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Abstract 

The 287-bp spacer and the flanking 3 '-end of  the 16S- and 5 ' -end of  the 23S-rRNA genes of  the cyanelles 
from Cyanophoraparadoxa have been sequenced and compared with the corresponding regions of  cyanobac- 
teria and chloroplasts. The spacer contains the uninterrupted genes for tRNA ile and tRNA ala. All coding 
regions show high homology to their prokaryotic counterparts. At the 3'  -end of  the 16S-rDNA a CCTCCTTT 
sequence has been identified which is complementary to putative ribosome binding sites observed immediately 
upstream of  the coding region of  cyanelle protein genes. 

Introduction 

Cyanelles, the photosynthetic organelles from the 
biflagellated protist Cyanophoraparadoxa, possess 
dual properties: the genome size of  chloroplasts and 
a peptidoglycan-containing rudimentary cell wall 
pointing to their origin from endosymbiotic 
cyanobacteria. It appears justified to view the 
cyanelles from this organism as a model for an evolu- 
tionarily intermediate stage between cyanobacteria 
and chloroplasts [23]. 

As in most chloroplast DNAs, two inverted repeat 
segments have been identified, which are 10 kb in 
size in cyanelles, coding for the 16S- and 23S-rRNAs. 
Within the spacer, genes for tRNA ile and tRNA ala 
- a common feature found in chloroplast and 
prokaryotic rDNA units - have been revealed by 
homologous hybridization [11].  Heterologous 
hybridization experiments have shown a considera- 
ble sequence homology to the maize and spinach 
counterparts for these tRNAs. 

To get a more precise estimation of  the relation- 
ship between cyanelles and chloroplasts or cyanelles 
and cyanobacteria, respectively, the spacer region, 
the 3 '-end of  the 16S-, and the 5 ' -end of  the 23S- 
rDNA have been sequenced and compared with the 
corresponding sequences of  Anacystis nidulans [10, 
21, 24] and the chloroplasts from Euglena gracilis [7, 
8], Chlamydomonas reinhardii [5, 15, 16], Chlorella 
ellipsoidea [25, 26], Marchantia polymorpha [14], 
Zea mays [6, 9, 17], and Nicotiana tabacum [19]. 
This nucleotide sequence comparison is important 
in view of  the variable spacer sizes and the presence 
of  introns in the tRNAs among higher plants and al- 
gae (Table 1). In algal chloroplast rDNA units thus 

f a r  studied, no introns in tRNA genes have been 
found, in spite of the large size of  Chlamydomonas 
and Chlorella spacer segments. In both algae, how- 
ever, introns in the 23S-rDNA have been reported 
[15, 26]. Chlorella chloroplast DNA appears to lack 
the tRNA ala gene and the 23S-gene is in opposite 
orientation to the 16S-gene [25]. 
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Table 1. C o m p a r i s o n  of  chloroplas t  and  cyanobac te r i a l  r D N A  spacers  

O r g a n i s m  Spacer  size (bp) t R N A  ite t R N A  ala In t rons  

tRNAile tRNAala 

Maize  2408 + + + + 

T o b a c c o  2079 + + + + 

Euglena 260 + + - - 

Chlorella 4842 + 

Chlamydomonas 1805 + + - - 

Marchantia 2308 + + + + 

Anacystis 395 + + - - 

Materials and methods  

The strain Cyanophoraparadoxa LB 555 UTEX was 
obtained from the culture collection of  algae of  the 
University of  Texas at Austin. The cyanelles and 
cyanelle DNA were isolated as described [2] and the 
Sma-4/5 fragment [2] was cloned into pUC 18 with 
E. coli 71-18 as host cell. From this approximately 
950-bp insert several subclones have been produced, 
again in pUC 18. Plasmid DNA was prepared from 
the subclones according to Birnboim and Doly [1]. 
Plasmid DNA was sequenced directly using the su- 
percoil DNA sequencing method [4]. For two 

regions where no subclones in the opposite direction 
could be obtained, oligonucleotides were synthe- 
sized: a 17mer (positions 178-195) and a 15mer (po- 
sitions 557 -  571). 

