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Abstract. The marine green coccoidal alga Nanochlo-
rum evkaryotum (N.e.) is of small size with an average
diameter of 1.5 pum. 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
CsCl 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
10* bp, respectively. Several chloroplast genes, including
the TRNA genes, were cloned on distinct fragments. The
order of the rRNA genes corresponds to the common
prokaryotic pattern. The 165 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™ and tRNA*"” genes. The 5
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 tRNA sequences, we have
deduced secondary structures of the 16S and 23S rRNAs,
which are in agreement with standard models. The IRNA
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.

Key words:  Algal phylogeny — Chloroplast phylog-
eny — Large-subunit IRNA — Nanochlorum eukaryo-
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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 eukaryorum
(N.e.) (Wilhelm et al. 1982) is also of extremely small
size (1.5 um 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



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

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 mmol/l Tris/HCI,
pH 8, 250 mmol/l EDTA, 1 mmol/! 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/HCI, pH 8,
50 mmol/l 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).

Analytical Density Gradient Centrifugation. Total DNA from N.e.
was dissolved in 15 mmol/l Tris/HCL, pH 8, containing CsCl 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 CsCl/Tris/HCl (see above) at a concentration of 100
pg/ml 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 pg of DNA with a GC con-
tent of 34% was obtained from 10 mg of total DNA.

Reassociation Kinetics. DNA was dissolved in phosphate buffer
(0.12 mol/l, pH 7), sonicated, and dialyzed against the same buffer for
24 h. Samples containing approx. 50 pg/ml DNA were gassed with
helium, filled into the thermocuvette of a Gilford 250 spectrophotom-
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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 min 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/cy = f1 +kyfe 04 + (1= AL + ky(1 = e 704 o)

(Britten and Davidson 1976) by a curve fit program (Minuit, CERN
library), where S is the concentration of single-stranded DNA, ¢, is the
total DNA concentration, f'is the fraction of the first component, and k,
and k, 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-1,5-bisphosphate carboxylase/
oxygenase, large subunit [rubisco]; photosystem I P700 apoprotein;
ATP synthase, subunit alpha) were prepared according to Bolivar et al.
(1977). Radjoactive labeling of the probes was carried out as described
by Rigby et al. (1977). A ¢cDNA transcript of Escherichia coli 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.

Construction of ctDNA Libraries and Mapping of the Genome.
ctDNA fragments obtained from partial digestion with HindIIl and
from total digestion with Clal were ligated into pBR322-DNA using
standard methods (Sambrook et al. 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° colonies of
the c¢tDNA 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
c¢DNA 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 HindIIl clones were
detected, which contained ribosomal genes.

Sequence and Secondary Structure Determination of the rRNA
Genes. For sequence determination, the HindIll, EcoRl, and EcoRl/
HindIII 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 HindIIl 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).

Sequence Alignment and Tree Construction. Sequence alignments
were performed with the “‘Clustal 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

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 CsCl 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 CsCl gradient centrifugation without the ad-
dition of any density difference-enhancing substances.

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
107 bp (Mortimer et al. 1992), we calculated the genetic
complexity of the N.e. genome to be approx. 3.2 X 107
bp. This value is slightly smaller than values determined

Table 1. Reassociation constants of DNA from N.e. and yeast
Proportion of
Reassociation DNA which
constant reassociates with
(mol™'s71) this constant
N.e. main band DNA 0.10 95.3%
N.e. satellite band
DNA 353 90.5%
87.9%

Yeast total DNA 0.23

for several Chiorella species (Dorr 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
107'* 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* 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
10* bp) may well be greater or smaller by a margin of up
to 20%. The value of 9 x 10* bp is consistent with the
data obtained from restriction endonuclease analysis.
(See below.)

Identification of Chloroplast DNA in the Satellite
Band DNA

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 Pvull, Sall, and Xbal 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 Pvull 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 10* 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 + HindlIll, fragment lengths in kb). Lane
B: Pyull digest. Lane C: Sall digest. Lane D: Xbal 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* 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 (HindIll) and
complete (Clal) 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
HindIl 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 Clal library.

Primary Structure of the rRNA Genes

The 6-kb ctDNA fragment from the Clal 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 165 rRNA and the 23S rRNA genes comprises
merely 459 bases, including the usual tRNA™® and
tRNA*"™ 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 55
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 TRNA gene.

