). 

21. Winhauer T, Jager S, Valentin K, Zetsche K: Structural 
similarities between psbA genes from red and brown algae. 
Curt Genet 20:177-180 (1991). 

22. Wurtzel ET, Chou M-Y, Inouye M: Osmoregulation of 
gene expression. 1. DNA sequence of the ompR gene 
of the ompB operon of Escherichia eoli and characteriza- 
tion of its gene product. J Biol Chem 257:13685-13691 
(1982). 


