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Abstract. The marine green coccoidal alga Nanochlo- 
rum eukaryotum (N.e.) is of small size with an average 
diameter of 1.5 gm. It is characterized by primitive- 
appearing biochemical and morphological properties, 
which are considerably different from those of other 
green algae. Thus, it has been proposed that N.e. may be 
an early developed algal form. To prove this hypothesis, 
DNA of N.e. was isolated by a phenol extraction proce- 
dure, and the chloroplast DNA separated by preparative 
CsC1 density-gradient centrifugation. The kinetic com- 
plexity of the nuclear and of the chloroplast DNA was 
evaluated by reassociation kinetics to 3 x 107 bp and 9 x 
104 bp, respectively. Several chloroplast genes, including 
the rRNA genes, were cloned on distinct fragments. The 
order of the rRNA genes corresponds to the common 
prokaryotic pattern. The 16S rRNA gene comprises 
1,548 bases and is separated from the 23S rRNA gene 
with its 2,920 bases by a short spacer of 460 bases, which 
also includes the tRNA ne and t R N A  Ala genes. The 5S 
rRNA gene has not been found; it must start further than 
500 bases downstream from the 3"-end of the 23S rRNA 
gene. From the chloroplast rRNA sequences, we have 
deduced secondary structures of the 16S and 23S rRNAs, 
which are in agreement with standard models. The rRNA 
sequences were aligned with corresponding chloroplast 
sequences; phylogenetic relationships were calculated by 
several methods. From these calculations, we conclude 
that N.e. is most closely related to Chlorella vulgaris. 
Therefore, N.e. does not represent an early developed 
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algal species; the primitive-appearing morphological and 
biochemical characteristics of N.e. must rather be ex- 
plained by secondary losses. 
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Introduction 

Green coccoidal algae of extremely small size, compa- 
rable to cyanobacteria, have been described (Andreoli et 
al. 1978; Dempsey et al. 1980; Johnson and Sieburth 
1982; Turner and Gowen 1984; Thinh and Griffiths 
1985). From morphological criteria, some of them have 
been identified as Chlorella species (Chlorella nana, An- 
dreoli et al. 1978; Chlorella minutissima, Dempsey et al. 
1980). However, their phylogenetic relationship to other 
algae has not been inferred from macromolecular se- 
quences. Since small species may represent primitive al- 
gal forms, investigations of green microalgae may reveal 
useful information about the evolution of algae and algal 
plastids. 

The marine green alga Nanochlorum eukaryotum 
(N.e.) (Wilhelm et al. 1982) is also of extremely small 
size (1.5 gm in diameter) and furthermore shows some 
features unusual for eukaryotic organisms (Zahn 1984). 
N.e. contains a single chloroplast and mitochondrion; 
histones and nucleosomes have not been found as yet. 
Upon division, chromosomes and spindle apparatus have 
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not been observed. During mitosis, the nuclear mem- 
brane remains unchanged and forms two separate nuclei 
by pinching. Comparable mitotic characteristics have 
rarely been observed in green algae (Heath 1980; Mar- 
gulis 1981). In particular, the absence of histones and 
thus nucleosomes and the small size have led to the 
assumption that N.e. is a "marginal" eukaryote (Zahn 
1984). To either support or disprove this assumption, an 
even approximate knowledge of the phylogenetic rela- 
tionship of this alga would be sufficient. 

The phylogenetic relationship of organisms can, be' 
deduced in principle from the comparison of their mac- 
romolecular sequences. In particular, the rRNA genes, 
which are found not only in all prokaryotic and eukary- 
otic cells, but also in organelles, are well suited for such 
investigations (Cedergren et al. 1988; Van de Peer et al. 
1990). 

Thus, we have cloned and sequenced the chloroplast 
rRNA genes and have inferred the phylogenetic relation- 
ship of N.e. from these sequences. 

Materials and Methods 

eter, and heated until no further increase in absorbancy at 260 nm was 
observed (approx. 95°C), Then the cuvette was cooled to 65°C within 
1.5 rain and the absorbancies of the samples at 260 nm were recorded 
on digital tape for 96 h (approx. 500 data points). Data were fitted to the 
equation 

S/c o =f(1 + klfcot) 0.445 + (1 -y')(1 + k2(1 --rig)Cot) -0"445 (1) 

(Britten and Davidson 1976) by a curve fit program (Minuit, CERN 
library), where S is the concentration of single-stranded DNA, c o is the 
total DNA concentration, f is the fraction of the first component, and k 1 
and k 2 are the reassociation constants of the two components, respec- 
tively. 

Restriction Endonuclease Digestion and Hybridization with ctDNA 
Probes. Restriction endonuclease digestion, Southern blotting, and hy- 
bridization were done according to Sambrook et al. (1989). ctDNA 
probes from spinach (cytochrome f; 32-kDa protein from photosystem 
II [herbicide binding protein], ribulose-l,5-bisphosphate carboxylase/ 
oxygenase, large subunit [rubisco]; photosystem I P700 apoprotein; 
ATP synthase, subunit alpha) were prepared according to Bolivar et al. 
(1977). Radioactive labeling of the probes was carried out as described 
by Rigby et al. (1977). A cDNA transcript of Escherichia eoli 16S 
rRNA was obtained with the cDNA synthesis system from Amersham. 
All enzymes were purchased from Boehringer Mannheim; 32p-labeled 
deoxyribonucleoside triphosphates came from Du Pont. 

Growth Conditions. N.e. was grown in continuous cultures as described 
by Zahn (1984). 

DNA Isolation. Five grams (wet weight) of fresh N.e. cells were 
incubated overnight at 37°C in 2 ml lysis buffer (50 retool/1 Tris/I-IC1, 
pH 8, 250 mmol/l EDTA, 1 mmol/1 aurintricarboxylic acid, 1.5% SDS, 
2 mg/ml proteinase K). The mixture was centrifuged at 5,000g and the 
supernatant was extracted with an equal volume of phenol/chloroform 
(1:1/v:v). Nucleic acids were precipitated from the aqueous phase with 
isopropanol, redissolved in 4 ml TE buffer (50 mmol/l Tris/HC1, pH 8, 
50 retool/1 EDTA), digested with RNase A, reextracted with phenol/ 
chloroform, and repeatedly precipitated with isopropanol. About 0.5 
mg total DNA was thus obtained. Yeast (Saccharomyces cerevisiae) 
DNA was isolated according to Cryer et al. (1975). 

Construction of  ctDNA Libraries and Mapping of  the Genome. 
ctDNA fragments obtained from partial digestion with HindIII and 
from total digestion with ClaI were ligated into pBR322-DNA using 
standard methods (Sambrook et aI. 1989). Transformation of Escheri- 
chia coli DH1 cells was carried out as described by Dagert and Ehrlich 
(1979). For the detection of ctDNA-containing clones, 10 s colonies of 
the ctDNA library on nitrocellulose filters were lysed according to 
Sambrook et al. (1989). Colony hybridization with ctDNA probes was 
carried out under stringent conditions (68°C, 6x SSC). A radiolabeled 
cDNA transcript of purified Escherichia coli 16S rRNA was used to 
detect fragments carrying ribosomal genes on Southern blots of the 
restricted ctDNA. With these fragments, several HindIII clones were 
detected, which contained ribosomal genes. 

Analytical Density Gradient Centrifugation. Total DNA from N.e. 
was dissolved in 15 mmol/1 Tris/HC1, pH 8, containing CsC1 at a 
density of 1.7010 g/ml. Centrifugation was performed at 44,000 rpm in 
a Beckman model E centrifuge with digital data output in double sector 
cells. Densities were determined according to Szybalsky and Szybalsky 
(1971) with DNA from Clostridium perfringens and Micrococcus ly- 
sodeicticus as internal standards. 

Preparative Density Gradient Centrifugation. Total DNA of N.e. 
was dissolved in CsC1/Tris/HC1 (see above) at a concentration of 100 
~tg/mI and centrifuged for 20 h at 41,000 rpm in a Beckman VTi 50 
rotor. The contents of the tubes were fractionated while reading the 
optical densities at 254 nm. To isolate the AT-rich DNA, the fractions 
containing approx. 5% of the total DNA at the "light side" of the peak 
were collected and recentrifuged three times until DNA of homoge- 
neous density was obtained. Approx. 100 gg of DNA with a GC con- 
tent of 34% was obtained from 10 mg of total DNA. 

Sequence and Secondary Structure Determination of  the rRNA 
Genes. For sequence determination, the HindIII, EcoRI, and EcoRIl 
HindllI subfragments of the rRNA operon were inserted into pBR322- 
DNA following standard methods (Sambrook et al. 1989). Plasmid 
sequencing was done by the chain termination method (Sanger et al. 
1977) using the T7-sequencing kit from Pharmacia-LKB. Standard 
primers for pBR322-derived HindIII and EcoRI sequences from Phar- 
macia-LKB, or specific 16-bp oligonucleotide primers produced on a 
DNA synthesizer (Beckman type 200) were used. Computer sequence 
analyses were performed with the Microgenie software package (Beck- 
man). The sequence is available from EMBL nucleotide sequence da- 
tabase under access number X76084 CHNERRNA. 

To obtain secondary structures of the SS and LS rRNA, the se- 
quences were arranged in analogy to the standard models of Gutell et 
al. (1985) and Gutell and Fox (1988). Secondary structures of several 
variable domains were calculated according to Zuker and Stiegler 
(1981), using energy values from Freier et al. (1986). 

Reassociation Kinetics. DNA was dissolved in phosphate buffer 
(0.12 tool/l, pH 7), sonicated, and dialyzed against the same buffer for 
24 h, Samples containing approx. 50 gg/ml DNA were gassed with 
helium, filled into the thermocuvette of a Gilford 250 spectrophotom- 

Sequence Alignment and Tree Construction. Sequence alignments 
were performed with the "C1ustal Software Package" (Higgins and 
Sharp 1988). Phylogenetic trees were calculated with different pro- 
grams from the "Phylip Software Package," release 3.2 (Felsenstein 
1989). 
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Results Table 1. Reassociation constants of DNA from N.e. and yeast 

DNA Isolation 

The cell wall of N.e. contains a layer of sporopollenin 
(Geisert et al. 1987). Since no enzyme for the digestion 
of sporopollenin is known we were unable to produce 
protoplasts and subsequently failed to isolate circular 
ctDNA. The same experience has been reported for 
Chlorella (Yamada and Sakaguchi 1981), in which pro- 
toplasts have been obtained only from sporopollenin-free 
Chlorella strains. Treatment of N.e. cells with proteinase 
K and SDS, followed by phenol extraction, yielded low 
amounts of DNA. The average size of this DNA was 25 
kb as judged from gel electrophoresis and density gradi- 
ent-centrifugation profiles. Mechanical opening of the 
cells by grinding with alumina or passage through a 
French press prior to enzymatic digestion yielded DNA 
of even lower molecular weight, which was unsuitable 
for density gradient-separation procedures. 

Density Gradient Centrifugation of DNA 

The analytical CsC1 gradient-centrifugation profile of the 
total DNA of N.e. reveals one main band and one satel- 
lite band. The GC content of the main band DNA was 
44%; the GC content of the satellite band DNA was 34%, 
as determined from internal standards. No DNA subcom- 
ponents with a defined, but different GC content were 
hidden under the main band DNA. These were not ex- 
pected, since in lower eukaryotes such subclasses have 
rarely been identified (Macaya et al. 1976). The satellite 
band DNA comprises 3% of the total DNA. It was sep- 
arated from the main band DNA by repeated cycles of 
preparative CsC1 gradient centrifugation without the ad- 
dition of any density difference-enhancing substances. 

Proportion of 
Reassociation DNA which 
constant reassociates with 
(moFls -1) this constant 

N.e. main band DNA 0.10 95.3% 
N.e. satellite band 

DNA 35.3 90.5% 
Yeast total DNA 0.23 87.9% 

for several Chlorella species (Drrr and Huss 1990). We 
conclude from the kinetic complexity of the main band 
DNA and from the total amount of DNA per cell of 6 x 
10 -14 g (Zahn 1984) that the genome of N.e. is haploid. 
The reassociation constant of 35.3 for the satellite band 
DNA corresponds to a genetic complexity of 9 x 10 4 bp. 

No corrections for the difference in base ratios be- 
tween reference DNA and sample DNA were made. The 
influence of the GC content upon reassociation velocity 
has been differently assessed: no change (Britten et al. 
1974), a decrease (Gillis et al. 1970), and an increase 
(Wetmur and Davidson 1968) have been reported for 
increasing GC content. Since yeast (42% GC) and N.e. 
(44% GC) have almost identical base ratios a correction 
in any case would be negligible. Since the base ratio of 
the satellite band DNA (34% GC) differs considerably 
from the base ratio of the yeast reference DNA, the value 
of the kinetic complexity for the satellite band DNA (9 x 
104 bp) may well be greater or smaller by a margin of up 
to 20%. The value of 9 x 104 bp is consistent with the 
data obtained from restriction endonuclease analysis. 
(See below.) 

Identification of Chloroplast DNA in the Satellite 
Band DNA 

Reassociation Kinetics 

Reassociation kinetics were determined by measuring 
the decreasing hyperchromicity at 260 nm as a function 
of time. Besides the single-copy DNA, eukaryotic DNA 
normally contains fast-reassociating repetitive DNA and 
fold-back sequences. Therefore, a two-component curve 
(eq. 1) was selected to describe the experimental data. 
The reassociation constants and the portion of the single- 
copy DNA were determined by a curve fit procedure. 
The reassociation constants, which are inversely propor- 
tional to the genetic complexity, are listed in Table 1; 
95% of the main band DNA of N.e. reassociates with a 
constant of 0.10. Single-copy DNA from yeast, which 
was used as a reference, reassociates with a constant of 
0.23. Using the complexity of the yeast genome of 1.4 x 
10 7 bp (Mortimer et al. 1992), we calculated the genetic 
complexity of the N.e. genome to be approx. 3.2 x 10 7 

bp. This value is slightly smaller than values determined 

The satellite band DNA, isolated by preparative density 
gradient centrifugation, was digested with several restric- 
tion enzymes, and the fragments were separated by gel 
electrophoresis (shown for PvuII, SalI, and XbaI in Fig. 
1). Distinct from the background, a pattern of well- 
separated bands was obtained for each enzyme, indicat- 
ing that this fraction preferentially contains DNA of low 
genetic complexity. The lengths of the fragments add up 
to 72,000 bp for the PvuII digest. 

The DNA fragments were blotted onto a nitrocellu- 
lose sheet and probed with several chloroplast genes 
from spinach. The DNA probes hybridized exclusively 
with the digests of the satellite band DNA, but not with 
the main band DNA. The genetic complexity of the sat- 
ellite band DNA of approx. 9 x 104 bp, the base ratio of 
34% GC, and the hybridization characteristics prove that 
the satellite band DNA predominantly consists of 
ctDNA. Since the satellite band DNA was isolated by a 
method selective for the base ratio, it probably contains 
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Fig. 1. Electrophoretic separation of restriction endonuclease digests 
of the satellite DNA band of N.e. Lanes A and E: marker DNA (lambda 
DNA, restricted with EcoRI + HindIII, fragment lengths in kb). Lane 
B: PvuII digest. Lane C: SalI digest. Lane D: XbaI digest. 

some additional AT-rich nuclear DNA sequences of 
higher genetic complexity. This fact explains the back- 
ground to be seen in Fig. 1. 

The genetic complexity of the ctDNA compares to 
approx. 0.3% of the haploid nuclear DNA of N.e. (9 x 
10 4 bp vs 3.2 x 107 bp). Since 3% of the total DNA is 
ctDNA, the chloroplast of N.e. contains approx, ten cop- 
ies of the ct genome. 

Partial Mapping of the Chloroplast Genome 

Satellite-band DNA libraries were established in the vec- 
tor pBR322 using fragments from partial (HindIII) and 
complete (ClaI) restrictions. Starting with the gene for 
the herbicide binding protein (psb A) from spinach, over- 
lapping clones were detected by colony hybridization, 
which comprise a DNA segment of 10.9 kb. This seg- 
ment contained the gene for the large subunit of rubisco 
as well as the gene for the ATP synthase subunit alpha 
(Fig. 2A). The same order has been found in Codium 
fragile (Manhart et al. 1989). However, in algal ctDNA 
the order of genes varies considerably, even in closely 
related species (Palmer 1985). 

A 15.4-kb segment of the chloroplast genome was 
mapped by hybridization analysis using overlapping 
HindIII fragments from the satellite band DNA. On this 
segment a ribosomal operon was identified by hybridiza- 
tion analysis with Escherichia coli 16S cDNA. As shown 
in Fig. 2B, this rRNA operon is entirely located on a 6-kb 
fragment from the ClaI library. 

Primary Structure of the rRNA Genes 

The 6-kb ctDNA fragment from the ClaI library contains 
most of the chloroplast rRNA operon and was almost 
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completely sequenced. The order of the rRNA and tRNA 
genes follows the common chloroplast pattern (Palmer 
1985). No introns or internally transcribed spacer (ITS) 
sequences were found inside the genes. The distance be- 
tween the 16S rRNA and the 23S rRNA genes comprises 
merely 459 bases, including the usual tRNA ne and 
tRNA Ala genes and three spacers. This distance is com- 
parably short, a shorter distance has only been observed 
in Euglena gracilis thus far (Palmer 1985). In contrast, 
the spacer sequence between the 23S rRNA and the 5S 
rRNA genes must be unusually long, since we sequenced 
500 bases downstream from the 3'-end of the 23S rRNA 
gene without reaching the start of the 5S rRNA gene. 