Secondary Structure of Chloroplast rRNA

Arranging tRNA 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 (L.S) 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 tRNA. 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 (D1a and D1d) as compared to the
model of Gutell and Fox (1988). Helix D1a has also been
found by Engberg et al. (1990) in Tetrahymena pyri-
Jormis 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, Clal; E, EcoRI; H, HindIIl. 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 ellipsoidea 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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(1988).

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

@ 1970 Kume Sestber

Secondary structure of chloroplast SS tRNA of N.e. Stem-loop structures and variable domains are numbered according to Dams et al.

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 tRNA tree, which in-
cluded two Chiorella species, we always obtained an
even closer relationship of Chlorella vulgaris with N.e.
than of Chlorelia 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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1

A--AAT----TGAAGAGTTT-GATCATGGCTCAGATTGAACGCTGGCGGCAGGCCTAACA
AA~ - «=~A-ATGGAGAGTTT-GATCCTGGCTCAGGATGAACGCTGGCGGCATGCTTAACA
TTCACGGAGAGTTT-GATCCTGGCTCAGGATGAACGCTGGCGGCATGCTTAACA
-CCATGGAGAGTTT-GATCCTGGCTCAGGACGAACGCTGGCGGCATGCTTAACA
TTCATGGAGAGTTTCGATCCTGGCTCAGGATGAACGCTGGCGGCATGCTTAACA
=TG-~ -CCTGCAGAGAGTTT-GATCCTGGCTCAGGATGAACGCTGGCAGCATGCTTAACA
~~GAA~~-=-ATGACGAGTTT-GATCCTTGCTCAGGATAAACGCTGGCAGTATGCTTAACA
A-=-AACT~~ATCGAGAGTTT-GATCCTGGCTCAGGATGAACGCTGGCGGTATACTTTACA

« === ~TCTCATGGAGAGTTT-GATCCTGGCTCAGGATGAACGCTGGCGGCATGCTTAACA

== ==TC--ATGGAGAGTTC-GATCCTGGCTCAGUATGAACGCTGGCAAGCATUCTTAACA

ATGAATCTCATGGAGAGTT-CGATCCTGGCTCAGGATGAACGCTAGCGACATACTTAACA
SEUES  SEED & SRREAN  ERESINERENNE  ¥E & K68
54 cmre Y] cmee

CATGCAAGTCUGAACGGTAACAGG- - -~ ~ == ~AAG~=AAGCTTGCTTCTTTACTGA - -~CG

CATGCAAGTCGAACG cess—ian-eeGGCTCTTCAGAGC--~===~~~-T
CATGCAAGTCGAACGAACATA-- AAATTGTGCTTGCATAATTTTA--TACTG
CATGCAAGTCGAACG AGCAAAGCAATTTGTG-----~T

CATGCAAGTCGAACGGAGAGTTTGCTTTTTTTAAGCTTAGGTTAAAAAAAAGTAAATTCTT

CATGCAAGTCGTACGCA--~--TGC-~=-=~==~AATTTGGCTTGCCAGATTGCGA-~--TG
CATGCAAGTTGAACGAAA-====-=~ ====TTA-~=CTAGC~~~=~--AATAQTAA--~TTT
CATGCAAGTCGTACGAAAGTGT ~TAAAACTTT
CATGCAAGTCGTACAGGAA---GGATCCT~--AGT~-~GQT--~~-~ ~=======GTTTCC
CATGCAAGTCGAACGGGAA~

CATACAAGTCGAACAAG--

SERIRERVE X XEF

101

AGTGGCGGACGGGTGAGTAATGTCTGGGAAACTTGCCTGATGGAGGGOATAACTACTGGA
AGTGACGGACGGGTGAGTAACGCAT AATCTGCCTAC. ACAACAGTTOGA
AGTGGCGGACGGGTGAGTAACACGTAAGAACCTACCTTTTGGCGAGGGACAACCATTGGA
AGTGAGCGAACGGGTGCGTAACGCGTAAGAACCTACCTATCGGAGGGGGATAACATTGOGA
AGTGGCGGACGGATGAGTAACGCGTAAGAACCTACCTTTAGGCGGOGGACAACAACTAGA
AGTGGCGGACGGGTGAGTAACACATAAGAACCTACCTTTTAGAGAGGAATAACCATTGGA
AGTGGCGGACGGGTGAGTAATATGTAAGAATCTGCGCTTGGACGAGGAATAACAGATAGA
AGTGGCGGACGGGTGAGTAACACGTGAGAATTTACCTTTAGGAGGAGAATAACAGTTGGA
AGTGGCGGACGGGTGAGTAACGCATAAGAACCTGCCCTTGAGAGGUGGACAACAGCTGAA
AGTGGCGAACGGGTGAGTAACGCATAAGAACCTGCCCTTGGGAUGUGAACAACAACTGGA