Results and discussion 

The approximately 950-bp Sma-4/5 fragment con- 
tains parts of  the 16S- and 23S-rDNA [2] and the 
tRNA lie and tRNA ala genes [11]. Figure 1 shows the 
restriction map of  this fragment and the sequencing 
strategy used. Both strands were sequenced except 
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Fig. 1. Restr ict ion m a p  and  out l ine o f  the sequencing  s t ra tegy for  the cyanelle S m a - 4 / 5  f r a g m e n t  o f  Cyanophoraparadoxa. The  t R N A  lIe 

and  t R N A  ala genes and  the 3 ' - e n d  o f  16S- and  5 ' - e n d  o f  2 3 S - r D N A  are indicated.  
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10 20 30 40 50 60 70 
CCCGGGCCTTGTACACACCGCCCGTCACACCACGGGAGTCGGCCATGCCCGAAGTCGTTACCCTAACCAT 

80 90 100 110 120 130 140 
TTCGGAGGGGGATGCCTAAGGCAGGGCTGGTGACTGGGGTGAAGTCGTAACAAGGTAGCCGTACTGGAAG 

3'-16 S 1 
150 160 170 180 190 200 210 

GTGCGGCTGGATC~2CTCCTTT~AAATTTGATAAATTTATTCCCTTTGTGTGTCTAAATTTATCTATA~ 

tRNA-Ile 
220 230 240 250 260 270 280 

TAATAAGGTCGTTTAATTTTAATTGTTTTTTTCTAAAGAATGGTTCGGATA/~GGGCTATTAGCTCAGTTG 

tRNA-Ala 
290 300 310 320 330 340 350 

GTTAGAGCGCACCCCTGATAAGGGTGAGGCCCCTGGTTCGAATCCAGGATGGCCCt~Ct~GGGGGTATAGC 

360 370 380 390 400 410 420 
TCAGTTGGTAGAGCGCTGCCTTTGCAAGGCAGATGTCAGCGGTTCGAGTCCGCTTACCTCCA~CCAAAATG 

~ 5~23S 
430 440 4 460 470 480 490 

AAAGCTGTATAGCAATGCAAACATAAAGTGGTCAAGTGACCAAGGGCTTACGGTGGATACCTAGGCATTC 

500 510 520 530 540 550 560 
AGAAGCGATGAAGGGCGCGGTAACCGGCGAAACGCTTCGGAGAGCTGGAAACAAGCTTTGATCCGGAGAT 

570 580 590 600 610 620 630 
ACCCGAATGAGGCAACTCCTTGTACTATCTACTGAATAGATAAGTAGATAAGAGCGAACTCGGTGAACTG 

640 650 660 670 680 690 700 
AAACATCTTAGTAACCGAAGGAAAAGAAAGCAAAAGCGATTCTCTTAGTAGCGGCGAGCGAAACGGGACC 

710 720 730 740 750 760 770 
AGCCTAAACTATCGAGCTTGTCTTGATAGGGTTGTGGGACAGCATAATGATATCGCGCGAATTAGAAGAA 

780 790 800 810 820 830 840 
GCAATTGAATGTTGCACCTTAGAGGGTGAAAGTCCCGTATTCGAAAATTCAAACGAGTTAGCTGTATCCC 

850 860 870 880 890 900 910 
GAGTAGCATGGGGCACGTGAAATCCCGTGTGAATCTGCGAGGACCACCTCGTAAGGCTAAATATTCCTGA 

920 930 940 950 960 
ATGACCGATAGCGCAACAGTACCGTGAGGGAAAGGTGAAAAGAACCCCGGG 

Fig. 2. Nucleotide sequence of the noncoding (RNA-like) strand of  the cyanelle ribosomal spacer and flanking regions (Sma-4/5 frag- 
ment). The genes for tRNA ile and t R N A  ala are framed. The 3'-end of 16S- and the 5' -end of 23S-rDNA are marked by arrows.  The region 
at the 3 ' -end of  16S-rDNA complementary to Shine-Dalgarno sequences of cyanelle protein genes is bracketed. 