Secondary Structure of Chloroplast rRNA 

Arranging rRNA sequences to secondary structure mod- 
els is a prerequisite for alignment procedures. A second- 
ary structure can be obtained from the SS rRNA of N.e. 
in analogy to the structure model of Gutell et al. (1985), 
which corresponds very well to other chloroplast SS 
rRNA structures (Fig. 3). Numbering of stems and vari- 
able regions follows the proposal of Dams et al. (1988). 
Noticeable differences among chloroplast sequences of 
N.e. and those from other species occur in two variable 
regions: (1) In SS rRNA of N.e., the stem and loop struc- 
ture 6 in V1 contains 40 bases while, for example, the 
length of this structure in the chloroplasts of Zea mays 
and Chlamydomonas reinhardtii comprises only 21 and 
25 bases, respectively; (2) in SS rRNA of N.e., the V7 
region is shorter than in other chloroplasts. Recalculating 
the base pairing in the V7 region according to Zuker and 
Stiegler (1981) led to a secondary structure not showing 
stem 42; however, this region can be also arranged ac- 
cording to the standard model. Additional minor differ- 
ences in the lengths of stems or loops, respectively, were 
exclusively found in variable regions. (See aligned se- 
quences in Fig. 5.) 

The chloroplast large ribosomal subunit (LS) rRNA 
from N.e. can be arranged with minor differences accord- 
ing to the LS rRNA secondary structure model of Gutell 
and Fox (1988) (Fig. 4). Stems, loops, and variable re- 
gions are designated according to Engberg et al. (1990). 
Two areas of high sequence variability are known in 
chloroplast LS rRNA. The first is D1, which in N.e. 
comprises the bases 257-443. Our calculations gave a 
secondary structure for this region with two additional 
stem-loop structures (Dla and Dld) as compared to the 
model of Gutell and Fox (1988). Helix Dla has also been 
found by Engberg et al. (1990) in Tetrahymena pyri- 
formis LS rRNA. The second variable region is D7B, 
which in N.e. comprises the bases 1437-1639. For this 
domain in N.e., our calculations led to a different sec- 
ondary structure than proposed by Gutell and Fox 
(1988). Both regions show no homology to the corre- 
sponding sequences of other chloroplasts. 
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Fig. 2. Restriction map of the two consecutive segments of the ctDNA. A 10.9-kb segment. B 15.7-kb segment. Bars indicate adjacent or 
overlapping clones, respectively. Restriction sites: B, BamHI; C, ClaI; E, EcoRI; H, HindIII. The approximate locations of psbA, RbcL, atp al, and 
rRNA are indicated. 

Michot et al. (1990), Bachellerie and Michot (1989), 
and Michot and Bachellerie (1987) have performed de- 
tailed comparisons of the variable domains D2, D3, and 
D8 and of the 3'-terminus of LS rRNA from many or- 
ganisms. They observed specific conserved base motifs 
and secondary structures in these domains, which are 
characteristic for major phylogenetic groups or or- 
ganelles, respectively. The LS rRNA domains of N.e. 
correspond well to the pattern characteristic for chloro- 
plasts; for example, the variable domain 3 contains the 
additional short stem-loop structure (D3c), which is spe- 
cific for chloroplast LS rRNA (Michot et al. 1990). This 
stem-loop structure is not contained in the general model 
of Gutell and Fox (1988). 

Sequence Alignment 

The chloroplast rRNA sequences from N.e. were aligned 
with the corresponding sequences from chloroplasts of 
algae and of some plants. The rRNA sequences from 
Escherichia coli and Anacystis nidulans were included as 
outgroups. 

A satisfactory procedure for the alignment of only two 
DNA sequences is presently not known. (For a recent 
discussion of the problem see Thorne et al. 1991.) The 
alignment of rRNA sequences becomes particularly 
complicated due to the fact that rRNA genes consist of 
regions showing different degrees of conservation. For 
distantly related species, only the highly conserved re- 
gions can be aligned (Cedergren et al. 1988), while for 
closely related species it is even possible to align the 
variable regions (Lenaers et al. 1991). 

We have used the "Clustal Program" (Higgins and 
Sharp 1988) for the alignment. With the aid of the sec- 
ondary structure models, homologous, highly conserved 
regions were identified for all species, which could be 
aligned unambiguously by hand. Between such fixed re- 
gions sub-sequences several hundred bases in length 
were aligned with the Clustal Program. Under these con- 

ditions the program worked satisfactorily. The alignment 
obtained with the program was not further corrected by 
hand. Results are shown in Figs. 5 and 6. 

Almost the complete SS rRNA sequences could be 
aligned, except that 21 bases from the Escherichia coli 
sequence in stem-loop structure 18 were deleted (Fig. 5). 
Poor alignment is observed, however, in the variable 
regions V1 and V7, mainly due to the greater length of 
the Chlorella elIipsoidea sequence. 

The alignment of the LS rRNA was less satisfactory. 
Two short segments, comprising 14 and 25 nucleotides, 
respectively, had to be deleted from the Escherichia coli 
sequence (Fig. 6). Furthermore, for all species the vari- 
able domains D1 and D7B as well as the 3'-end with the 
4.5S rRNA had to be excluded from the alignment pro- 
cedure. 

Phylogenetic Trees 

We have calculated approx. 100 trees with the "Phylip 
Software Package," using parsimony, compatibility, dis- 
tance matrix, and likelihood programs. Alternative tree 
rearrangements were employed by using the "global" 
option and the "Penny" algorithm. Predominantly, sub- 
sets of the aligned sequences have been used, including 
or excluding variable regions of uncertain alignment. 
The distance matrix trees calculated from the complete 
LS and SS rRNAs are shown as examples in Fig. 7. 

From the different trees the following conclusions 
were drawn: On all trees the plant chloroplasts emerge 
on a single, defined branch in the known order; this 
branch always contains the chloroplasts of the Chlorella 
species, too. We could, however, not unambiguously de- 
fine the position of the Chlamydomonas reinhardtii chlo- 
roplast. In the majority of calculations this species was 
located on the "plant branch." The branching point 
could not be determined precisely and varied with the 
method of calculation and the set of data used. On all SS 
rRNA trees we always found a close relationship be- 
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tween Pylaiella littoralis and Euglena gracilis chloro- 
plasts. We could not determine, however, whether the 
branch containing Pylaiella littoralis and Euglena gra- 
cilis emerges separately from the cyanobacterial branch 
or whether it is contained in a monophyletic chloroplast 
tree. These results are almost identical to chloroplast 
phylogenetic trees recently constructed from SS rRNA 
(Turner et al. 1989; Markowicz and Loiseaux-de Goer 

1991; Douglas 1992). Our LS rRNA tree corroborates 
these results; the branching order of the plant and the 
Chlorella chloroplasts is identical to the SS rRNA tree, 
but like in the SS rRNA tree the branching position of 
Chlamydomonas reinhardtii and of Euglena gracilis 
chloroplasts cannot exactly be determined. 

Concerning the position of N.e., we obtained identical 
results from all calculations: the chloroplast of  N.e. was 
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Fig. 4. Secondary structure of chloroplast LS rRNA of N.e. Stem-loop structures and variable domains are numbered according to Engberg et al. 
(1990). 

always located on a subbranch, which also contained the 
Chlorella species. This was valid for both SS and LS 
rRNA and for all methods of phylogenetic calculations, 
which were employed. On the SS rRNA tree, which in- 
cluded two Chlorella species, we always obtained an 
even closer relationship of Chlorella vulgaris with N.e. 
than of Chlorella vulgaris with Chlorella ellipsoidea. 
Bootstrap probability for the close relation among N.e. 
and Chlorella vulgaris was 98%. 

Discussion 

Inference of phylogenetic relationships from sequence 
data is a notoriously difficult task (for a thorough dis- 
cussion of the problem see Felsenstein 1988), and thus 
conflicting results are numerous in the recent literature. 
Ambiguous results in tree construction may be due to the 
fact that the particular data set used may not contain 
sufficient information in a statistical sense to support a 
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c o l  A - - A A T  . . . .  TGAAGAGTTT-GATCATGGCTCAGATTOAACGCTGGCQGCAGGCCTAACA 
a n s  AA . . . . .  A -  ATGGAOAGTTT-GATCCTGGC~CAGGATGAACGCTGGCOGCOTGCTTAACA 
n a n  . . . . . .  TTCACGGAGAGTTT -GATCCTQQCTC AGGATGAACGCTQGCGGCATGCTTAACA 
c l i  AT . . . . .  CCATGGAGAGTTT -QATCCTGGCTC AQGACGAACGCTGGCGGCATQCTTAACA 
c h e  . . . . . .  TTCATGGAGAGTT~CGATCCTQGCTC AQGATGAACQCTGQC(]GCATQCTTAAC A 
c a r  - T O . . .  CCTGCAGAGAGTTT-  OATCCTQGCTCAC~ATGAACOCTQGCQGCATGCTTAAC A 
e u |  - - G A A  . . . .  ATQACGAGTTT-  OATCCTTGCTCACK]QTGAACGCTGGCQQTATGCTTAAC A 
p y |  A - - A A C T -  - ATCGAGAGTTT - GATCCTCK]CTC AGGATGAACC~TGOCQGTATGCTTTACA 
s t a r  . . . . .  TCTCATGOAGAGTTT - GATCCTGQCTCAGGATQAACGCTGQCGGCATGCTTAACA ' 
I s a i  . . . . .  TC - - ATGGAGAGTTC - GATCCTQQCTCAGGATGAACGCTGGCGOCATQCTTAACA 
r o b  ATGAATCTCATGGAGAGTT-CGATCCTGGCTCAOGATGAACGCTOGCGGCATGCTTAACA 
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54  . . . .  Vl . . . .  
c o l  C ATGCAAGTCGAACGOTAACAGG . . . . . . . .  A A G -  -AAGCTTGCTTCTTTQCTCiA-  - -CG 
a n n  CATGCAAGTCGAACG . . . . . . . . . . . . . . . . . . . . . .  GGCTCTTCQGAGC . . . . . . . . .  T 
n a n  CATGCAAOTCGAACGAACATA . . . . . . . . . .  AAATTQTGCTTGCATAATTTTA-  - T A C T G  
c l s  CATGCAAGTCGAACG . . . . . . . . . . . . . . . . . . . . . .  AGCAAAGCAATTTGTG . . . . . .  T 
c h e  CATQCAAGTCOAACGQAGGTTTGC~-I-T~-[T~AAGCTTAGQTTAAAAAAAAGTAAATTCTT 
c h v  CATOCAAGTCGTACGCA . . . .  TQC . . . . . . . .  A A ~ G C C A O A T T G C G A  . . . .  TO 
e u ~  CATGCAAGTTGAACGAAA . . . . . . . . . . .  T T A - - o C T A Q C  . . . . . .  A A T A G T A A - - - T T T  
p y l  CATQCAAGTCGTACGAAAGTGT . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T A A A A C T T T  
a i r  C A T ( ] C A A Q T C G T A C Q G G A A - - - G G A T C C T - - - A G T - - - O Q T  . . . . . . . . . . . . .  OTTTCC 
s m i  CATGCAAGTCGAACQQGAA- - - O . . . . . . . . . . .  T - - - G G T  . . . . . . . . . . . . .  GTTTCC 
t o b  CATCK~AAGTCGGACQC~ . . . . . . . . . . . . . .  A A G T -  - -QGT . . . . . . . . . . . . .  GTTTCC 

l O J  
c o l  AGTGGCGGACC~GTGAGTAATGTCTGGGAAACTTQCCTGATGGAGOGGATAACTACTGGA 
& n ~  AGTGQCGGACOGGIq3AGTAACGCOTGAGAATCTQCCTACAGGACGGOQACAAC AGTTQGA 
n & n  AGTGGCGGACGGGTGAGTAACACGTAAGAACCTACCTTTTGGCGAGGGACAACCATTGGA 
c | a  AOTC~CGAACGGGlq~CGTAACGCGTAAGAACCTACCTATCQGAGQGGGATAACATTGQGA 
c h e  AGTGGCGGACGQGTGAGTAACGCGTAAGAACCTACCTTTAGCK~GGGGGACAACAACTGGA 
c h v  AOT~3C~ACGGGTOAGTAACACGTAAGAACCTACCI" i ' rTQQAGAGGQATAACCATTQGA 
e u l  AGTOGCGGACQGGTGAGTAATATGTAAGAATCI~CGCTTGQQCGAGGAATAACAGATGQA 
p F I  AGTGGCGGACGGGTGAGTAACACGTGAGAATTTACCTTTAQGAGGGGAATAACAGTTQGA 
m a r  AOTGGCGGACGGGTGAGTAACGCGTAAGAACCTGCCCTTGGGAGGGGGACAACAGCTQGA 
m a i  AGTGGCGAACGGGTGAGTAACC~GTAAOAACC TGCCCTlq3GGAOGG~AACAACAACTGGA 
r o b  A G T G G C G G A C G O G T G A G T A A C G C G T A A G A A C C T O C ~ A G G G G A A C A A C A G C T Q G A  
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c o l  CTCTTGCCATCGGATOTOCCCAGATGGGATTAGCTAGTAGGTG - GGOTAACOGCTCACCT 
I n l  . . . . .  G(~T~TAGATGAGCTCGCGTCTGATTA~CTAOTTOOTG~G - T A A G C ~ c C T A C C A  
n a n  AT  - -CACCAAQAGATGGGCTTG - - TC TGATCAGCTTGTTGGTAAGG - TAATGGCTTACCA 
c x s  A -  - C C G ~ C G A T A G A ~ G T C T G A T T A O C T A G T T G G T O G G G G T A A C G G C C T C C C A  
c h e  ATTCTGTCTAAAGATGGGCTTOCQTCTGATTAGCI"rGTTGGTQAGG - TAATTGCTTACCA 
c h v  AT - - CGCCAATAGATGGGCTTGCGGCTGATTAGCTTGT~GGTGAGG - TAATGGCTTACCA 
e u |  ATTTCGCCTAGGCATGAGCTTGCATCTGATTAGCTTGTTGGTGAGG - T AAAGGCTTACCA 
p y l  ATTC - GCCTAAAGAAAAGCTTGCGTC TGATTAGCTAGTTGGTAAGGGTAAAGGC - TAC - A 
m a r  - -  -CCOCCTAAGGAGGGGCTTGCGTCTGATTAGCTAGTTGGTGAGG-TAATAGCTTACCA 
real  l l -CCGCCCAAGGAOGOGCTCGCGTC TGATTAOCTAGTT~TOAGG" C AATA(]C~rACCA 
r o b  - - TCCGCCCGAGGAGGGGCTCGCGTC TGATTAGCTAGTTGGTGAGG - C AATAGCTTACCA 
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2~V 
c o l  AGGCGACGATC CCTAGCTGGTCTGAGAGGATGACCAGCCACACTGGAACTGAGACACGGT 
a n a  AGGCGACGATCAGTAGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGC 
n a n  AGGCAACGATCAGTAGCTGGTCTGAGAGGATGATCAGCC ACACTGGGACTGAGACACGGC 
c l s  AGGCCACGAGCAGTAGCTGGTCTGAGAGGATOATCAGCCACACTGGGAC TGAGACACGGC 
t h e  AGGCAACGATCAGTAGCTGGTC TGAGAGGATGATC AGCCACACTGGGACTGAGACACGGC 
c h v  AGGCAATGATCAGTAGCTGGTC TGAGAGGATQATC AGCCACACTGGGACTGAGACACGGC 
e u g  AGGCGACGATCAGTAGCTGATTTGAGAGGATGATC AGCC ACACTGGGATTGAGA - ACGGA 
p y l  AGGCGACGATCAGTAGCTGGTTTGAOAGGAC GACCAQTCAC ACTGG - AC TGAGACACGGT 
m a r  AG(]CGACGATCAGTAGCTGGTC TGAGAGGATGATC A(]CCACACTGGGACTGAGACACGGC 
a a i  AGGCOATGATC AGTAGCTGGTC CGAGAGGATGATCAGCCACACTGGGACTGAGACACGGC 
r o b  AGGCGATGATCAGTAGCTGGTCCGAGAGGATGATC AGCCACACTGGGACTGAGACACGGC 
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33M 
c o l  CCAGACTCCTACGGGA - GGCAG-CAGTGGGGAATATTGCACAATGGGC - -GCAAGCC-TG 
an& CCAGAC TCC TACGGGA1 G~C AG- C AGT O~GAATTTTCCOCAATGO~ CI=OCAAGC-- -G 
n a n  CCAGACTCATACGGGAAGOCAGGCAGTGAGGAATTTTCCGCAATGOGGCGGAAAGCCGTG 
e l &  CCAGACTCCTACGOGA-G~CAG- CAGTGAGGAATTTTTCGCAATO~OC - -GCAAGC - - - G 
t h e  CCAGACTTCTACGGAAIGGCAG- CAGTGA GOAATTTTCCGCAATGGG~° =GAAAGC - - TG 
c h v  CCAGACTCCTAC~AIOGCAG- CA~TGAGGAATTTTCeOCAATG~C --GACA~CCITG 
e u ~  ACAGACTTCTACGGAA- GGCAG- CA~TGAGG AATTTTCCGCAATGGGC-1GCAAGCC-TG 
p y l  CCAGACTACTACGGGAIGGCAG-CAGTGGGGAATTTTCT GCAATGGGC l - -GAAACTG- A 
m a r  CCAGACTCTTACGGGA -GGCAG-CAGTGGGGAATTTTCCGCAATGGGC- - GAAA- CG - TG 
m&i CCAGACTCCTACGGGA-GGCAG-CAGTGGGGAATTTTCCGCAATGGGC - -GAAAGCC - TG 
r o b  CCAGACTCCTACGGGA-GGCAG-CAGTGGGGAATT?TCCGCAATGGGC - - GAAAGC - - - G 