AGTGGCGGACGAATGAGTAACGCGTAAGAACCTGCCCTTGGGAGGGGAACAACAGCTAGGA
EENERBE BRKIABE FEER s 5t & * e 8 $99 E 214
161 L s
AACGG-TAGCTAATACCGCATAACGTCGCAA-GACCAA -~ ~~AG CT

AACGA-CTGCTAATACCCGATGT == =G-CC=~ =~ ~=====GAGAGGTGAAACATTTATG

AACGG-TTGCTAATACCCCATAA-~~@-CT-=-===~~
AACGA-TGGCTAATACCTCGTATT-=0~CT-===-==~=~-~GAGAAGTGAAAGATGAAA -
AACGT-TTGCTAATGCCTCATAATTTA-CTA-GATCTATATGAGTAGCTAGTTAAAGAGA
AATG~ACTGCTAATGCCGCATATCGTAATTATGAGACATATCATAACTATGAAAGAAGAA
AACGG-TTGCTAATACCCCATAG---G~CT=~~~ ~=GAGGAGCAAAAGGAGGAAT
AACGG-TTGCTAATACCCCGTAG--~G-CT~~~= ==~GAGGAGCAAAAGGAGAAAT
AACGG-CTGCTAATACCCCOTAO---G—CT---------—-GAOGAGCAAAAOOAOOAA-
L2 RS XK *

215

CTCTTGCCATCGGATGTGCCCAGATGGGATTAGCTAGTAGGTG~GGOGTAACGGCTCACCT
----- GCCTGTAGATGAGCTCACGTCTGATTAGCTAGTTGGTGGGG-TAAGGGCCTACCA
AT--CACCAAGAGATGGGCTTG-~TCTGATCAGCTTGTTGGTAAGG-TAATGGCTTACCA
A--CCGCCGATAGAGGGGCTTGCAGTCTGATTAGCTAGTTGGTGGGGGTAACGGCCTCCCA
ATTCTGTCTAAAGATGGGCTTGCOTCTGATTAGCTTGTTGGTGAGG-TAATTGCTTACCA
AT--CGCCAATAGATGGGCTTGCGGCTGATTAGCTTGTTGGTGAGG-TAATGGCTTACCA
ATTTCGCCTAGGCATGAGCTTGCATCTGATTAGCTTGTTGGTGAGG - TAAAGGCTTACCA
ATTC-GCCTAAAGAAAAGCTTGCGTCTGATTAGCTAGTTGGTAAGGGTAAAGGC-TAC-A
«==CCACCTAAGGAGGGGCTTGCGTCTGATTAGCTAGTTGGTGAGG-TAATAGCTTACCA
-=--CCGCCCAAGGAGGGGCTCGCGTCTAATTAGCTAGTTGGTGAGG-CAATAGCTTACCA
-—TCCGCCCGAGGAGGGGCTCGCGTCTGATTAGCTAGTTGGTOAGG CAATAGCTTACCA

* ”” XX IREE KX EXR FE AR 2% *

274

AGGCGACGATCCCTAGCTGGTCTGAGAGGATGACCAGCCACACTGGAACTGAGACACGGT
AGGCGACGATCAGTAGCTGATCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGC
AGGCAACGATCAGTAGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGC
AGGCCACGAGCAGTAGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGC
AGGCAACGATCAGTAGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGC
AGGCAATGATCAGTAGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGC
AGGCGACGATCAGTAGCTGATTTGAGAGGATGATCAGCCACACTGGGATTGAGA-ACGGA
AGGCOACGATCAGTAGCTAGTTTGAGAGGACGACCAGTCACACTGG-ACTGAGACACGGT
AGGCGACGATCAGTAGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGC
AGGCOATGATCAGTAGCTAGTCCGAGAGGATGATCAGCCACACTGGGACTGAGACACGGC
AGGCGATGATCAGTAGCTGGTCCGAGAGGATGATCAGCCACACTGGGACTGAGACACGGC
*EXE X 2 & * LA 212 * EEEEE £3I%