for a small 7-bp region where only one strand was 
sequenced 4 times independently. The size of  the to- 
tal fragment was determined as 961 bp. Figure 2 
shows the noncoding (RNA-like) strand of  this SmaI 
fragment. Based on the homology with the cor- 
responding genes of  Anacystis nidulans the 3 '  -end 
of  the 16S-rDNA, the 5 ' - end  of  the 23S-rDNA and 
the two tRNA genes were located. This determined 
the size of  the spacer as 287 bp. This size is similar 

to that of  Anacystis nidulans and Euglena gracilis 
(Table 1). The spacer tRNA genes do not contain in- 
trons, as they have been found until now only in 
higher plants (Table 1). Notable is the very short dis- 
tance, only three basepairs, between the two tRNA 
genes. Table 2 gives a comparison of  the sequence 
homology of  the rRNA and tRNA genes of  the 
spacer region between cyanelles, prokaryotic and eu- 
karyotic algae and plants. No homology was found 
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Table 2. Percentage of  homology between the cyanelle genes and the corresponding genes of  cyanobacteria and chloroplasts 

Organism 3 ' - 1 6 S  (162 bp) t -RNA ile t - R N A  ala 5 ' - 2 3 S  (512 bp) 

A nacystis 93 % 94.5 % 92 % 79 % 

Euglena 83 % 8 4 %  9707o 6 9 %  * 

Chlamydomonas 8 5 %  7307o 9 6 %  8 0 %  

Chlorella n .d .  9 0 . 5 %  7 5 %  

Marchan tia 89.5 % 88 07o 93 07o 76 % 

Maize 8 8 %  8 9 %  9 0 %  7 5 %  

Tobacco 89.5 % 89 % 90 07o 7 5 07o 

n.d. = not determined. 
* The Euglena sequence (391 bp) is from Orozco,  Dubbs, Karabin and Hallick (unpublished) as cited in Rochaix and Darlix (1982).  

when the intergenic regions were compared. The 
cloverleaf structure of  the two tRNAs is shown in 
Fig. 3. In analogy to chloroplast tRNAs the 
3'-terminal CCA is not encoded by the cyanelle 
DNA. 

For the first time partial sequence information 
was obtained for the large ribosomal RNAs from 
cyanelles of  C. paradoxa. Cyanelle 5S-rRNA has 
been sequenced recently and found to be most close- 
ly related to that from the cyanobacterium Syn- 
echococcus lividus [13]. A pyrimidine-rich region at 
the 3' -end of  the 16S-rDNA was found complemen- 
tary to putative ribosome binding sites (Shine- 

Dalgarno sequences) [18] which have been reported 
upstream of  several analyzed cyanelle protein genes. 
Among those are the genes for or- and/3-phycocyanin 
(GGAG) [12], ~-allophycocyanin (AAGG), 
allophycocyanin (AAAG) [3, 12], the/3 subunit for 
the ATP synthase (GAGG) [22] and the large subunit 
of  ribulose-l,5-bisphosphate carboxylase/oxygenase 
(GGAG) [22]. These four different 4-bp sequence 
motives match the CCTCCTTT sequence at the 
3' -end of  16S-rDNA (Fig. 2). This is not the case for 
the small subunit gene of ribulose-l,5-bisphosphate 
carboxylase/oxygenase [20, 22], that is cotran- 
scribed with the large subunit gene [20]. 
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Fig. 3. Cloverleaf structure of  tRNA ile and tRNA ala from C. paradoxa cyanelles. 



We have  c o m p a r e d  the  h o m o l o g y  o f  t he  se- 

q u e n c e d  r e g i o n  o f  t he  cyane l le  1 6 S - r D N A  gene  

(162 bp)  a n d  the  s e q u e n c e d  r e g i o n  o f  t he  cyanel le  

2 3 S - r R N A  g e n e  (512 bp)  w i t h  t h e  c o r r e s p o n d i n g  

r eg ions  o f  these  genes  f r o m  several  o t h e r  spec ies  (Ta- 

b le  2). A m o n g  the  1 6 S - r R N A  genes  t he  h o m o l o g y  o f  

t he  cyane l le  g e n e  is h ighes t  (93 % )  w i t h  t he  Anacys t i s  

c o u n t e r p a r t ,  w i t h  va lues  r a n g i n g  f r o m  83 % (Eugle- 

na) to  89 .5% (Marchantia,  t o b a c c o ) .  S i m i l a r  va lues  

were  o b t a i n e d  w h e n  the  2 3 S - r R N A  genes  were  c o m -  

pa red .  T h e  h ighes t  h o m o l o g y  is f o u n d  w i t h  Anacys -  

tis (79o/0) a n d  C h l a m y d o m o n a s  ( 8 0 % )  whi l e  se- 

q u e n c e  h o m o l o g y  o f  a p p r o x i m a t e l y  75 % is o b s e r v e d  