389  
c o l  ATGCAGCCATGCCGCGTGTATGAAGAAGGCCTTCGGGTT-GTAAAGTACTTTCAGCGGGG 
an& ACGGAGCAACGCCGCGTGGGGGAGGAAGGTTTTTGGACTG- TAAACCCCTTTTCTCAGGG 
n a n  ACGGAGCAATGCCGCGTGAAGGATGAATGCCTATGGGTTGGTAAACTTCTTTTCTCAGAG 
e l &  ACGGAGC AATGCCGCGT(]CAGGAAGAAGGCC TGTGGGTCG - T AAACTGC TTTTCTC AGAG 
c h e  ACGGAGCAATGCCGCGTGGAGGATGACAGCCTGTGGGTCG- TAAACTCCTTTTCTCAGAG 
c h v  ACGGAGCAATGCCGCGTGAAGG&TGAAGGCCTATGGGTTG-TAAACTTCTTTTCTCAGAG 
e u l  ACGGAGCAATACCGCGTGAAGGAAGACGGCCTTTGGGTTG-AAAACCTCTTTTCTCAAAG 
p y l  ACAGAGCAATACCGCGTGAGGGAAGAAAGCCCACAGGGTTGTAAACCTCTTTTGTCAAGG 
m a r  ACGGAGCAATGCCGCGTGGAGGTAGAAGGCTCACGGGTCG-TAAACTCCTTTTCTCAGAG 
: a i  ACGGAGCAATGCCGCGTGGAGGTGGAAGGCCTACGGGTCG- TCAACTTCTTTTCTCGGAG 
r o b  ACGGAGCAATGCCGCGTGGAGGTAGAAGGCCCACGGGTCG - TGAACTTC TTTTCCCGGAG 

Fig. 5. Alignment of chioroplast SS rRNA sequences from 11 spe- 
cies. Nucleotide numbers refer to the Escherichia coli sequence. One 
deletion in this sequence is indicated by an exclamation mark. Variable 
regions are indicated and refer to Fig. 3. Abbreviations: col, Escheri- 

448  ! 4 7 6  
c o l  AGGAAGGGTCATTGACGTTACCCGCAGAAGAAGCACCGGCTAACTCCGTGCCAGCAGCCG 
a n a  AAGAA--GAAAGTGACOGTACCTGAGGAATAAGCCTCGGCTAATTCCGTGCCAGCAGCCG 
n a n  AAGAA- *TTT-*TGACGGTATCTGAGGAATAAGCATCGGCTAACTCTGTGCCAGCAGCCG 
c l l  AAGAA- - OTTC - TGACGGTATCTGAGGAATAAGCACCGGCTAACTCTGTGCCAGCAGCCG 
t h e  AAGAA - -GTTC - TQACGGTATCTGAGGAATAAGCATCGGCTAACTCCGTGCCAGCAGCCG 
©hv AAGAA- -GCAT- TGACGGTATCTGAGGAATAAGCATCGGCTAACTCTGTGCCAGCAGCCG 
e u l  A&GAA- -G-AAATGACGGTATTTGAGGAATAAGCATCGGCTAATTCCGTGCCAGCAGCCG 
p y l  AAGAA- -GATTCTGACGTTACTTGACGAATAAGCATCGGCTAACTCCGTGCCAGCAGCCG 
m a r  AAGAT- -GCAA-TGACGGTATCTGAGGAATAAGCATCGGCTAACTCTGTGCCAGCAGCCG 
m a i  AAGAA - -ACAA -TGACGGTATCTGAGGAATAAGCATCGGCTAACTCTGTGCCAGCAGCCG 
t o b  AAGAA - -GCAA-TGACGGTATCT(]GGGAATAAGCATCGGCTAACTCTGTGCCAGCAGCCG 

528  
c o l  CGGTAAT - ACGGAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCACGCAGGC 
i n a  CGOTAAT -ACOGGAGAGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCCTGCAGGC 
n a n  CGGTAAG -ACAGAGGATCOAAGCGTTATCCGGATTGATTGGGCGTAAAGCGTCTGTAGOT 
c l a  CGGTAAT-ACAGAGGGTGCAAGCGTTGTCCGCAATGATTGGGCGTAAAGCGTCTGTAGGT 
t h e  CGGTAAG -ACGGAGGATGCAAGCGTTATCCGGAATGATTGGGCGTAAAGCGTCTGTAGGT 
c h v  CGGTAAG-ACAGAGGATGCAAGCGTTATCCGGAATGATTGGGCGTAAAGCGTCTGTAGGT 
e u t  CGGTAAT-ACOGGAGATGCQAGCGTTATCCGGAATTATTGGGCGTAAAGAGTTTGTAGGC 
p y l  CGGTAAGGACGGGGGATGCAAGTGTTATCCGGAATTACTGGGCGTAAAGCGTTTGTAGGT 
m a r  COGTAAG-ACAGAGGATGCAAGCGTTATCCGGAATGATTGGGCGTAAAGCGTCTGTAGGT 
s m i  CGGTAAG- ACAGAGGATGCAAGCGTTATCCGGAATGATTGGGCGTAAAGCGTCTGTAGGT 
t o b  CGGTAAT- ACAOAGGATGCAAGCGTTATCCGGAATGATTGGGCGTAAAGCGTCTGTAGGT 

* * * s * l  **  • ~ . I  * e s  **  * s * s e * * s s * s ~ * *  * • *#*  

$87  
c o l  GGTTTGTTAAGTCAGATGTGAAATCCCCGGGCTCAACCTGGGAACTGCATCTGA- TACTG 
a n a  GGTTAATCAAGTCTGTTGTCAAAGCGTGGGGCTCAACCTCATACAGGCAATGGAA-ACTG 
n a n  GOTTTATCCAGTCTTCTGTCAAAO- TCAGGGCTTAACCTTGGATAGGCAGGAGAA -ACTA 
c 1 • GGCTCGTAAAGTCTAATGTCAAATACCAGGGCTCAACCTTGGACCGGCATTGGAGTACTC 
c h e  GGTTTATTAAGTCTACTGTTAAAGATCAGGGCTTAACCCTGAGTCGGCAGTAGAA -ACTA 
c h v  GGCTTAAAAAGTCTCCTGTCAAAGATCAGGGCTTAACCCTGGGCCGGCAGGAGAA -ACTC 
e u g  GGTCAAGTGTGTTTAATGTTAAAAGTCAAAGCTTAACTTTGGAAGGGCATTAAAA-ACTG 
p ¥ l  GGTTT&GTAAGTCTATTGTTAAAGCTTGAAGCTTAACTTCAAAAGTGTAATA~AA-ACTA 
a a r  GGCTTTTTAAGTCCGCCGTCAAATCCCAGGGCTCAACCCTGGACAGGCGGTGGAA-ACTA 
s~t i  GGCTTTTCAAGTCCGCCGTCAAATCCCAGGGCTCAACCCTGGACAGGCGGTGGAA-ACTA 
r o b  GGCTTTTTAAGTCCOCCGTCAAATCCCAQOGCTCAACCCTGGACAGGCGGTGGAA -ACTA 

646  
c o l  GCAAGCTTGAGTCTCGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATGCGTAGAG 
a n a  ATTGACTAGAOTATGGTAGGGGTAOCGGGAATTCCAGGTGTAGCGGTGAAATGCGTAGAT 
n a n  ATAGACTAGAGTTCGGTAGGGGCAGAGGGAATTCCCGGTGGAGCOGTGAAATGCGTAGAG 
¢ | • &CGAGCTTGAGTACGGTAGGGGCAGAGGGAATTCCATGTGGAGCGGTGAAATGCGTAGAG 
c h e  ATGAGCTTQAOTACGGTAGGGGCAGAGGGAATTCCGGGTGTAGCGGTGAAATGCGTAGAG 
c h v  TTAGGCTAGAGTTTGGTAGGGGCAGAGGGAATTCCCGGTGGA(]CGGTGAAATGCGTAGAG 
e u g  CTAGACTTGAGTATGGTAGGGGTGAAGGGAATTTCCAGTOTAGCGGTGAAATGCGTAGAG 
p y l  CTAGACTTGAGGATAGTAGGGGTAAAGGGAATTTCCAGTGGAGC GGTGAAATGC GTAOAG 
m a r  CCAAGCTGGAGTACGGTAGGGGCAGAGGGAATTTCCGGTGGAGCGGTGAAATGCGTAGAG 
m a |  CCAAGCTGGAGTACGGTAGGGGCAGAGGGAATTTCCOGTGGAGC GGTGAAATGCATTGAG 
r o b  CCAAGCTGGAGTACGGTAGGGGCAGAGGGAATTTCCGGTOGAGCGGTGAAATGCGTAGAG 

c o l  ATCTGGAGGAATACCGGTGOCGAAGGCGGCCCC-CTGGACGAAGACTGACGCTCAGGTGC 
a n a  ATCTflGAAGAACACCAGCGGCGAAAGCGCG-CTACTGGGCCATAACTGACGCTCATGGAC 
n l n  ATCGG- -AGAACACCAAAGGCGAAAGCACTTCTGCTGGGCCGCGACTGACACTGAGAGAC 
c l • ATATGGAGGAACACCAGTGGCGAAGGCGCT-CTGCTGGGCCGAAACTGACACTOAGAGAC 
c h e  ATCGGGAAGAACACCAATGGCGAAAG-ACT-CTGCTGGGCCGAAACTGACACTCAGAGAC 
c h v  ATCGGGAGGAACACCAAAGGCGAAAGCACT -CTGCTGGGCCATAACTGACACTOAGAGAC 
euM ATTGGAAAGAACACCAATGGCGAAGGCACT- TTTCTAGGCCAATACTGACGCTGAGAAAC 
p¥1 ATTGGAAGGACCACCGATGGCGAAGGCACTT- TACTGGGCTATTTCTGACACTAAGAGAC 
m a r  ATCGGAAAGAACACCAATGGCGAAAGCACT- CTTCTGGGCCGACACTGACACTGAGAGAC 
m m i  ATCGGAAAGAACACCAACGGCGAAAGCACT - CTGCTGGGCCGACACTGACACTGAGAGAC 
r o b  ATCGGAAAGAACACCAACGGCGAAAGCACT - CTGCTGGGCCGACACTGACACTGAGAGAC 

c o l  GAAAGCGTGGGGAGCAAACAGGATTAGATACC - CTGGTAGTCCACGCCGTAAACGATGTC 
a n a  GAAAGCTAGGGGAGCGAAAGGGATTAGATACC - CCTGTAGTCCTAGCCGTAAACGATGAA 
n a n  GAAAGCGAGGGGAGCAAATGGGATTAGATACCCC -AGTAGTC -TCGCCGTAAACGATGGA 
c l a  GAAAGCTGGGGGAGCGAATAGGATTAGATACC - CTAGTAGTCCCAGCCGTAAACTATGGA 
c h e  GAAAGCTAGGGGAGCGAATGGGATTAGATACC -CCAGTAGTCCTAGCCGTAAACGATGGA 
c h v  GAAAGCGAGGGGAGCAAAAGGGATTAGATACC - e c  TGTAGTC CTCGCCGTAAACGATGGA 
e u g  GAAAGCTGAGGGAGCAAACAGGATTAGATACC-CT-GTAGTCTTGGCCGTAAACTATGGA 
p y l  GAAAGCTAGGGTAGCAAATGGGATTAGATACC-CCAGTAGTCCTAGCTGTAAACGATGAA 
m a r  GAAAGCTAGGGGAGCAAATGGGATTAGATACC -CCAGTAGTCCTAGCCGTAAACGATGGA 
~ a i  GAAAGCTAGGGGAGCAAATGGGATTAGAGACC -CCAGTAGTCCTAGCCGTAAACGATGGA 
r o b  GAAAGCTAGGGGAGCGAATGGGATTAGATACC - CCAGTAGTCCTAGCCGTAAACGATGGA 

824 
c o l  GACTTGGAGGTTGTGCC -CTTGAGGCGTG -GCTTCCGGAGCTAACGCGTTAAGTCGACCG 
a n ~  CACTAGGTG- TTGCGTGAATCGACCCC, CGCAGTGCCGTAGCCAACGCGTTAAGTGTTCCG 
n a n  TACTAGGTG -TTGGGTGATATTA - - CATTCAGTACCGTAGCTAACGCGTGAAGTATCCCG 
c l a  GACTAAGTG-CTGC-CG . . . . . . . .  CAAGCAGTGCTGTAGCTAACGCGTTAAGTCTCCCG 
c h e  TACTAAGTG - CTGTGCGACTCAAAACGTCCAGTACTGTAGCTAACGCGTGAAGTATCCCG 
c h v  TACTAGATG-TTGGGTAGGTTAAATCACTCAGTATCGTAGCTAACGCGTGAAGTATCCCG 
e u g  TACTAAGTG-GTGC . . . . .  TGAAA- - GTGCACTGCTGTAGTTAACACGTTAAGTATCCCG 
p y l  TACTAGATG-TTGCGTGTATCGATCCATGCAGTATCGTAGCTAACGCGTTAAGTATTCCG 
m a r  TACTAAGCG-CTGTGCTA- TCGACCCGTGCAGTGCTGTAGCTAACGCGTTAAGTATCCCG 
ma~ TACTAGGTG-CTGTGCGACTCGACCCGTGCAGTGCTGTAGCTAACGCGTTAAGTATCCCG 
t o b  TACTAGGCG- CTGTGCGA - TCGACCCGTGCAGTGCTGTAGCTAACGCGTTAAGTATCCCG 

c o l  CCTGGGGAGTACGGCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCACAAGCG 
a n a  CCTGGGGAGTACGCACGCAAGTTGGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCG 
n a n  CCTGOGGAGTATGCTCGCAAGCGTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCG 
c l a  CC TGCr(~AGTATGCTC GCAAGAGTGAAACTCAAAGGAATTGACGGGA- -CCGCACAAGCG 
c h e  CCTGGGGAGTATGCTCGCAAGAGTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCG 
c h v  CCTGGGGAGTATGCTCGCAAGAGTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCG 
e u g  CCTGGGGAGTACGCTTGCACAAGTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCG 
p y l  CCTGGGAACTATGCTCGCAAGAGTGAAACTCAAAGGAATTGACGGGGACCCGCACAAGCG 
m a r  CCTGGGGAGTACGTTCGCAAGAATGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCG 
m a i  CCTGGGGAGTACGTTCGCAAGAATGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCG 
r o b  CCTGGGGAGTACGTTCGCAAGAATGAAACTCAAAGGAATTGACGGGGGCGCGCACAAGCG 

chia coli; ana, Anacystis nidulans; nan, Nanochlorum eukaryotum," ela, 
Chlamydomonas reinhardtii; che, Chlorella ellipsoidea," chv, Chlorella 
vulgaris; eug, Euglena gracilis; pyI, Pylaiella littoralis; mar, March- 
antia polymorpha; mai, Zea mays; tob, Nicotiana tabacum. 