334

CCAGACTCCTACGGGA -GOCAG-CAGTGGGGAATATTGCACAATGGGC-~GCAAGCC-TG
CCAGACTCCTACGGGA-GGCAG-CAGTGGGAAATTTTCCACAATGGGC--GCAAGC~~~G
CCAGACTCATACGGGAAGGCAGGCAGTGAGGAATTTTCCGCAATGGGGCGGAAAGCCGTG
CCAGACTCCTACGGGA-GGCAG-CAGTGAGGAATTTTTCGCAATGGGC - ~GCAAGC~~-G
CCAGACTTCTACGGAA-GGCAG-CAGTGAGGAATTTTCCGCAATGGGC--GAAAGC--TG
CCAGACTCCTACGGGA -GGCAG~CAGTGAGGAATTTTCCGCAATGGGC--GACAGCC-TG
ACAGACTTCTACGGAA-GGCAG-CAGTGAGGAATTTTCCGCAATGGGC-~GCAAGCC-TG
CCAGACTACTACGGGA-GGCAG-CAGTGGGGAATTTTCTGCAATGGGC--~GAAACTG-A
CCAGACTCTTACGGGA~GGCAG-CAGTGGGGAATTTTCCGCAATGGGC- -GAAA-CG-TG
CCAGACTCCTACGGGA~GGCAG~CAGTGOGGAATTTTCCGCAATGGGC - -GAAAGCC-TG
CCAGACTCCTACGGGA-GGCAG-CAGTGGGGAATTTTCCGCAATGOGC--GAAAGC---G
EREERE  SHEKX X XEXEX BREXX RERAE KN BREREER * *

389

ATGCAGCCATGCCGCGTGTATGAAGAAGGCCTTCGGGTT-GTAAAGTACTTTCAGCGGGG
ACGGAGCAACGCCGCGTGGGGOAGGAAGGTTTTTGGACTG-TAAACCCCTTTTCTCAGGG
ACGGAGCAATGCCGCATGAAGGATGAATGCCTATGGGTTGGTAAACTTCTTTTCTCAGAG
ACGGAGCAATGCCGCGTGCAGGAAGAAGGCCTGTGGGTCG-TAAACTGCTTTTCTCAGAG
ACGGAGCAATGCCGCGTGGAGGATGACAGCCTGTGGGTCG-TAAACTCCTTTTCTCAGAG
ACGUGAGCAATGCCACGTGAAGGATGAAGGCCTATGGGTTG-TAAACTTCTTTTCTCAGAG
ACGGAGCAATACCGCGTGAAGGAAGACGGCCTTTGGGTTG~AAAACCTCTTTTCTCAAAG
ACAGAGCAATACCGCGTGAGGGAAGAAAGCCCACAGGGTTGTAAACCTCTTTTGTCAAGG
ACGGAGCAATGCCGCGTGGAGGTAGAAGGCTCACGGGTCG-TAAACTCCTTTTCTCAGAG
ACGGAGCAATGCCGCGTGGAGGTGGAAGGCCTACGGGTCG-TCAACTTCTTTTCTCGGAG
ACGGAGCAATGCCGCGTGGAGGTAGAAGGCCCACGGGTCG ~TGAACTTCTTTTCCCGGAG
* FEE X SRREENE * * * *k LES L * *

5. Alignment of chloroplast SS rRNA sequences from 11 spe-
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-
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148 1476
AGGAAGGGTCATTGACGTTACCCGCAGAAGAAGCACCGGCTAACTCCGTGCCAGCAGCCG
AAGAA--GAAAGTGACGGTACCTGAGGAATAAGCCTCGGCTAATTCCGTGCCAGCAGCCG
AAGAA-~TTT-+-TGACGGTATCTGAGGAATAAGCATCGGCTAACTCTGTGCCAGCAGCCG
AAGAA--GTTC-TGACGGTATCTGAGGAATAAGCACCGGCTAACTCTGTGCCAGCAGCCG
AAGAA--GTTC-TGACGGTATCTGAGGAATAAGCATCGGCTAACTCCGTGCCAGCAGCCG
AAGAA--GCAT-TGACGGTATCTGAGGAATAAGCATCGGCTAACTCTGTGCCAGCAGCCG
AAGAA--G-AAATGACGGTATTTGAGGAATAAGCATCGGCTAATTCCGTGCCAGCAGCCG
AAGAA--GATTCTGACGTTACTTGACGAATAAGCATCGGCTAACTCCGTGCCAGCAGCCG
AAGAT--GCAA~TGACGUTATCTGAGGAATAAGCATCGUCTAACTCTGTGCCAGCAGCCG
AAGAA--ACAA-TGACGATATCTGAGGAATAAGCATCGGCTAACTCTGTGCCAGCAGCCG
AAGAA--GCAA-TGACGATATCTGGGGAATAAGCATCGGCTAACTCTGTGCCAGCAGCCG
* 52 *E3EE XX LI L1 AN L1 1] £l d