in c o m p a r i s o n s  w i t h  t h e  o t h e r  species .  T h e  d a t a  

p r e s e n t e d  here  l e n d  f u r t h e r  s u p p o r t  to  t he  n o t i o n  

t h a t  cyanel les  are  a u n i q u e  e v o l u t i o n a r y  l ink  b e t w e e n  

c h l o r o p l a s t  a n d  f ree - l iv ing  c y a n o b a c t e r i a  in an  or-  

g a n i s m  whe re  t h e  e v o l u t i o n  o f  p las t ids  has  t a k e n  a 

s e p a r a t e  route .  

Acknowledgements 

T h i s  w o r k  was s u p p o r t e d  by the  " F o n d s  zu r  F6r -  

d e r u n g  de r  w i s s e n s c h a f t l i c h e n  F o r s c h u n g "  ( W L )  

a n d  by the  A r i z o n a  A g r i c u l t u r a l  Resea rch  S t a t i o n  

( A R Z T  174441) ( H J B ) .  I J  wishes  to  t h a n k  the  

" O s t e r r e i c h i s c h e  F o r s c h u n g s g e m e i n s c h a f t " .  We are  

g r a t e fu l  to  G e r a l d  C o h e n  fo r  he lp  w i t h  supe rco i l  se- 

q u e n c i n g  a n d  to  M a n f r e d  S c h a n z  fo r  he lp  wi th  c o m -  

pu t ing .  

References 

1. Birnboim HC, Doly J: Rapid alkaline extraction procedure 
for screening recombinant plasmid DNA. Nucl Acids Res 
7:1513-1523 (1979). 

2. Bohnert H J, Michalowski C, Bevacqua S, Mucke H, L6ffel- 
hardt W: Cyanelle DNA from Cyanophoraparadoxa: Physi- 
cal mapping and location of protein coding regions. Mol Gen 
Genet 201:565- 574 (1985). 

3. Bryant DA, DeLorimier R, Lambert DH, Dubbs JM, 
Stirewalt VL, Stevens SE, Porter RD, Tam J, Jay E: Molecular 
cloning and nucleotide sequence of the ct and ~ subunits of 
allophycocyanin from the cyanelle genome of Cyanophora 
paradoxa. Proc Natl Acad Sci USA 82:3242-3246 (1985). 

4. Chen EY, Seeburg PH: Supercoil sequencing: a fast simple 
method for sequencing plasmid DNA. DNA 4:165-170 
(1985). 

483 

5. Dron M, Rahire M, Rochaix JD: Sequence of the chloroplast 
16S-rRNA gene and its surrounding regions of Chlamydo- 
monas reinhardii. Nucl Acids Res 10:7609-7620 (1982). 

6. Edwards K, K6ssel H: The rRNA operon from Zea mays 
chloroplasts: nucleotide sequence of 23S-rDNA and its ho- 
mology with E. coli 23S-rDNA. Nucl Acids Res 9:2853 - 2869 
(1981). 

7. Graf L, K6ssel H, Stutz E: Sequencing of 16S-23S spacer 
in a ribosomal RNA operon of Euglena gracilis chloroplast 
DNA reveals two tRNA genes. Nature 286:908-910 (1980). 

8. Graf L, Roux E, Stutz E: Nucleotide sequence of a Euglena 
gracilis chloroplast gene coding for the 16S-rRNA: homolo- 
gies to E. coli and Zea mays chloroplast 16S-rRNA. Nucl 
Acids Res 10:6369-6381 (1982). 

9. Koch W, Edwards K, K6ssel H: Sequencing of the 16S-23S 
spacer in a ribosomal RNA operon of Zea mays chloroplast 
DNA reveals two split tRNA genes. Cell 25:302-313 (1981). 

10. Kumano M, Tomioka N, Sugiura M: The complete nucleotide 
sequence of a 23S-rRNA gene from a blue-green alga, 
Anacystis nidulans. Gene 24:219-225 (1983). 

11. Kuntz M, Crouse E J, Mubumbila M, Burkard G, Weil JH, 
Bohnert H J, Mucke H, L6ffelhardt W: TransferRNA gene 
mapping studies on cyanelle DNA from Cyanophora 
paradoxa. Mol Gen Genet 194:508-512 (1984). 