J4# 
c o |  G I ~ G A G C A I ~ l q ~ T I " r A A I ~ P C G A T -  G C A A C G C G A A G A A C C I " F A C C T G G T C T T G A C A T C C A  
m G l r t I G A O l r A ~ I ~ J ~ r A A T I ' C G A T - G C A A C G C G A A O A A C C T T A C C A O G O T T T G A C A T C C C  
m a r  - T G G A O C A I ~ I ~ G T I ~ A A T I ~ ' G A T - G C A A C G C G A A G A A C C T T A C C A G G G C T T O A C A T G C C  
e | s  G T O G A T T A I W T ( ~ A T J P A A T T C Q A T A  - C A A C G C G A A G A A C C T T A C C A G G G T T T G A C A T O  - - 
e h e  G I ~ I G A G C A ~ A A I ~ G A T - G C A A C G C O A A G A A C C T T A C C A G G G C T T G A C A I ~ C C  
e k v  G I N I G A G C A I ~ T O G I ~ T A A T T C G A T G - C A A C G C O A A G A A C C I ~ A C C A G G A C T T G A C A T  - - - 
e g |  G T G G A G C A T ~ r G G T T I " A A I ~ r ~ O A T G - C A A C A C O A A G A A C C T T A C C A G G A T T T G A C A O G A T  
P 1 |  T O ~ C A O C A I ~ 0 O T T T A A T T C G A I ~ 3 C A A C O C  - A A O A A C C T T A C C A ~ T T T O A C A T T A T  
I m r  G ' J r G G A G C A T ~ r G G I ~ T A A T ~ G A T -  ~ A A C G C G A A G A A C C T T A C C A G G G C T T G A C A T G C C  
I r a |  G ~ q ~ G A G C A ~ A A I ~ O A T - O C A A O G C G A A O A A C C I ~ A C C A G G G C T T G A C A T G C C  
L o b  G T G G A G C A I ~ r G G T I W A A T ' I ~ G A T - G C A A A G C G A A O A A C C T T A C C A T G G C T T G A C A T G C C  

1001  . . . . . . .  V l  . . . . . . .  
o o l  C l ~ A ~ i i  i s ~ I ' ~ A O A A T  . . . . . . . . . .  O T O C C T r - c ~ A A C - - - C G T O A G A C A  
a m i  L ~ O A A ~ C O A O A G A  . . . . . . . . . .  GTGCCTT-COOOAOC-  - - G ~ G A G A C A  
m m  A C T T  - ~ _ a _ a _ a _ a  ~ t  AAOT T . . . . . . . . . . . . . . . . . . . . . .  CCGAGTO~ACACA 
¢ l a  TCA J ~ A £ ( ~ T C A O A A A  TOO . . . . .  G A ( ~ -  - - G T O C C C T - A A C G G A C T -  - - T O A A C A C A  
t h e  A T T ~ A A ~ O A G A T T T T O A A A C T T O T O C T T T O C A C A A O T T G O O T O G A C A C A  
c h v  ~ .  - A ~ i i i : i  "IxlCCq~BJ~ . . . . . . . .  A G G - "  - G G A A G T T - C C A G A G T G -  - - G A C A -  - C A  
e t l l  C T A G G A A G T T T G A A A G A A C  . . . . . . . .  G C A -  - - G T A C C T T - C G G G T A T C -  - - T A G A C A C A  
p y l  G T A -  - A A T C T A ~ A A C  . . . . . . . .  A G A -  - - G T G C C C T - C G G G A A T A -  - - C A T A A A C A  
~ r  ( i ~ i ~ i i i ' e  i ~ 4 3 k O A 3 ~ , A G A  . . . . . . . . . .  G T O C C T T - C ~ 3 O A A C  - - -OCGOACACA 
I m i  O C G A A T C C T C T 1 ~ A A A G A O A ~  . . . . . . . . . .  G T O C C C T - C G O O A A C - -  -~COGACACA 
r o b  ~COAATCCTCTTOAAAOAGAOOO . . . . . . . . . .  G T O C C T T - C G G G A A C - -  -GCOGACACA 

I * I  

104~ 
C O l  ~ T O C T O ~ A T ~ 3 C T O T C G T C A O C  - TCGTOTTOTGAAATGTTO~OTTAAGTCCCGCAAC GA 
• l t &  G G T G G T O C A ~ G T C A G C  - T C G T G T C G T G A G A T G T T G G G T T A A G T C C C G C  A A C O A  
n S A  G G l q 3 G T G C A T G G C T O T C G T C A G C C T C G T G T C T T G A G A T G T T G G G T T A A G T C  - C G C A A C G A  
e l a  O O T ~ I ~ C A ~ G T C G T C A G C  - TCOTOCTGTGAAGTOTATAGTTAAGTCTCATAACGA 
e h ~  O O l ~ C A T O O C T O T C G T C A O C  * TCGTGTC GTGAOATGTTOGGTTAAGTCCCGCAACGA 
© b y  O O T O ~ I ~ A T O O C T O T C G T C A O C  - TCGTOTCTTGAGATGTTGOGTTAAOTCCCOCAACGA 
e u l  ( ~ T O ~ T O C A I ~ G C T ~ T C O T C A O C  - TCGI~TCGTGAOATOTTC~GTTAAGTCCC GCAACGA 
p ~ |  ( ~ T O C A T ~ 3 C T O T C O T C A O C  - T C G T G T C G T G A G A T G T T ~ T T A A G T C C C  GCAACGA 
m a r  ~ T ~ O T O C A T O G C T ~ T C G T C A ~ C  - TCGTOCCGTAA~TGTTGGGTTAAGTCCC GCAAC GA 
I m i  G~TOGTOCATO~CT~TCOTCAGC - T C f l T O C C G T A A ( ] O T G T T ~ T T A A G T C T C  GCAAC f lA 
r o b  ~ T 6 ~ T O C A I ~ O C T O T C O T C A O C - T C O T O C C G T A A G G T G T T G G G T T A A G T C C C G C A A C G A  

1 1 0 2  . . . . . . .  V 7  . . . . . .  
c o l  GCGCAACCCTTATC CT TTGTTOCCAGC G~  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
a r i a  OCGCAACCCACOTTTTTAGTTGCCATCA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
n a n  ( ~ G C A A C C C T T A T T T G T - G T T G C  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
c l s  ( ]CGCAACCCTCGTCTTTAGTTOCC . . . . . . . . . . . . .  A T T T G - - G T T C T C  . . . . . . . . . .  
c h e  ~ O C A A C C C T T ~ i ~ i - I ' T A G T T G C T T T T A A A A T A T A C A A T T T A A A A G G A A T G C G A A G C  ATA 
c h v  G C O C A A C C C T r O T T r I ~ A A T T G C C  . . . . . . . . . . . . .  AGTAATGGGAAAT . . . . . . . . . .  
e u 2  OCGCAACCCTTTTTTTTAATTAAC . . . . . . . . . . . . .  ~ C T T G T C - - - A T T  . . . . . . . . . .  
p y l  ~C~CAACCCTT~TTTCTAGTTGCT . . . . . . . . . . . . .  TTACAAAAG~AAT . . . . . . . . . .  
m a r  OCGCAACCCTCTTOTTTAGTTOCC ATC A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
m a t  GCOCAACCCTCOTGTTTAGTTGCCACTA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
r o b  GCGCAACCCTCGTGTTTAGTT(}CCATCG . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

- -  VT - -  I J35  
C 0 1  . . . . . . . . . . .  T C C G G C C G G  . . . .  G A A C T C A A A G G A G A C T G C C A G T G A T A A A C T G G A G G A  
aria . . . . . . . . . . .  T T C A G T T G G  . . . .  G C A C T C T A G A G A A A C T G C C G G C  - - - A A A C C G G A G G A  
nan . . . . . . . .  T A T T T T A G  . . . . . . . .  G A A C T C -  - - A A A G A C T C -  - - G T G A T A  . . . .  G C G A G A  
c 1 8  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T A A A G A G A C T O C C A G T  - G T A A G C  T G G A O ~ A  
c h e  ACTTCOCATAC TTTAGTA~TGAAGGAAACTACAAAOACTGCCGGTGATAAGCC ~ A G G A  
c h v  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T C A A A A G A C T G C C G G T G A C A A G C C G G A G G A  
e u l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T A O A A A T A C T G C T G G T T A T  T A  - C C ~ G A O G A  
p y |  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  C T T G A A G A C T G C C G G T T A T A A A C C G G A G G A  
m a r  . . . . . . . . . . .  TTAAGTTTG . . . .  GAAC CCTAAACAGACTGCCGGTGATAAGCCGGAGGA 
~ i  . . . . . . . . . . .  T - G A G T T T G  . . . .  GAACCCTGAACAGACCGCC~TGTTAAGCCO~AGOA 
r o b  . . . . . . . . . . .  TTOAGTTTO . . . .  GAACCCTGAACAGACTGCCGGTGTTAAGCCGGAGGA 

1 1 8 0  
c o l  A ( ~ T ( ~ O O A T O A C G T C A A G T C A T C A T G G C C  CTTACGACCAGGGCT&CACACGTG - C TACA 
a n a  A O O T O T ~ A C G A C  GTCAAGTCATCATGCCC CTTACATCCTGGGCTACACACGTA- C TAC A 
nan AGGTGAGOATOACGTCAAOTCAGCATG- - C C T G A C G -  -CTGGGC-ACACACGTGA - TACA 
c l s  A ~ T O A ~ A T G A C G T C A A O T C A O C A T G C C C C T T A C A T C C T G O G C T T C  ACACGTAA - TACA 
t h e  AGGTGA~ATGACGTCAAOTCAOCATGCCCCTTATOCCCTGGGCOACACAC GTG - CTACA 
c h v  AOGTOA~ATOACOTCAAOTCAGCATOCCCCTT ACOTCCTGGGCGAC ACAC OTOC - TACA 
eu9 AGOTGAGGACGACGTCAAOTCATCATGCCCC TTATATCCTGGGCTACACAC GTGC - TACA 
p ¥ 1  AGOTGA~ATGACGTCAAGTCATCATGCCCCTTATACCCTO(~CTACACACGTGCCTACA 
m a r  AO~TOAOGATGACGTCAAGTCAOCATGCCCCTTACGCCCTGO~CGACACACGTG-CTACA 
m a i  AGGAGAO~ATOAO~CCAAGTCATCATGCCCCTTATGCCCTO~CGACACACGTG-CTACA 
r o b  AOOTGAGGATGACGTCAAGTCATCATOCCCCTTATGCCCTTGGCGACACACOTG-CTACA 

1 2 3 9  
c o 1  AT~ATACAAAGAGAAGCGACCTCGCGAGAOCAAGCGGACCTCATAAAGTGCGTCGT 
a n a  ATOCTCCGOACAGCGAGACOCGAAGCCGCGAGOTGAA~CAAATCTCCCAAACCOOO~CTC 
n a n  ATOO~T~ACAAAGAGATG-AACCCCACAAG-GCAAGCCAACCTCAAAAACCCAGTCTT 
c 1 8  AT~TTOGGACAATCAGAAGCGA-CTCGTGAGAOCTAGCOOCTCTGTTAAACCCAACCTC 
c h e  ATGOCCAGGACAATGAGATGCTACCTCGCGAGAGCAAGCTAACCTCAAAAACCTOOTCTC 
c h v  AT~3CC~ACAAAGAGAT~CAA~CCCGCGAOOOCTAOCCAACCTCAAAAACCCG~TCTC 
e u  I AT~TTAAGACAATAAGTTGCAATTTTGTGAAAATGA(]CTAATCTTAAAACTTAG-CCTA 
p y l  TTO~ATAAGACAAAAAGTTGCGAATTTGTGAAAATAAGCTAATCTTTAAACTTATTCCTA 
m a r  A T O G C C O 4 ~ A C A A A ~ T C O C  GACCTCGCGAGAGAAAGC TAACCTCAAAAACCCGGC CTC 
m a t  A T O O ~ C ~ A C A A A G O G T C O C  GATC T C G C G A ~ T G A O C  TAACTCCAAAAACCCGTCCTC 
r o b  A T G ~ C C ~ A C A A A ~ T C G C G A T C C C O C O A G O G T G A ~ C T A A C C C C A A A A A C C C G T C C T C  

1299  
c o l  AOTCCOOATT~AGTCTOCAACTCGACTCCATGAAGTCGGAATCGCTAGTAAT-CGTGGA 
a r i a  AGTTCAGATTGCAG~C TGCAACTC~CCTGCATOAAGOCOGAATC GCTAGTAAT - C GCAGG 
n a n  AGTTCO~ATT~TAGOCTGAAAC TCGCCTACATGAAGCTGGAAT - GCTAOTAAT GCOCAGG 
c l a  AGTTCGOATTOTAO~CTOCAAC TCGCCTACATGAAGCCGOAATCGCTAGTAAT - CGCCAG 
t h e  AGTTCO~ATT~CAGOCTGCAACTCGCCTGCATGAAGTCG~AATCGCTAGTAAT-CGCTGG 
c h v  AGTTCOOAT T O C A ~ 3 C  TOCAACTCOCCTGCATGAAGTCG~AA TCOCTAOTAAT - C GCAGG 
e u l  AGTTC~ATTGTAG~CTGAAACTCGCCTACATGAA(]CCGGAATCGCTAGTAAT-COCCGG 
p ¥ 1  AGTTCOOATTGAAOGC TOC AACTCOCCTTCATGAAGAT~GAATCGCTAGTAAT - CGCTGG 
m a r  AGTTC~ATTOCAOGCTGCAACTCOCCTGCATGAAOCCGGAATCGCTAGTAAT-CGCCGG 
m l i  AGTTCGGATTOCAOGCTGCAACTCOCCTOCATGAAOCAGGAATCGCTAGTAAT - CGCCGG 
t o b  AOTTCO~ATTGCAOGCTGCAACTCGCCTGCATGAAOCCGGAATCOCTAGTAAT-CGCCGG 

1358  
c o l  TCA--OA-ATOCCACOGTOAATACOTTCCCGGOCCTTOTACACACCOCCCOTCACACCAT 
a n &  T C A - - G C - A T A C T G C O O T O A A T A C O T T C C C ( ~ I C C T T O T A C A C A C C G C C C O T C A C A C C A T  
n&n TCTATOCCATACTOCGGTGAATACOTTCCCOGGCCTTOTACACACCGCC-OTCACACCAT 
c l a  TCA--OCTATATGGC~TOAAT&CGTTCCCOGOTCTTGT&C&CACCOCCCGTCACACCAT 
c h e  7CA--GCCATACAOCOOTGAATACOTTCCCGOGCCTTGTACACACCOCCCOTCACACTAC 
c h v  TCA--OCCATACTGCOGTGAATACGTTCCCOOGCCTTOTACACACCOCCCOTCACACCAT 
e u l  7CA--OCTATACGGCOOTGAATACOTTCTCOOGCCTTOTACACACCGCCCGTCACACCAT 
p y l  TCA--GCTATACAGCOGTGAATCCOTTCCCOGOTCTTOTACACACCOCCCOTCACACCAT 
m a r  TCA--GCCATACGGCGOTGAATCCGTTCCCOGOCCTTGTACACACCGCCCOTCACACTAT 
S a l  TCA--GCCATACGGCGGCGAATCCGTTCCCOOGCCTTGTAC&CACCOCCCGTCACACTAT 
r o b  TCA--OCCATACOGCGGTGAATTCGTTCCCGGGCCTTGTACACACCGCCCGTCACACTAT 

* *  * * *  * * *  * * * *  * * * * *  * * * *  * * * * * * * I * * * * * * *  8 . I * * * *  * 

1415 
c o l  GGGAGTGGGTTGCAAAAGAAGTAGGTAGC-TTAACC-TTCO-GGAOGGCGCTTACCACTT 
& n a  GOAAGTTGGCCATOCCCOAAGTCOTTACCCT-AACCGTTCGCOOA~IGGGOCGCCGAAOG 
n a n  G G A A G C T G G C T A T G C - C A A A O T C G T - - - A C T C A A C - - T T - - A G G A O O A G G A - - G C T A A O G  
c l a  OGAAGCT OGT T CT OCT CCAAGT CGT T A-CCCT AACC-T T C-OOOAO4~IG~CGCCT AAAG 
c h e  CAGAGTCOOCTTGOCCCAAAGTCG-TAACTCTAACC--TCO-GOAAOAGAGCGCCTAAGG 
c h v  GGGAGCTGGCTATOCCCAAAGTCGTTA-CCCCAACC-TTTTAGGAOGOGGACGCCTAAOO 
e u g  GGAAGTCGOCTGTGCCCGAAGTTATTA-TCTTG-CC-TGAAAAGAGGGAAATACCTAAGG 
p ¥ 1  GGAAGCTGGTTATACCCGAAGTCGTTT-TCTTAACC-TTTTTGGAGAOAGGCGCCTAAGG 
m a r  GGGAGCTGGCCATGCCCGAAGTCGTTACTCT-AACCGT--AAGGAGOGGGGTOCCGAAC- 
m a i  AGGAGCTGGCCAGGTTTGAAGTCATTACCCTTAACCGT--AAGGAGGOGGATOCCTAAGG 
r o b  GGGAGCTGGCCATGCCCGAAGTCGTTACCTT-AACCGC--AAGG-GGGGGATGCCOAAG- 

* *  * *  * * * *  * * * * 

1 4 7 2  
c o l  TfiTGATTCATGACTGOGGTfiAAGTCGTAACAAGfiTAACCGTAGGGGAACCTGCGOTTOGA 
a n a  TAGGGCTGATGACTGGGGTGAAGTCGTAACAAGGTAGCCGTACCGGAA(]GTGTOGCTOGA 
n a n  CA-GACTAGTGACTAGGGTGAAGTCGTAACAAGGTAGCCGTACTGOAAGGTGCGGCTGGA 
c l a  CAGGGCTAGTGACTAGGGTGAAGTCOTAACAAGGTAGGGCTACTGGAAGGTOGCCCTGGC 
c h e  CA-GGCTGGTAATGAGAGTGAAGTCGTAACAAGGTAGCCOTACTGGAAGGTGCGGCTGGA 
c h v  CAGAC-CTAOTGACTAGC~TGAAGTCGTAACAAC~TAGCCGTACTOGAAOGTGTGOTTGGA 
e u g  CCTGGCTGGTGACTGGGGTGAAGTCGTAACAAGGTAGCCGTACTGGAAGGTGTGGCTGGA 
p y l  TAAGGCTAGTGACTGGGGTGAAGTCGTAACAAGGTAGCCGTACOOGAACGTGCGGCTGGA 
m a r  AGGGGCTAGTGACTGGAGTGAAGTCOTAACAAGGTAGCCGTACTGGAAGGTGCGOCTGGA 
m a i  CTAGGCTTGCGACTGGAGTGAAGTCGTAACAAGGTAGCCGTACTGGAA~TGCO~CTGGA 
r o b  CGGGGCTAGTGACTGGAGTGAAGTCGTAACAAGGTAGCCGTACTflGAAOGTGCGGCTGGA 

1532  
c o l  T CACCT CCT T A-  
a r i a  T C A C C T C C T T T -  
n a n  T CACCT CCT T A-  
c l a  TCACCTCCTTCA 
c h e  T CACCT CCT T A-  
c h v  TCACCTCCTTG-  
e u g  ACAACTCC . . . .  
p y l  T C A C C T C C T T A -  
m a r  TCACCTCCTTTT 
m a i  T C A C C T C C T T T -  
r o b  T C A C C T C C T T T -  

* *  * * * *  

Fig. 5. Continued. 
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single "best" tree. Statistical methods to estimate the 
phylogenetic information content of sequence data are 
currently being developed (Archie 1989; Hillis and 
Huelsenbeck 1992; Goldman 1993). Furthermore, the 
methods for tree construction which are presently era- 

ployed may not be optimal and thus better methods 
might produce less-ambiguous results from the same set 
of data (Penny et al. 1992). On the other hand, "robust" 
trees with identical branching order and similar branch 
lengths are frequently obtained from different data sets 



438 

1 
c o l  GGTT -AAGCGACTAAGCGTAC - ACGGTGGATGCCC TOGCAOTCAGAGOCGATGAAG - GAC 
a n a  OGT - CAAGCTACGAA(~GC - TTACOGTOGATACCTAGOCACACA~AOOCGA~GAAG - OAC 
n ~ n  GGT - CAAATQATAGAAAGCGT- A~OTGGATACCTAOGCACCTAGAGACGATGAAO - ~ 3 C  
c l s  G . . . . .  AATTA-AOG - - - CGT-ACOOT~AGACCTA~OCAeTCAOAOACGAAOAAO- ~ 3 C  
c h e  A -  T -  CAAATGA-AOAAAACGTTAC~TOGATACCTAO~CATCT&~AOACOATOAAG - O~C 
e u 8  GGTTCAAATGAACAAQO~C - TTAT~C~ATTOCTTOOCATTTA~AOTCGAAOAAG- O~C 
m&r - - TTCAAACGAAAAAQGOC - T T A C ~ T ~ A T A C  CTAOOCACCCAOAOACOA(~AAO - ~K~C 
m a i  GGTTCAAAAOAG~AAkOOC-TTGCGOTOGATACCT/¢~OCACCCAOAGACOAOOAAOAO~C 
S o b  --TTCAAACOAGOAA~GOC-TTACGGTOGATACCTAOGCACCCAOAOACOA~AAO-G~C 

It * * ItSS S * i t S *  S ~ i t *  * * *  I t * * *  * 

58 
c o l  OTOCTAATCTGCOATAAGCGTCGOTAAGGTGATATGAACCOTTATAACCOOCOATTTCCG 
a n 8  OTGGCTACCOACOATACOCCTCO~O~AOCT(~A~OCAAOCATTG-ATCCOA~ATTTCCO 
n a n  GTCCAA- -CGACOATAC~TTC~AOTT~GAAACGAACTTTO-ATCeGAAOATTCCCO 
c l a  GCAOATACCG~COATACOCTTCO~O~AOTC(~CAACAAOCTrTG-ATCCOA&OATTCCCO 
c h e  GTGGAAACCAACOAAATGCTTCGA~AOCTOOAAAeAAOCTATO -ATTeGOAGATTCCCG 
e u 8  OTAGAAATTAACOAT&TGCTTTAGGOAGCTAAAGACO&OCTTTA-AT~AAAOATTCCCG 
m a r  GTAGCAAGCOACOAI~TOCTTC(~OAOCTOAAAATAAOTAT&G-ATCC~&GATTCCCO 
m s i  GTAGCAAGCOACGAAATOCTTC(~O~AOTI~AAAATAAGCATAG-ATCC00&GATTCCCA 
S o b  GTAOTAATCGACOAAATOCTTCQ~GOAGTTOAAAATAAGCATAO-ATCCGOAGATTCCCG 

I t*it  * * * * *  It It I t * * *  It* 

118 1147 
c o l  AATGGGOAAACCCAOT-CT- - -ATCATTAACTGAATCCATAOOTTAATGAO~CG- - - A A e  
air& AATGG~GCAACCCCA~G . . . .  TACOOCCACCTOAATCC ATAOOOTQ~CCOC - - OACOAAC 
n a n  AATG~GCAACCCTATA . . . .  /~CTTCTTACTOAATTCATA~TAAG~ULAO- - AOA/~AC 
c l a  AATAOOOCAACCTCATA - - - OAACTACC TATATAATTCATAOTTA~TAAO- - A O ~ C e A A  
t h e  AATAGGGCAACCTTTTA- - -TA-CTACCTATTOAATTCATAGATA~AAAO--AGACAAC 
e u g  A -  TO~GCAACCTATTACTTT/~CATTACAAI~AAATG~TATACAAATAATOTAOAOAAC 
m a r  AATAOOTTAACCTTTOA . . . .  AACTGC - TOCTGAATTCATAOOCAOACAAG - -AOACAAC 
m a i  AATAOGTCAACCTTTTO . . . .  AACTOCCTQCCGAATCCATGA~CAGOCAAO - - AGACAAC 
S o b  AATAGGOCAACCTTTCO . . . .  AACTGC - I~CTO&ATCCATGG~CAGGCAAO - - AGACAAC 

It * * *  * S S *  SS It * 

184 
c o l  CGGGGOAACTGAAACATCTAAOT-ACCCCOAOGAAAAOAAATCAACCGAGATTCCCCCAG 
• n 8  CCGGCOAATTOAAAC ATCTTAGT- AGe C~AGOAAOAGAAAAC AAAAOTOATTeCCTCAG 
n a n  TTAGTOAACTGAAACATCTTAOT- AOCTAAAGOAAGAOAAAGCAAAeGCGATTCCCTOA G 
c l a  CCAOTOAACTOAAACATC TAAOT - AOCTOGAGOAAAAOAAA~C AAACOCGATTCCC GTAG 
c h e  CCAGTOAAO - GAAACATCTTAOT - AOCTOGAGOAAAAGAAAGCjU~AeGCOATTCCCTTAG 
e u g  TTGGTGAACTGA AAC&TCTTAGT- A~CCGAAOGAAAAOAAAGC AA AAGCOATTT TCTTAT 
m a r  C TOGCGAACTGAAACATCTTAGT - AOCCAOAOOAAAAGAAAGC AAAAGCOATTCTCGT&G 
m a i  CTOGC GAAeTGAAAC &TCTTAGT - AGCCAOAGGAAAAOAAAOC/L~AAGCOATTC CC OTAG 
S o b  CTGGCGAACTOAAACATCTTAOTOAGCCAOAGGAAAAGAAAOCAAAAGCGATTCCCGTAG 

• * * *  S i t i t i t i tS i t i tS  * i t s  S It * * * * *  * i t * * *  * * i t  $ * * * *  It It 

,?.43 D I  d e l e t e d . - . . - 1 3 7 5  
c o l  TAGCQGCGAOCGAAC(~O~AGC - AGCC CAG GGGACACOTGGTATCCTQTCTGAAT 
a n a  TAGCGGCOAGCOAAC~QOOACCA-OccTC~cAcGGAGCACOTGAAATTCCOTGTOAAT 
n a n  ~AGTGGCGAGCOAAATGGOAACAAGCCTA~]CATGQGACACOTOAAATCC-OTOTGAT- 
c l a  TAGCQ~CGAGCGAACCGGGAACA-GCCTAAA~CATOOOGCACGTGAAATCCCOTOTGAAT 
c h e  TAGCGGCOAGCOAAATCCCAACA -GCCTAkA~CTAGGGOCACGTOAAATCCCGTGTGAAT 
e u g  TAOTGGCGAOCTAA-CGGAAATCAOCCTAA~CATA(]AGCACGTOGAATTCTGTGTOAAT 
m a r  TAGCGGCGAGCGAAATGGGAACA-GCCTAA~CATG~GGCACGTGGAATCCCOTGTGAAT 
m a i  TAOCGGCQAOCGAAATGGGAGCA-GCCTAA CATGOGGCACGTGGAATCCCGTGTGAAT 
r o b  TAGCGGCGAGCGAAATGGGAGCA-GccTA~CATGGGGCACGTGGAATCCCGTGTGAAT 

I t**  * * * * * * i t  *i t  * * * S  It * *  * * S * * i t *  I t s  It * *  * i t *  

4 0 4  
c o l  & ~ O C A ~ C A A O ~ * T A A A T A C T C C T O A C T O A C C O A T & O T O A A C C A G T A C C G  

~ A ~ & C C ' I ' C O T A A O ~ ' ~ r A A A T A C T C ~ r O T O T O A C C O A T A O T O A A C C A O T & e C G  
m m  - - O O ~ A O O A c C & C ~ A A ~ 3 C Y A A A T A C T C  - TAOOTOACCGATAOTOAAGTAOTACC - 
s i s  CAI~£OAACC&~J'fCI~t*AAOO~TAAAT&CTCCTOAGTOACCOATAOCOAAATAOTACCA 
ell** OAO(I~AI~ACCAb'~TAA~b'*TAAATACTCCTAOOTGACCOATAOTOAAATAOTACCO 
l u l l  ~AOOBAOOA(~A~I~OTAA~3CrAAATACTCCTAAATOACCOATAOTOTACGAOTACCG 
s ~ r  C & ~ A A ~ A C C A ~ O T A A ~ ' T A A A T A C T C ~ A C C O A T A O C O A A O T A O T A C C G  
Im l  CAO~J~AOA~ACCACC~TO~AAO~CTAAATACTCCTOO~TOACCOATAOCOAAGTAGTACCO 
r o b  ~BACAA~JACCAec1~OCAAO~'TAAAT&CTCCT(~OTOACCGATAOCGAAGTAOTACCG 

S I tSSS lil S I I S S I S S I I S S I t i t  It I t i tSSi t i t i t i t i tS  It It I t i t i t i tSit  

4114 

+ o I  TO£~A.~+L~3~AAA.A O A A C C C C ~O A O O O O A O TO A A A A A O A A CC TO A A A CCOTGT _ 
I n l  ~ O A O O O A A A ~ I ~ A / ~ - A O A A C C C C O O -  A A ~ A O T O A A A T A O A A C A T O A A A C C O T O  - - 
n a n  - O ~ A ~ U L ~ T O A A A  -AOAAC~CCTO - A T e -  AOTOAAATAOAACATOAAACC - TA - - 
c 1 8  ( ~ A ~ A ~ T O A A A - A O A A ~ C C I ~ -  T T ~ A O T O A A A T A G A A C A T O A J ~ C C G T A  - - 
t h e  COAO~AOOT~L~A-AAOAAeCCTO-TA~AOTOAAACAOAACATOAAACCOTA-- 
et t8 TOA~BT~4AOC*rOAAATAOA~J~ACTGA-OAAOTOAOTOAAATAQAATATOAAA~ATA-- 
iMa~ ~ A ~ H B O ~ A O ~ r O / d ~ A - A O A A C C ~ C C A  - TC~GOOAOTOAAATAOAACATOAAACCGTA - - 
i m i  TOA~OAAAOOTGAAA-AGAACCCCCA-OTOOOTAOTOAAATAGAACGTOAAACCOTGCT 
S o b  T O A O ~ B ~ 3 ~ B T O A A A  - AOAACCCC - A  - TCG~OGAGTOAAATA~AACATOAAACCGTA - - 

• S * s *  It S , I S  8 * s * I t * s * l i t i t  I t i t i t l  I t s i t * *  * It 

8 1 1  - - -  D I  - - -  
c o l  - -  A ~ A C A A O C A O ~ A O C A C O C T T A ~ G C O T O T O A C T O C G T A C  CTTTTOTATAATGGG 
rosa "A~ACAAOCAGTC~A~CCCO&TTCAACOGGTO&O3GCOTGCCTGTTOAAOAATOAG 
m m  - C ~ A C A A A C A ~ I ~ B O A ~ T & C T T T -  -AOTACTOACCOCGT&C CTOTTOAAOAATOGG 
c|& -TO~T~ACAA~AOT~OA~CAAOAAT--GCTTOTOACCOCGT~CCTOTTOAAOAATGAO 
t h e  -&~B~AAOCAOTOOOAOA~CGA---AAAGCCTGACCGCOT~CCTOTTGAAOAATOAO 
e u l  -AGTTT&CAAOCAOYA~AGATCTATTTAAAOATTGACTOTGTOCCTOTTGAAGAATGAG 
B~r -A~CAAOC~A(~AOAATTGAATCTCTGACCOCGT~CCTGTTGAAGAATOAG 
I i ~ l  ~ A ~ I ~ C C A A ~ C A O T ~ I ~ A ~ O ~ A A A G T O A T C T C  TOACCGCGT~CCTOTTO/~OAATOAG 
S o b  -AO~FCCCAAOCAOTOOOA~ . . . .  CCAO~CTCTGACCGCGT(}CCTOTTGAAGAATGAG 

SSIt SI tSS =i tS i t  I t* i tS  * It* * i t *  I t*it  * * * i t ~  It 

, ~00 - - -  D3 - - -  
C O l  TCA~COACTTATATTCTOTAOCAAGOTTAA . . . . . . .  CCQA . . . .  ATAGG-GOAGCCGA- 
~ 1  C C O O C ~ C T T A T A ~ C A C T ~ A -  ~ T T  - AAGGCGG - -AAATOC C . . . . . .  GAAGCCAA- 
n ~ n  CC~OCoAe~PTAOAAAAAOTOGCAAGOTTTA/~OAeT - - CAAATCT . . . . . .  GGAC~C~A- 
c l &  CCOOC~ACTTATAOOGAOTO~T~G~TT - AAOOAGT - - ~JIAATCC . . . . . .  GGAGCCCA- 
t h e  ~ O A C T T A T A ~ & O T ( ~ O T G G T T  - AAAOAAA- - ATCATCT . . . . . .  GAAGCCAA- 
I o g  CC~OCGACTTATA~TGATOOCAAO~TTAAGGTTTTTC COOAOCCATAGCTGAAATCGAO 
I ~ r  C C ~ C O A C T T A T A O O C A O T ( ~ 3 ~ T T A A G O G A O  . . . . . . .  CCCA- - - CCG~AGCCOT- 
~ £  CCOOCOACTCATA~JCAGTGGCTTGOTTlU~GGOAAT--OOAACCCA---CCGGAOCCOT- 
S o b  CCGN3CGACTCATAGOCAGT~TO~TTAAGGOAA . . . . . . .  C C C A - -  -CCGGAGCCOT- 

• * S ' i t * *  * * * * *  * * * ~  It * It 

~ 7  - - -  0 3  - - -  
c o l  - - - A G G O A 3 A C C G A O -  - - T C T T A A e T G G G C O -  - T T A A - O T T G C A G G G T A T A O A C C C G ~ A  
m ---AOCGAAAOCOAO---TCTOAATAOOOCQA--TA--GTCAGTGTTTATAGACCCGAAC 
n ~ n  - - -AOCOAAAOCAAO- - - TCTOAATAG~GCATTTTAAAGTCATT TTTTCT&GACCCO&AC 
c l ~  - - -AOC~AAA~COAO - - - TCTOAATAGG~COCAA - ATGGTCACT TCTTATGOAC CC OAAC 
© h e  - - - A O C O A A A ~ A A O -  - -TCTTAATATTTCOC- -TAATGTCACTTCTTATCCACCCOAAC 
e ~ 8  CTTAAATAAAGCO/L~L~AACTTTCTTCTTOAAAOTTTATGTeATTGC TTAT&OACCCOAAC 
l i a r  - - - A O C O A A A ~ A O -  - - TCTTCTTAGGGCA . . . .  ATTOTCACTG~ TTATGGACCCGAAC 
I1~t  - - - A O C O / ~ A ~ A O -  - - TCTTCATAOOGCG . . . .  ATTOTCACTGC TTATQGACCC OAAC 
S o b  - - - AOACGAAAOCOAO- - - TC TTC ATAGGGCA . . . .  ATT GTCACTGCTTATOGACCCGAAC 