12. Lemaux PG, Grossman AR: Major light-harvesting polypep- 
tides encoded in polycistronic transcripts in a eukaryotic 
alga. EMBO J 4:1911-1919 (1985). 

13. Maxwell ES, Liu J, Shively JM: Nucleotide sequences of 
Cyanophora paradoxa cellular and cyanelle-associated 5S 
ribosomal RNAs: the cyanelle as a potential intermediate in 
plastid evolution. J Mol Evol 23:300-304 (1986). 

14. Ohyama K, Fukuzawa H, Kohchi T, Shirai H, Sano T, Sano 
S, Umesono K, Shiki Y, Takeuchi M, Chang Z, Aota S, In- 
okuchi H, Ozeki H: Complete nucleotide sequence of liver- 
wort Marchantiapolymorpha chloroplast DNA. Plant Mol 
Biol Rep 4:148-175 (1986). 

15. Rochaix JD, Darlix JL: Composite structure of the chlo- 
roplast 23S-ribosomal RNA genes of Chlamydomonas rein- 
hardtii: evolutionary and functional implications. J Mol Biol 
159:383-395 (1982). 

16. Schneider M, Rochaix JD: Sequence organization of the 
chloroplast ribosomal spacer of Chlamydomonas reinhardii: 
uninterrupted tRNA ile and tRNA ala genes and extensive 
secondary structure. Plant Mol Biol 6:265-270 (1986). 

17. Schwarz Z, K6ssel H: The primry structure of 16S-rDNA 
from Zea mays chloroplast is homologous to t?. coli 16S- 
rRNA. Nature 283:739-742 (1980). 

18. Shine J, Dalgarno L: The 3'-terminal sequence of Es- 
cherichia coli 16S-ribosomal RNA: complementarity to non- 
sense triplets and ribosome-binding sites. Proc Natl Acad Sci 
USA 71:1342-1346 (1974). 

19. Shinozaki K, Ohme M, Tanaka M, Wakasugi T, Hayashida 
N, Matsubayashi T, Zaita N, Chunwongse J, Obokata J, 
Yamaguchi-Shinozaki K, Ohto C, Torazawa K, Meng BY, 
Sugita M, Deno H, Kamogashira T, Yamada K, Kusuda J, 
Takaiwa F, Kato A, Tohdoh N, Shimada H, Sugiura M: The 



4 8 4  

complete nucleotide sequence of  the tobacco chloroplast ge- 
nome. Plant Mol Biol Rep 4:110-147 (1986). 

20. Starnes SM, Lambert DH, Maxwell ES, Stevens SE Jr, Porter 
RD, Shively JM: Cotranscription of  the large and small 
subunit genes of  ribulose-l,5-bisphosphate carboxylase/oxy- 
genase in Cyanophora paradoxa. FEMS Microbiol Lett 
28:165-169 (1985). 

21. Tomioka N, Sugiura M: The complete nucleotide sequence 
of  a 16S-ribosomal RNA gene from a blue-green alga, 
Anacystis nidulans. Mol Gen Genet 191:46-50 (1983). 

22. Wasmann CC: Ph.D. thesis, Michigan State University 
(1985). 

23. Wasmann CC, L6ffelhardt W, Bohnert H J: Cyanelles: Or- 
ganization and molecular biology. In: Fay P, Van Baalen C 

(eds) Cyanobacteria. Elsevier Science Publ., Amsterdam (in 
press). 

24. Williamson SE, Doolittle WF: Genes for tRNA ile and 
tRNA ala in the spacer between the 16S- and 23S-rRNA genes 
of  a blue-green alga: strong homology to chloroplast tRNA 
genes and tRNA genes of  the E. coli rrnD gene cluster. Nucl 

Acids Res 11:225-235 (1983). 
25. Yamada T, Shimaji M: Peculiar feature of  the organization 

of  rRNA genes of  the Chlorella chloroplast DNA. Nucl Acids 
Res 14:3827-3839 (1986). 

26. Yamada T, Shimaji M: An intron in the 23S-rRNA gene of  
the Chlorella chloroplasts: complete nucleotide sequence of  
the 23S-rRNA gene. Curr Genet 11:347-352 (1987). 