S l lS i t  It S It *S  * * * * * i t * i t *  

0 ~  
¢ O 1  CCC(~B-TOATCTAOCCAT(~CAOG-  TTGAAQGTTGGGTAACACTAACTGGA~ACCGAA 

C C ~ - T G A T C T A A C C A T ( ~ C C A ~ A T O O A A O C T T Q O O T A A C A C C A A G T G O A ~ T C C G A A  
I ~ n  CCGk~B-TGATCT/~CCATGACCAOOATG" AAQCTTGGGTAATAC CACGTGAA~TCCGAA 
© l a  C C ~ - T O A T C T A T T C A T G O C C A ~ A T G "  AAQCTTGOGT AACAC CAAGTGGAGOTCCGAA 
t h e  CCEk~TOATCTAACCATOOCCA~ATG-AAGCTTO~TAAAACCAAGTG - A ~ T C C ~ A A  
e u l  C C A ~ - T G A T C T A A T C A T ~ T C A ~ -  TTOAAGTTTTOGTAAAACAOAATGGAOGACTGAA 
s t a r  CT~kmO-TGATCTATCCATGACCA~ATO - AAGCTTOGGTGAAACTAAGT~AGGTCCGAA 
l i n t  ~ - T O A T C T A T C C A T O A C C A G G A T G -  AAQCTTOGATGAAACTAAGCAGAGGTCCOAA 
r o b  CTCk~k-TOATCTATCCATGACCAGGATG - AAQCTTO~TGAAAC TAAOTGGAGGTCCGAA 

S S *  * I I * * * S *  * * S *  S S l I I  * S S S  * *  S * It * S  Si t i t  It I t**  

7 8 0  
c o l  CcoAeT~ULT6TTO~JU~TTAOCOOATOAeTTf l rO0C T C ~ O a T O A A A a G e C A A T e / ~ A C  
~ i  CCOACCOATOTTG/L~ULATCOGCOGATOA~TOTOGTTA~TGAAATGCC AATCGAAC 
h i m  CCOACCOATOTTG~AAAATCOOC~ATOAGTTOTGGTTAOCGGTGAAATACCAGTCGAAC 
~ l a  CCGACCOATOTTOAAAAATCGOCOOATGAOCTGTOAATA~AGAAATTCC AATCGAAC 
t h e  CO3ACCOATGTTOAAAAATC~OAATGAOCTGTGGTTAOGGGTOAAATOCC AATCGAAC 
OUg CCCAC~AATGTTGAAJL~ATTG~IOGATGAACTGTOATTAOGOGAOAAATTCCA - TCOAAC 
m&r CCQACTOATOTTOAAAAATCAOC~ATGAGTTGTGOTTAGGGGTOAAATGCCACTCGAAC 
I m i  CCGACT~ATOTTOAAOAATC A G C G ~ A T O A G T T G T ~ T T A ~ T O A A A T O C C A C  TCGAAC 
r o b  CCQACTOATOTTOAAOAATCAGCGOATOAOTTGTGGTTA~TGAAATGCCACTCGAAC 

It* Sill = S S s s i t S S  = i t s  It S I t i tSS It i t i tS It S ItS I t i t i t*  I tS* SS ItitS 

7 9 ~  - - -  D 4  - - -  
~ o l  CGGGAGATA(]CTGGTTCTCCCCGAAAGC-TATTTAG . . . .  GTAGCGCCTCGTGAATTCAT 
~r.~ CCQGAGCTAGCTGGTTCTCCCCG-AAATACG-TTG-AGGCOTAGCGGTATG-GATTATAG 
~ m  T C ~ A ~ T A O C T O O T T C T C C C C G - A A A T O C ~  - TTG -AGQCGCACO~TCA-OCAA . . . .  GA 
~ 1 ~  TC~OAOCTAOCTGOATCTCCCCG-AAATGCG - TTG "AOQCGCAGCGGTA-ACOAT o - OAA 
t h e  TCQ-AOCTAO~TG-TTCTCCCCGTAAATOCG-TTG-AG-COCAGCOGTTGATGACTT00G 
@08 TTQOAGCTAGCT~ATCTCTTCO - AAATGC~TT~AOOCGCAGCGTTTAATTATGOTAA 
Imr  CCAOA~TAQCT~TTCTCCCCO-AAATOCO~TTG-A(~COCAGCAGT---TGACT-O~A 
laai CCAOAGCTAOCT(~TTCTCCCCG-AAATOCG-TTG-AGGCOCAOCAOT---TGACT-GOA 
r o b  CCA~AOCTA~TOOTTCTCCCCO-AAATOCO-TTG-A~COCAGCAOT-  - - TOACT-GOA 

SS 8 S S S l I S  I tSStl  * t l  Sit ,lit 4, It , 

,06./ 
c o l  C -  - T C C ~ T A O A O "  CACTGTTTCGGC~A~GGOTC~TCCCOACT - TACCAAeCCOAT 
a r i a  C ~ T -  - - ~ T A O A O  - C A C T O A T T C ~ T -  - OCOGGCTGCGAGAOCGOTACC AAATCGAG 
n&n  C T A T C T A ~ T A A A A O C A C T O T T T C ~ T -  - OC~BOCC~CGAAAGCTOTACCAAATCGTG 
~ l a  CTQTCTT~3OTAAAOCTACTOTTTCGAT - - ~C O ~ C T O C G A A A O C ~ T A c e A A O T C G T G  
~ h e  C T A T C T A ( ~ B T A A A O  - CACTOTTTCOTT - - GCG(~tCT~CGAOAOCGGTACCAAATCOTA 
e u ~  ACAT-TA~K~TAAAO-CACTOTTTCOAT-  - O C ~ C T A T G A A A A T ~ T A C C A A O T T O T G  
I ~ r  CT&TCTA~3OTAAAG-CACTOTTTCOGT- -GCGOOCTOCOAOA~GGTACCAAATCOAO 
I m i  C - A T C T & ~ 3 ~ O T A A A G - C A C T G T T T C ~ T -  - ~COO- CT~COC GAOCOGTAeC/L~ATCGAO 
~ o b  C - A T C T A ~ T A A A G - C A C T G T T T C ~ T -  - GeOOGCCOCOAOAGCOGTACeAAATeGAG 

• * s , i t s *  s ~ s s i t  **isis  It * *  I t i t i t i t* i t  1 

907 - - -  D~ - - -  
c o l  OCAAACTGCGAATACCQGA . . . . . . . . . .  GAATOTTA . . . . .  TCACGGGAGAC . . . . .  AC 
&n& TCAAACTCC~AATACOCCOTGTACA - - CCA . . . . . . . . . . . . . . . . . .  T- -GCCAGTCAG 
n ~ n  OCAAACTCTOAATACTAGATATGTTATTTT . . . . . . . . . . . . . . . . . .  CTGOCCAGTOAG 
e l &  OCAAACTCAGAATACAAGACATGTCTTCCO . . . . . . . . . . . . . . . . . .  TAAACCAGTGAG 
~ h e  GCAAAC T A A ~ A T A C T A ~ T A T G C T T T C C A  . . . . . . . . . . . . . . . . . .  TCAACCAGTGAG 
e u l  ~CAAACTC~AATACT~AGT - TATATTTCAATTAAT . . . . . . . . . . . . . . . . .  CAOTGAG 
I m r  OCAAACTCT~AATACTAOOTA~ACTTCCTATTAATAOOAAOTAAQGGTCAGCCAOTOAO 
m a t  OC/UtACTCTQAATACTAGATATOACCCAAAAATAACA~G - OTCAAOOTCG~CAGTOAG 
r o b  OC AAACTCTOAATACTAOATATOAC CTCAA/~TAACAOOG - O T C A A G G T C ~  TAGTOA~ 

It I tSSl l i t  I S S I t i t S  It 

9 4 7  
c o t  ACOOC~OTOCTAACOTCCGTCO - TOAAGAOOOAAACA&C CCAOACCGCCAOCT&AOOTC 
a n *  ACTOTOGOOOATAAOCTCCATOOTTCAAOAOGO~,ACAGCCCAOACCACCAOCTAAOOTC 
n a n  ACAGTOGOOQATAAOCTTCATTO- T-AAGAG(~3AAACA-CCCAOAT-AC - -GCTAAG~CC 
c l a  AC &OTGGO~QATAAGCT TC ATTO- T C A A G A ( ~ G A A A e A ~ c C A O A T C A C e A O ~ T A A ~ 3 C C  
c h e  A C ~ T ( ~ 3 ~ A T A A G C  TTCATCOCT-GAGAGGOAAAeA - CCCAGATCACCAGCTAAOGCC 
e u |  ACAGTGOGOQAT AAOCTTCATTG - TCAAOAOGGAAACAGCCC AGATCACTACTTAAOOCC 
m a r  AC&GT~3GO~ATAAOCTTCATTG-TCGAGAGOOGAACAGCCCAOATCItCCAGCTAAGOCC 
I & i  ACGATOOGG~ATAAGCTTC ATCG - TCGAOAOGGAAACAGC CCGGATCACCAOCTAAO~Ce 
s o b  ACGATGGOOGATAAGCTTCATCG-TCGAGAGGGAAACAGCCCGGATCACCAGCTAAOOCC 

Sit  * i t i t  * It*it It It It It S I t i t* i t i t*  ItSit i t  ItitS It* It I t i t i t i t i t  It 

1006 
c o l  CCA~AOTCA~GGT-TAAOTGGGAAACGATQTGGGAAOGCeCAGAeAOCCA00ATOTTGGC 
a n &  CTCAAATCAGAAC - TTAGTGATAAAGGAGGTGGGAGTGCATAGACAAeCAOOA~K]TTT~ 
n&n CCTAAATGATTGT-TAAGTGGCAAAOOAGGTGAOAATGCTCAGACAACCAGAAGOTTTOC 
c l a  CCTAAATGGTCAC-TAAGTGGAAAAGGATGTGAGAATGCTGAAACAACCAOGAOGTTTGC 
c h e  CCTAAATOOCCGC-TAAGTGOCAAAGGAGGTAAGAATCGTGAAAeA-ecAGGAGGTTTGC 
e u g  CCTAAATAATTACCTAAGTGGTAAACCATGTACTATTACATAGAC&ACCAO~AOGTTGGC 
ma~ CCTAAATOACCOC-TCAGTGGTAAAGGA~TAGGAGTOCAAAGAC&GCCAOGAGGTTTGC 
a a i  CCTTAATGACCGC-TCAOTGATAAAGGAOOTOGGOGTGCAAAGACAGCCATG~ 
S o b  eCTMUtTGATCGC-TCAOTGATAAAGGAGGTAGGGGTGeAOAGACAGCeAGGAGGTTTGC 

It It It Isis*it It*it It I *  It I t s i t  I t**  It I t ~ l  * i t  

1065 
c o l  TTAGAAGCAGCCA-TCATTTAAAGAAAGCGTAATAGCTCACTGGTCGAGTCGGCCTGCGC 
a n a  CTAGAAQCA~CCAT-CCTTAAAAGAGTOCOTAATAGCTCACTOGTCAAOCGCTCCTOCOC 
n a n  TTAGAAGCAGCAAT - CCTTTAAAGAGTGCGTAACAGCTCACTGGTTAAGCGTTCTTTCGC 
c l a  TT AGAAOCAGCCAC - CCTTCAAAGAGTGCGTAATAGCTCACTGOTAAAGCGTTCTTOCOC 
c h e  TTAGAAGCAGCCAC -CCTTAAAAGAGTGeGTAATAGCTCACTGGTGTAGCGTTCTTOCGC 
e u g  TTAGAAGCAGCCATTCC TTT AAAAAOTGCGTAATAGCTTACTOGTCAAGTGATAGTOCGC 
m a r  CTAGAAGCAGCCAC - C  CTTGAAAQAOTOCGTAATAGCTCACTGATCAAGCGCTC TTGCGC 
m&i CT AGAAGCAGC CAC-C CTTTAAAGAGTGCGTAATAOCTCACTGACTG - G c G C e c  TTGCGC 
S o b  CTAGAAGCAGCCAC -CCTTGAAAGAGTGCGTAATAGCTCACTGATCGAGCGCTCTTGCGC 

• i t i t * i t i t i tSS i t  * It Itit *Si t  It I tSi t i t i t i t  I t*i t i t  I t* i t*  * It Ititit 

1124 - - - D 8  - - -  
c o l  G G A A Q A T G T A A C Q ( ~ G C T A A A C C & T G C A C C G A A G C T O C G G C A G C G A C G C T T A T G C O T T O T  
a n a  CGAAAATG-AACGGGOCTAAGTTCTGTACCGAAGCTGTGGAATT- - GCTGTGCA-A . . . .  
n a n  CGAAAATG- - TCGGGACTAAATGATCTCCCGAAGCTGTOGGAT-ATTCTA- - -ATGAAT-  
c l a  CGATAATG-GCCGGGACTAAGTGACCTGCCGAAGCTGTGATATAATTTATTATATAAATT 
c h e  CGAAAATG-AACGGGACTAAGCGGTCTGCCGAAGCTGTGG- - -GAGTTA . . . . . .  A A A - -  
e u ~  CGAAAATG-AACGGGACTAAGTAATTTGCCGAAGGTOTGAGA . . . . . . . . . . . . .  GAA- - 
m a r  CGAAGATG - &ATGGGACTAAGCGGTCTGCCGAA~CTGTGGGATG - - TCAAAATACA . . . .  
m a i  TGAAGATG- AACGGGGCTAAGCGATCTGCCQAAGCTGTGGGATG- - TCAAAATGeA . . . .  
S o b  CQAAGATG-AACGGQGCTAAQCGATCTGCCGAAGCTGTGGQATG- -TAAAAATACA . . . .  

Itit , i t *  *S i t  * * * i t  *i t*i t*t i t  * i t  v 

1184 
c o l  - TGGGTAGGGGAGCGTT- CTGTAAGCCTGCGAAGGTGTGCTGTGAGGCATGCTGGAGGTA 
a n a  - TTGGTAGGGGAQCGT T - CCGTCGTAGGGTGAAGCGG~AGCO~AAGCAOCeGTGGACGAA 
n a n  A TCGGTAGGGGAGCGTTGCTOCTCTAGG~TOAAGCAAATATGTAAOTATTTGTG~ACGAA 
C I a ATAGGTA(~K]GAGCGTT - CCGCTCTCGGGTGAAGTTTTCACGTAAGTO~3GATOOACOAA 
c h e  ATCGG TAGGG GAGCGTT - CCGCTCTAOOGTGAAGCATAAACGCAAOTTAATQTGAACAAA 
e u ~  ATC GGTAGAAGAGCGTT - CTGTGTTGAAGAGAAGGAATAGTGAAAATAGTTCTOOATTAA 
m a r  - T  CGGTAGGGGA GCGTT - CCGC CTTAGGGAGAAGCATC - ACGTGAGCAGGTGTGOACGAA 
m ~ i  -~CGGTAGGGGAGCGTT-CCGCCTTAGAOGGAAOCAAACO~GAAAOCOO~GGTCOACG~ 
~ o b  -TCGGTAGGGGAGCGTT-CCGCCTTAGAGAGAAOCCTCCGCGCGAGCGGTGGTOGACGAA 

• * * * i t *  * * * * * * *  * * * I t i t**  * S It * * 

Fig. 6. Alignment of LS rRNA from nine species. Nucleotide numbers refer to the Escherichia eoli sequence. Two deletions in this sequence are 
indicated by exclamation marks. Variable domains are indicated and refer to Fig. 4. Domains D1 and DTB were deleted before the alignment; 
respective deletions are indicated. For abbreviations see Fig. 5. 



439 

1242 
c o l  TCAGAAGTGCGAATGCTGACATAAGTAACGATAAAGCG~GTGAAAAGCCCGCTCGCCGGA 
&na ACOGAAGTGAGAATOTCGOCTTGAGTAGCGAAAACATGGGTGAGAATCCCATGCCCCGA~ 
nan  GCAGAAGTGAGAATGTCGGCTTGAGTAACGTAAACATTGGTGAGAATCCAATGCCCCOAA 
c l a  GCGGAAGTGAGAATGTCGGCTTGAGTAACGAAAACATT~TOAGAATCCAATOCCCCGAA 
c h e  GCGGAAGTGAGAATGTCGGCTTGAGTAACGCAAACATTGGTGAOAATCCAATGCCCC-AA 
l u g  ACAGAAOTGAGAATOTCGGCTTAAGTAACGAAAACATTGGTOAAAATCCTATOCTCCGAA 
mar  GCGGAAGCGAGAATGTCGGCTTGAOTAACGCAAACATTGGTGAGAATCCAATGCCCCGAA 
mai GCOGAAGCGAGAATGTCGGCTTGAGTAACGAAAACATTGGTGAGAATCCAATGCCCCGAA 
r o b  GCGGAAGCGAGAATGTCGGCTTGAGTAACGCAAACATTGGTGAGAATCCAATGCCCCGAA 

1302 
c o i  AGACCAAGGGTTCCTGTCCAACGTTAATCGGGGCAGGGTGAGTCGACCCCTAAGGCGAGG 
a n a  ATCCCAAGGGTTCCTCCGGAAG(]CTCGTCCGC~AOGGTTAGTCAG~TCCTAAGGCGAO~ 
n a n  --CCTAAGGATCCT--CACCAOG-TCGTC-ATGGAG~TGAGTCAGGACCTAAOGCGA~ 
c l a  AACCTAAG~GTTCCTCCACTAGOTTCGTCCAT~TTAGTCAGGACCTAAGACTAG~ 
c h e  AACCTAAGGATTGGAGGACTAGGCTCGCTCATGOAGGATOAGTCAGGACCTAAOGCAAG~ 
eug AACCTAAGGTTTCCTTAOCCAOGTTCOTCCTCTAAGGGTTAGTC&~TCCTAAAATAA~ 
l a r  AACCTAA~GTTCCTCCGCAAGGTTCGTCCAC~A~GGTGAGTCAGGOCCTAAGATCAGG 
mal AACCCAAGGTTTCCTCCGCAAGGTTCOTCCACGOAGGOTOAOTCAGO~CCTAAOATCAGG 
r o b  AACCTAAG~GTTCCTCCGCAAGGTTCGTCCACGGAGGGTGAGTCAGGGCCTAAGATCA~ 

* * * * *  * * * * * *  * * * * *  * * * V *  *** 

1362 DTB dlXet~l - - - -~1600 
c o l  CCGAAAOGCGTAG-TCGATGGGAAACAOGTTAATATTCCTGT G-TACCCCAAA-CCGA 
an& CAOAAGTGCGTAG-TCGATGGACAACAGOTTAATATTCC~O'TACCCTAAA-CCGA 
n a n  CTGAAA-OCGTAG-ACGTTOGCAAACAGOTTAATATTCCTOT G-TACCGTAAATCCGA 
c l &  CCAAACGGCGTCG-TCGATGGAAAACAGGTTAATATTCCTGT G-TACCTGAAA-CCGA 
c h e  CCGAAAOOCGTAO-TCGAT~GAAAACAGOTTAATATTCCi!i~G-TACCCCAAA-CCGA 
l u g  TTTAACAACGTAAATTGATGGATGACA~TTAATATTCCTGTA~G-TACCGTAAA-CTOA 

CCGAAAGGCGTAG-TCGAT~ACAACA~CAAATATTCCTGT O-TACCCGAAA-CCGA mar  ~ 
l a i  CCGAAAGOCTAA~-TCGATGGACAACAGO~CAATATTCCTOT ~TACCCGAAA-CCOA 
r o b  CCGAAAO~C-TAG-TCGATOGACAACA~TGAATATTCC O-TACCCGAAA-CCGA 

1 6 1 5  
c o l  CACAGGT---GGT-CAGGTAGAGAATACCAA-GGCG-C'I'rG&GAGAACTCGGGTG-.AAGG 
aria CACAG~T---OG-GACOGTAGAGTATACCAA~--OCOCGAOGTAACTCT-CTCTAAGG 
n a n  CACAGGCTACAGCGTTAOTAG&OTATACTAACGGCOOCGCOAGATAACTCTTCTCTAA~G 
c l a  CACAGGT---AG-GTTOGTAGAGAATACCAA~G--GCOCOAOAOAACTCT-CTCTAAGG 
c h e  CACAGGT---AG-TTGOGTAOAGTATACTTA~--GCGCOACATAACTCT-CTCTAAGG 
eug CACAGOT---AG-GTTAOTAOAATATACTAAGOA--GCOCGAGATAACTCT-TTCTAAGG 
mar CACAGGT---AG-GTAGOTAOAGAATACCTA~G--~COCGAOATAACTCT-CTCTAAGG 
l a i  CACAGGT---GG-GTAOGTAGAGAATACCTAO(~--~COCOAOACAACTCT-CTCTAAO- 
r o b  CACAGGT---GG-GTAGGTAGAGAATACCTA~GG--GCGCGAGACAACTCT-CTCTAAGG 

* * * * * I  * * * V V *  * * * *  * * * ** * * * * *  * *** 

1668  !1741 
c o l  AA-CTAGOCAAAATGOTOCCGTAACTTCGOGAOAAGOCACGCTGATATGTCTGAAATCAG 
a n a  AA-CTCGOCAAAATGACTCCOTAACTTCGGOAGAAGOAGTGCCCACCT---AAGACGTGG 
n a n  AATCTCGGCAAAATGAC-CCOTA-CTTCGG-AGAAGOG-TOCCCTCTC-T . . . .  AAAOAG 
c l a  AA-CTCGGCAAACTGGCCCCTOAACTTCOGAAGAAGGGGCACCCATCCGTAACAAOGTGG 
c h e  AA-CTCGOCAAAATGGCCCCGTAACT-C~AOAAG~GOTOCCTC . . . .  TAOAAATAGAG 
eug AA-CTCGGCAAAATGACTTCGTAACTTCGGAAGAA---GTACCTCT . . . . . . . .  AATGAG 
mar  AA-CTCGOCAAAATA(]CCCCGTAACTTCOGGAOAA~TGCCTCCTC---TAAAAGGAG 
I l l  AA-CTCGGCAAAATAGCCCCGTAACTTCGOGAGAAGGGOTGCCCCCTC*--GCAAAAG-- 
t o b  AA-CTCGGCAAAATAGCCCCGTAACTTCGGGAGAAG~GGTOCCTCCTC---ACAAAGGOG 

ITSJ 
co |  -~-ATACCA~I~ '~AACTOT' I 'TATt 'AAJU~ACACAGCACTOTGCAAACACGA 
m Q I l I ~ - £ A ~ A ~ C O A C T O T ' f T A C C A A A A A C A C A O G T C T C C G C T A A G T C G T  
mm OC(~O30£OI'ACCA(I~'CCA~'OAcT~rTTATCAAJ~L~CATAOGTCTCCOC AAAOTCOT 
e l l  ~ ' ~ A ~ A ~ O A ~ A C C ~ C A C A ~ C ~ G ~ G T  

e u l  ~ "  ~ ~ O A C ~ A C C ~ A C A ~ T C ~ G ~ G ~ A  
l i a r  ~ ' A ~ A ~ A ~ A C ~ A C C ~ C A C A ~ A G T C G T  
I ~  . . . . . . . . . .  ACCA~CC~GAC~TATACC~CACA~C~GTCGT 
t o b  GT~GCAGTG'ACCA~CCCG~GACTGTTTACCAAAAACACAGGTCTCCGCAAAGTCGT 

l l O #  
I l l  AA~O~ACOTATACOGTOTOACOCCTOCCCOOTGCC~AAGGTTAATTGATGOGOTTAGC 

AAOACOATOTATOOOOOCTO&CO~CTOCCCAOTOCC~AAGOTTAAOOAAGCTG~TCAGC 
~ A  AAC'CCATAC-TOO"-OCTOACOCCT~CCCAOTOCCOOAAGOTTAAGGAAGTA~GTTACC 
©1~ AAOACAATATAT~OCTOACOCCTOCCCAG~OCC~3AA~TTAA~AAGTT~TTATT 
e h e  AAOACAATATAT~O~OOCT~ACOCCT~CCCAOTGCCOGAA~TGAA~AAGTTGGTTATT 
OUl A4~ACOATOTAT~OOOOCCOAO~CCTOCTCAGTOCAOGAA~OTTAAAGAAATTOGTTAGC 
mar  AAGACCAT~TAT~30-CTOACOCCTOCCCAGTGCCGGAAOOTTAAGGAAGTTGGTGAC¢ 
I m |  AAGACCATOTATOG(~ACOCCT~CCCAGTOCCGGAAGGTCAA~GAAGTTGGTGAAC 
r o b  AAGACCATOTATO(~G-CTGACOCCTOCCCAGTGCCGGAA~GTCAAGGAAGTTGGTGACC 

18~9 
¢ o l  OCA . . . . . . . .  AOCGAAGCTCTTGATCGAAGCCCCGGTAAAC~CGGCCGTAACTATAAC 
i ~  OCA . . . . . . . .  AOTGAAOCT~3CGACCGAAGCCCCGGTGAAC~CG~CCGTAACTATAAC 
n a n  --ATTTATC . . . .  CAAAOCTTACGACTGAA~CCCCGGCGAACGGCGGCCGTAACTATAAC 
e l i  ~ G T  . . . .  AAGAAAAAAOCTOACGACCGAA~CCCCGGTGAACGGCGGTCGTAACTATAAC 
c h l  TOACCCA~TTAGAA~AGCTGACAACCGAAGCCCCGGTGAA-GGCGGCCGTAACTATAAC 
l u g  GTA . . . . . . . .  AOCAAAOCTAGTGACTGAAGCCCCTGTG~ACAGCGGCAATAACTATAAT 
lear  TGAT . . . .  GACAOOOAAOCCAGCOACTGAAGCCCCGGTAAACGGCGGCCGTAACTATAAC 
~ i  TOAT . . . .  GACA~AAOCC~GCGACCGAAOCCCCOGTGAACGGCGGCCGTAACTATAAC 
r o b  TGAT . . . .  GACAGGGGAGCCGOCGACCGAAGCCCCGGTGAACGGCGGCCGTAACTATAAC 

1921 
CO 1 O~TCCTAA~TAGCGAAATTCCTTGTCGGGTAA~TTCCGACCTGCACGAATGGC~TAATG 
&hi  ~TCCTAAOGTAOCOAAATTCCTTGTCGGGTAAGTTCCGACCCGCACGAAAGGCGTAACG 
n a n  ~TCCTAA~TA~COAAATTCCTTOTCGGGTAAGTTCCGGCCCGCACGCAAGGCTTA_CG 
~l& OATCCTAAOOTAOCOAAATTCATTGTCGAGTAAGTTTCGACCTGCACGAAAOGCGTAACG 
C h l  ~OTOCAAAO~TAOCGAAATTCCTTGTCGGGTAAGTTCCGACCCGCACGAAAGGCGTAACG 
eu6  TGTCCTAA~TAOCflAAATTCCTTGTCGGGTAAGTTCCGACCCGCACGAAAGGCTTAACG 
mar  (]OTCCTAA~TAG~GAAATTCCTTGTCflGGTAAGTTCCGACCCGCACGAAAGGCGTAACG 
~ i  OOTCCTAAO~TAOCGAAATTCCTTGTCGGGTAAGTTCCGACCCGCACGAAAGGCGTAACG 
t o b  ~GTCCTAA~TAOCGAAATTCCTTflTCGGGTAAGTTCCGACCCGCACGAAAGGCGTAACG 

1991 
© o 1  ATOOCCAOOCTGTCTCCACCCGAOACTCAGTGAA~TTGAACTCGCT_GTGAAGATGCAGT 
a n t  ATCT~COCTOTCTCAGAGAOAOOCTCGGCGAAATAGGAGTGTCT_GTGAAGATACGGA 
n a n  TACTOG-CACTOTCTCGGAGAGAG-CTCGGTGAAATAGAC.TGTCT.GTGAAGAT__CGA 
c l a  ATCT~CGCTOTCTCGGAGAGAOGCTCGGTGAAATAGACTTGTCCCGTGAAGATGCG~A 
t h e  ATCTOGOCACTGTCTCGGAGAGAGGCTCGGTGAAATAGACATGTCCGT~AAGATGAGGA 
l u g  ATTT~ACACTOTCTCAGAAAGAGACTCGGTGA~ATAGAATTGACT-GTG&AGATGCG~T 
~&r ATCT(~CACTGTCTCGGAGAGAGACTCGGTGAAATAGACATGTCT-GTGAAGATOCGGA 
~&t ATCTGO~CACTGTCTCGGAGAGA~GCTCGGTGAAATAGACATGTCT-GTGAAGATGCGGA 
r o b  ATCTGGGCACTGTCTCGGAGAGA~CTCGGTGAAATAGACATGTCT.GTGAAGATOCGGA 

Fig. 6. C0minu~. 

ZO4U 
c o l  GTACCCQCGGCAAGACGG-AAAGACCCCOTGAACCTTTACTATAGCTTGACACTOAACAT 
&ha CTACCTGCACCCGGACAG-AAAGACCCTATGAAGCTTTACTGTAGCTTGGTATTG-GCTT 
n a n  CTACCTACA~WO~ACAOTAAAGGCCCTATGAAGCTTGACTGTAGCTTGTAATTGTGTCT 
©l& CTACCTACACCTGGACAO-AAAGACCCTATGAAOCTTGACTOTATCTTGGAATTG-GGTT 
c h e  CTTCCTOCACCTGGACAO-AAAGACCCTATGAAOCTGGACTGGAGCCTGGAATTO-AATT 
e u l  CTACTTOCACTTGOACAO-AAAO&CCCTATGAAGCTTTACTOTATCCTGAAATTO-GTTT 
m l r  CTACCTGCACCTOOACAO-AAAOACCCTATGAAOCTTTACTOTTCCCTGGOATTG-GCTT 
smi  CTACCTOCACCT(~ACAO-AAAOACCCTATGAAGCTTTACTGTTCCCTGGGATTG-GCTT 
r o b  CTACCTGCACCTAGACAO-AAAGACCCTATGAAGCTTCACTGTTCCCTGGGATTG-GCTT 

2 0 9 9  - - -  D9 - - -  
c o l  TGAGCCTTGA-TGTGTAGGATAGGTGGGAGOCTTTGAAGTGTGGACGCCAGTCTGCATOG 
aria C~OCTTTOACTGCGCAGGAT&GOTOGGAOGCTATOAOAC TTTCCTT GTGGGOGAAOTG O 
n a n  CGCOCTTTTTTTGCGCAGACTAGGTGGA~CTAATOAAGAAGTATTTTTOGATATTTTCC 
ol& TOOOCTTTTCTTGCOCAGCCTAGGTGGGA~CTATGAAGATTACCTTCCGGGOTAATTAG 
c h e  CGO~CTTT-CTTOCGCAOC-TAOGTGOGAGGCGTTGATAATTCTCTTCCGGGAGAGTTOG 
l u g  CGO~CTTTTTTTGCOCAOAATAGGTGAGAGGCTATGAT-CTTGTCTTTTGGGATACOGGG 
n a t  TOGGTTTTTCTT~CGCAGCTTAGGTGGAAGGCAAAGAAGGC C - CCTTC TGGGCGG - TGGG 
smi TOOOCTTTTCCTGCGCAGCTTAGGTOGAAGGCGAAGAAGGCCCCCTTCCGOGGGGGCC-O 
t o b  TGGGCCTTTCCTOCGCAGCTTAGGTGGAAGGCOAAGAAGGCCTCCTTCCGGGGGGGCCCO 

2169 - - -  DIO - - -  
c o l  AOCCGACC-TTGAAATA-CCACCCTTTA--ATGTTTGATGTTCTA&CGTTGACCCG . . . .  
a n a  AGCC-AACOGTGAGATA-CCACTCTGTCAAA-GCT-&GAAGTCTAACTTTGAGCCGTTA- 
n a n  AOCC-ATCAGTGAGA-GTCCACTCTGAAGAACGCTTAGAATTCTAATGOCGTTCCTTGAA 
c l a  AGCC-OTCATTGAOAOA-CCACTCTGGAAGA-GCT-AGAATCCTAATOGGOATCCTTGAA 
c h e  AOCC-ATCAGTGAOAGAACCACTCTO~AGAA-GCT-AOAATTCTAATOGCGATCCTTGAA 
euff AGCCGAAAAATOAOATA-CCACTCTGAGAAA-GCT-AGAAATCTAATCTTAATCTTATGT 
• a r  AOC--ATCAGTGAAATA-CCACTCTAOAAGA-GCT-AGAATTCTAACCTTOTOTCAA~AT 
m&i A~CC-ATCAGTGAOATA-CCACTCTGGAAGA-GCTCAG~ATTCTAACCTTGTOTCAG-AC 
t o b  AGCC-ATCAGTGAOATA-CCACTCTGOAAGG-GCT-AGAATTCTAACCTTOTGTCAGGAC 

2210 
c o l  -TAATCCGGGTT~CGGACAGTGTCTOGTGOGTAGTTTGACTGG~GCGGTCTCCTCCTAAA 
a n a  T . . . .  CCGGCCGA--AGCAGTATCA(~ITGO(]CAGTTTGACTOGOGCGGTC(]CCTCCTAAA 
nan --G--CAOOACGCTTGACAGTTTCAGGTGGGCAGTTTGACTGGGGCGGTCACCTCCTAAA 
c l a  T . . . .  CAOGACCCTTGACAGTTTCAGGTGGGCAGTTTATTTOGGGCGAATGCCTCCTAAA 
c h e  T . . . .  CAGGACOTTTGACAGTTTCA~GTGGGCAGTTTOACTGGGGCGG-TGCCTCCTAAA 
lUg  ACAATCATGATAATTGACAGTTTCAGGTGGGCAGTTTTACTGGGGCOGTAGCCTCCTAAA 
mar  TTA--CGOGCCAAOGGACATTCTCAGGTAGACAGTTTCTATGOO~CGTAGGCCTCCCAAA 
mai  CCG--C~OGCCAAOGGACAOTCTCAOOTAOACAOTTTCTATG~CGTAOOCCTCCCAAA 
t o b  CTA--CGGGCCAAG~OACAOTCTCAGGTAGACAGTTTCTATGGGOCGTAGGCCTCCCAAA 

2269 
c o l  GAGTAACGOAGGAGCACGAAGGTTGGCTAATCCTGGTCGGACATCAGGAGGTTAGTGCAA 
aria AOOTAAC~GAGOCOCGCAAAGGTTCCCTCAOGCTOGTTOGAAATCAGCCGACGAGTGCAA 
n a n  AO~TAAC~A~TGTGCAAAGGTTCCCTCAGGCTGGACGGAAATCAGCCGTAGAGTGTAA 
c l a  AGOTAACGOAGGCGTCGAAOOGTTCCCTCAGTCTGGACGGAAATCAGACATTGAGTGTAA 
t h e  GACTAACOGAG~CGTGCAAAGGTTCCCTCAGGCTGGACO~AAATCAGCCGAAGAGTGTAA 
l u g  AAGTAACOGAGGCGTACAAA~TTTTCTCAOGCTAGACOGAAATTAGTTGTGGAGTGTAA 
msr AGGTAACGGAOGT~T~CAAA~TTTCCTCAGGCTGGACGGAAATCAGCCTTCGAGTGCAA 
mai AOGTAACGGAG~CGTGCAAAGGTTTCCTC~GCCAGACOOACATT~GTCCTCGAGTGCAA 
r o b  AGGTAACOGAGOCGTGCAAAGGTTTCCTCGGGCCGGACGGAGATTGGCCCTCGAGTGCAA 

2 3 2 9  
c o l  TGGCATAAGCCA+CTTGACTGCGAGCGTGACGGCOCGAGCAOGTOCGAAAGCAOOTCATA 
i n l  AO~CATAAGOGAGCTTGACTOCAAGACCTACAAOTCGA~CA~G~ACOAAAGTCO~CCTTA 
n&n A~OCAGAAGO~AGCTTGATCGCAAGACCTACAAGTC~AGCAGG~OCGAAA-CGOOCCTTA 
c ] a  AGGCAAAAG~GAGCTTGACTGCAAGACCTAACAGTCOAGCAG~CGAAAGCCO~CCTTA 
t h e  AOGCAAAAGGGAGCTTGACTGCAAGACCTACAAGTCGAGCAOGGOCOAAA-C~OCCTTA 
l u g  AGOCATAAGAA&GCTTGACTGTGAGACTTATAAGTCAAACAGAGACTAAAGTCGOTCTTA 
l a r  AGGCAOAAGGOAGCTTGACTGCAAGACATACCCGTCGAGCAGOGACGAAAGTCGOCCTTA 
l a t  AGOCAGAAGGGAGCTTGACTGCAAOACTCACCCGTCGAGCAGAGACGAAAGTCOOCCTTA 
r o b  AGGCAGAAGGGAGCTTGACTGCAAGACCCACCCGTCGAGCAOOGACGAAAGTCGGCCTTA 

2398 
c o l  GTGATCCGGTGGTTCTGAATGGAAGGGCCATCGCTCAACGGATAAAAGGTACTCCGGGGA 
a n a  GTGATCCGACGGTTCTGAGTGGAAGGGCCGTCGCTCAACGGATAAAAGTTACTCTA~A 
n a n  GTGATCCGACGGTTCCGTGTGGA-GAACCGTCG-TAAACGGATAAAAGTTACTCTAGG~A 
c l a  GTGATCCGACGGTGCCGCGTTGAAGGGCCGTCGCTCAACGGATAAAAGTTACTCTA(]GGA 
c h e  GTGATCCGACG~TACCGAGTGGAAGGGCCGTCGCTCAACOGATAAAAGTTACTCTAGGGA 
l u g  GTGACCCGACGGTGCTGTATGGAAAGGCCGTCG-TAAACAGATAAAAGTTACTCTA~GGA 
mar  GTGATCCGACGGTACCAAGTGGAAGGGCCOTCGCTCAACGGATAAAA~TTACTCTAGGGA 
mai GTGATCCGACGGTGCCGAGTGGAAGGGCCGTCGCTCAACGGATAAAAOTTACTCTAG~GA 
Lob GTGATCCGACGGTGCCGAGTGGAAGGGCCGTCGCTCAACGGATAAAAGTTACTCTAGGGA 

2442 
co l  TAACAGGCTGATACCGCCCAAGAGTTCATATCGAC~GCGGTGTTTGGCACCTCGATGTCG 
a n a  TAACAGGCTGATCTCCTCCAAGAGTTCACATCGACGA~GAG~TTTGGCACCTCG&TGTCG 
n a n  TAACAGGCTGATCTTCCC-AAGAGTTCACATCGACGGGAAGGTTTGGCACCTCGATGTCG 
c l a  TAACAGGCTGATCTTCCCCAAGAGTTCACATCGACGGGAAGGTTTO~CACCTCGATGTCG 
c h e  TAACAGOCTGATCTTCCCCAAGAGTTCACATCGACGGGAAGGTTTGGCACCTCGATGTCG 
l u g  TAACAGGCTGATCTCCCCCAAGAGTTCACATCGACGGGGA~TTTGGCACCTCGATGTCG 
mar TAACAGGCTGATCTTCCCCAAGAGTTCACATCGACGGGAAGGTTTGGCACCTCGATGTCG 
• m&i TAACAGGCTGATCTTCCCCAAGAGTCCACATCGACGGGAAGGTTTGGCACCTCGATGTCG 
~ob TAACAG~CTGATCTTCCCCAAGAGCTCACATCGACGGGAAG~TTTGGCACCTCGATGTCG 

2502 
c o l  GCTCATCACATCCTGGGGCT~AAGTAGGT-CCCAAGGGTATGGCTGTTCGCCATTTAAAG 
a n a  GCTCATCGCAACCTGGGGCTGAAGTCGGTCCC-AAGGGTTGGGCTGTTCGCCCATTAAAG 
nan  GCTCTACGCAACCTGGG--CGTAGTACGT--CCAAGGGTTGGGCTGT-CGCC-AT-GAAG 
c l a  GCTCATCACATCCTCGGTCTGTAGTAGGT-CCGAAGGGTTGGGCTGTTCGCCCATTAAAG 
c h e  GCTCATCGCAACCTGGAGCGGTAGTACGTTCCCAAGGGTTGGGCTGTTCGC--ATGAAAG 
eug GCTCATCGCAACCTGGGGCGGTAGTACGT-CCCAAGGGTTGGGCTGTTCGCCCATTAAAG 
mar GCTCTTCGCCACCTGGGGCGGTAGTACGTTCC-AAGGGTTGGGCTGTTCGCCCATTAAAG 
mai GCTCTTCGCCACCTGGAGCTGTAGGTGGTTCC-AAGGGTTGGGCTGTTCGCCCATTAATG 
t o b  GCTCTTCGCCACCTGGGGCTGTAGTATGTTCC-AAGGGTTGGGCTGTTCGCCCATTAAAG 

2567 
c o l  TGGTAC~CGAGCTGGGTTTAGAACGTC~TGAGACAGTTCG~TCCCTATCTGCCGTGGGCG 
aria CGGTACGTGAGCTGGGTTCAGAACGTCGTGAGACAGTTCGGTCCATATCCGGTOCAOGCG 
nan  CG-TACGTAAGCTCGGGTCAGAACGT-GAGAG-CAGTTCGGTCCATATCCGGTGTAGGCG 
c l a  TGGTACGTGAGCTGG~TTCAAAACGTCGTGAGACAGTTTGGTCCATATCCG~TGTAGGCG 
c h e  CGGTACGTGAGCTGGGTTCAGAACGTCGTGAGCAAGTTCGGTCCATATCCOGTGTAGGCG 
l u g  CGGTACGTGAGCTGGGTTCAGAACGTCGAGAGACAGTTCGGTCCATATCCGGTGTGAGCG 
mar  CGGTACGTGAGCTGGGTTCAGAACGTCGTGAGACAGTTCGGTCCATATCCGGTGTG~GCG 
mal CGGTACGTGAGCTGGGTTCAGAACGTCGTGAGAC-GTTCGGTCCATATCCGGTGTGGOCO 
~ob CGGTACGTGAGCTGGGTTCAGAACGTCGTGAGACAGTTCGGTCCATATCCGGTGTGGGCG 

• ****  **** ** * * * * * * *  * *** *** *****  ****  * * *** 
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2 8 2 7  
c o l  CTGGAGAACTGAGGGGGGCTGCTCCTAQTACGAGAGGACCGGAOTGGAC-GCATCACTGG 
a n a  TAAGAGTATTGAGAGGATTTCTCCCTAGTACOAGAOGACCGGGA~AAC-OCACC(]CT~ 
n a n  CTOGAGCATTGAGAOGAGTCTTCCATAGTACGAOAGG&CCT~AAGAACTACACCTCT~ 
c l a  TTAGAGCATTGAGAGTA~CTTTCATAOTACGAOAOGACCTOAAAOGAC-ATGCCAATTG 
t h e  TAAGAGCATTGAGAGGAGTCTTCCATTGTACGAGAGGACCTGGAAGAAC-C~ACCACTAG 
e u g  TTAGAGTATTGAAAGGCGCTTTCCTTAGTACGAGAOGACCGGGAAGGAC-OCACCACTGA 
m a r  TTAGAGCATTGAGAGGACCTTTCCCTAGTACGAOAGGACCGGGAAGGAC-GCACCTCTGG 
Aa l  TTAGAOCATTGAGAOOACCTTTCACTAGTACGAGAGGACCGGGAAOGAC~GCACCTCTGG 
r o b  TTAGAGCATTGAGAGGACCTTTCCCTAGTACGAGAGGACCGGGAAGGAC-GCACCTCTGG 

2 8 8 6  
c o l  TGTTCOGGTTGTCATGCCAATOGCAC-TOCCCGGTAGCTAAATGCGGAA~AGATAAGTGC 
a n a  TGTACCAGTTATCGTGCCAACGOTAAACGCTGGGTAGCTACGTGTOOAGTOGATAACCOC 
n a n  TATACCAGTTCTCACGCCAGTGGGAAACGCTGGGTAGCCAAGTOTOGAGTGGATAACCGC 
¢ l a  TGTACCAGTTCTCATTCCAATGGGAAACGCTGGGTAGCTACOCATOGATAOAATA-CTGC 
¢ h e  TATACCAGTTCTCCTGCCAAGOGGATACGCTGOGTAGCCAAGTGCGGAGCGOATAACTGC 
e u g  TGTACCAGTTTTTOTGCCAACAGAATAC(]CTGGGTAGTCAAOTGCGGAGTOGATAACTOC 
m a r  GTTACCAGTTATCGTGCCCACGGTAAACGCTGGGTAGCCAAGTOCGGA-CGGATAACTGC 
l a i  TGTACC&GTTATCGTGCCTACGGTAAACGCT~TA(]CCAAGT(]TOGAG&OGATAACTGC 
r o b  TTGACCAGTTATCGTGCCCACGGTAAACGCTGGGTAGCCAAGTGCGGAOCOOATAACTGC 

2?45 
CO1 TGAAA6CATCTAAGCACGAAACTTGCCCCGAGATGAGTTCTCCC 
a n a  TGAAAGCATCTAAGT~GAAQCCCACCTCAAGATGAGTACTCTC 
n a n  TGAAAGCATCTAAGTGGGAAGCCCACCTCAAGATGAGTOCTCCT 
¢la TGAAAGCATCTAAOTAGGAAGCTAAACTCAAGATGAGTGCTCTC 
c h e  TGAAAGCATCTAAGTAOOAAGCCCACCTCAAGATGAOTGCTCTC 
e u g  TGAAAGCATATAAGTAGGAAOCCCACCTTAAOATAAGTACTCTT 
m a r  TGAAAGCATCTAAGTAGGAAQCCCACCTCAAGATGAOTGCTCTC 
m a i  CGAAAGCATATAAGTAGTAAGCCCACCCCAAOATGAGTOCTCTC 
r o b  TGAAAGCATCTAAGTAGTAAGCCCACCCCAAGATGAGTOCTCTC 

Fig. 6. Continued. 

using various methods of calculation. Although methods 
to prove the correctness of such trees are still lacking 
(Hillis and Huelsenbeck 1992), these trees are considered 
to be correct. 

Obviously, due to reasons cited above, the phylogeny 
of plastids has not been elucidated conclusively, al- 
though many investigations have been performed on this 
subject, using either rRNA sequences (Hori and Osawa 
1987; Woese 1987; Cedergren et al. 1988; Giovannoni et 
al. 1988; Turner et al. 1989; Van de Peer et al. 1990; 
Markowicz and Loiseaux-de Goer 1991; Douglas 1992) 
or protein sequences (Schwartz and Dayhoff 1978; Jan- 
ssen et al. 1989; Grace 1990; Kraus et al. 1990; Morden 
et al. 1992) or gross genome organization (Shivji et al. 
1992). 

Most of these authors agree that plastids originated 
from cyanobacteria and are of monophyletic origin. 
However, a "robust" tree comprising all plastids has not 
been found yet. The branching order of most algal chlo- 
roplasts could not be determined precisely. Only the tree 
containing exclusively the chloroplasts of plants was 
found to be "robust." This tree is also in agreement with 
"classical" taxonomy, based on morphological criteria. 

Recently, the monophyletic origin of the plastids has, 
however, been questioned (Boczar et al. 1989; Assali et 
al. 1990). High homology has been found between the 
ribulosebisphosphate carboxylase gene of the chloroplast 
of Pylaiella littoralis and R-purple bacteria (Assali et al. 
1991; Markowicz and Loiseaux-de Goer 1991) and be- 
tween the same gene of the chloroplast of Ectocarpus 
silicuIosus and hydrogen bacteria (Valentin and Zetsche 
1990). However, the rRNA genes of these algae show the 
usual homology to cyanobacteria. Thus, it has been pro- 
posed that the plastid genomes from Chromophyta, 
Rhodophyta, and Cryptophyta are of a composite phylo- 
genetic origin. Furthermore, plastids have also originated 
from secondary symbiotic events. It has been shown that 
several algae are intertaxonic chimaeras generated from 
different protozoa (Douglas et al. 1991; Eschbach et al. 
1991; Douglas 1992). 

Considering the preliminary status of sequence de- 
rived chloroplast phylogeny, we will cautiously assess 
the significance of our results. The position of N.e. on the 
tree with respect to the positions of the plant and Chlo- 
rella chloroplasts was "robust," which means it is iden- 
tical under all conditions. Consequently, we conclude 
that N.e. is most closely related to Chlorella vulgaris and 
therefore belongs to the order Chlorococcales. This con- 

SS rRNA A. nidutans 
N. tabacum 

Z. mays 
orpho 

N. eukaryotum 
Ch. vulgaris 

Itipsoidea 
C. reinhQrdtii 

P. I.ittor(l[is 

-, E gracitis 

• E. coil 

, . p 0.01 knuc  

LS rRNA N. tob(~cum 
/~_______~ Z. moys 

. . .  / M. polymorpha 
~. ? u t  °'ns / ~ - - - - - - - "  y Ch. ellipsoide a 

/ /   .ou.,yo,om 

E. cot~ 

Fig. 7. Pbylogenefic trees inferred from SS rRNA and LS rRNA sequences. The comp|ete, aligned sequences from Figs. 5 and 6 were used. No 
distance corrections were used. Distance matrices were calculated according to I~mura (1980) with the program DNADIST,  trees with the program 
FITCH, both from the Phylip software package. Lengths of vectors are proportional to evolutionary distances. 
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c lus ion  is suppor t ed  by  inves t iga t ions  u s ing  the  nuc lea r  

SS r R N A  sequence  o f  N.e. (Sa rgen t  et  al. 1988),  w h i c h  

has  b e e n  i n c l u d e d  in ca lcu la t ions  of  the  p h y l o g e n y  o f  

a lgae  ( R a u s c h  et al. 1989; E s c h b a c h  et  al. 1991; Hen -  

dr iks  et  al. 1991; Doug la s  1992).  In all inves t iga t ions ,  

N,e. was f o u n d  to be  c lose ly  re la ted  to Chlorella. 

E v e n  i f  this  t a x o n o m i c  pos i t ion  is on ly  a p p r o x i m a t e l y  

correct ,  we  ce r ta in ly  can  exc lude  that  N.e. b e l o n g s  to an  

ances t ra l  a lgal  l ineage.  Consequen t ly ,  the  p r imi t i ve  mor -  

pho log ica l  and  b i o c h e m i c a l  a p p e a r a n c e  of  N.e. m u s t  b e  

due  to reduc t ion .  A c o m p a r a b l e  p h y l o g e n e t i c  mis in te r -  

p re ta t ion  o f  unus ua l  b i o c h e m i c a l  p roper t i es  has  occu r red  

in d inof lage l la tes .  In  par t icular ,  the  a b s e n c e  o f  h i s tones  

has  led to the  a s s u m p t i o n  tha t  d inof lage l la tes  are an  " a n -  

c e s t r a l "  t a x o n  (Herzog  et al. 1984). Howeve r ,  phy loge -  

ne t ic  analys is ,  b a s e d  on  LS r R N A  sequences ,  p laces  di- 

nof lage l l a tes  c lose  to ci l ia tes  and  yeas t  in  the  m i d d l e  o f  

the  k i n g d o m  of  un ice l lu la r  euka ryo te s  (Lenaer s  et  al. 

1989).  

Thus ,  i t  is o b v i o u s l y  u n w a r r a n t e d  to d raw p h y l o g e -  

ne t ic  conc lus ions  f r o m  b i o c h e m i c a l  pecul iar i t ies ,  e v e n  i f  

they  d i f fe r  s ign i f i can t ly  f r o m  es t ab l i shed  s tandards .  The  

p h y l o g e n e t i c  pos i t ion  o f  an  o r g a n i s m  can  b e  in fe r red  

on ly  f r o m  a t h o r o u g h  ana lys i s  u s ing  sequences  of  severa l  

su i tab le  genes .  
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