528

CGGTAAT-ACGGAGOGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCACGCAGGC
CGGTAAT-ACGGGAGAGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCCTGCAGGC
CGGTAAG-ACAGAGGATCGAAGCGTTATCCGAATTGATTGGGCGTAAAGCGTCTGTAGGT
CGGTAAT~ACAGAGGGTGCAAGCGTTGTCCGCAATGATTGGGCGTAAAGCGTCTGTAGGT
CAGTAAG-ACGGAGAATGCAAGCGTTATCCGGAATGATTGGGCGTAAAGCGTCTGTAGGT
CGGTAAG-ACAGAGGATGCAAGCGTTATCCGGAATGATTGGGCGTAAAGCGTCTGTAGGT
CGGTAAT-ACGGGAGATGCGAGCGTTATCCGGAATTATTGGGCGTAAAGAGTTTGTAGGC
CGGTAAGGACGGGGGATGCAAGTGTTATCCGGAATTACTGGGCGTAAAGCGTTTGTAGGT
COGTAAG-ACAGAGGATGCAAGCGTTATCCGGAATGATTGGGCGTAAAGCGTCTGTAGGT
CGGTAAG-ACAGAGGATGCAAGCGTTATCCGGAATGATTGGGCGTAAAGCGTCTGTAGGT
CGGTAAT~ACAGAGGATGCAAGCGTTATCCGGAATGATTGGGCGTAAAGCGTCTGTAGGT
A2 X% 3 ¥ "X k% 5 R K X EREXEAEENEE X * KRR

587
GGTTTGTTAAGTCAGATGTGAAATCCCCGGGCTCAACCTGGGAACTGCATCTGA-TACTG
GGTTAATCAAGTCTGTTGTCAAAGCGTGGGGCTCAACCTCATACAGGCAATGGAA-ACTG
GGTTTATCCAGTCTTCTGTCAAAG-TCAGGGCTTAACCTTGGATAGGCAGGAGAA-ACTA
GGCTCGTAAAGTCTAATGTCAAATACCAGGGCTCAACCTTGGACCGGCATTGGAGTACTC
GATTTATTAAGTCTACTGTTAAAGATCAGGGCTTAACCCTGAGTCGGCAGTAGAA-ACTA
GGCTTAAAAAGTCTCCTGTCAAAGATCAGGGCTTAACCCTGGGCCGGCAGGAGAA-ACTC
GGTCAAGTGTGTTTAATGTTAAAAGTCAAAGCTTAACTTTGGAAGGGCATTAAAA-ACTG
GAGTTTAGTAAGTCTATTGTTAAAGCTTGAAGCTTAACTTCAAAAGTGTAATAGAA-ACTA
GACTTTTTAAGTCCGCCGTCAAATCCCAGGGCTCAACCCTGGACAGGCGGTGGAA-ACTA
GACTTTTCAAGTCCGCCGTCAAATCCCAGGGCTCAACCCTGGACAGGCGGTGGAA-ACTA
GACTTTTTAAGTCCGCCGTCAAATCCCAGGGCTCAACCCTGGACAGGCGGTGGAA-ACTA
”"” L2 L1 AR 12 EE X8R * L L 1

646

GCAAGCTTGAGTCTCGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATGCGTAGAG
ATTGACTAGAGTATGOTAGGGGTAGCGGGAATTCCAGGTGTAGCGGTGAAATGCGTAGAT
ATAGACTAGAGTTCGATAGOGGCAGAGGGAATTCCCGGTGGAGCGGTGAAATGCGTAGAG
ACGAGCTTGAGTACGGTAGGGGCAGAGGGAATTCCATGTGGAGCGGTGAAATGCGTAGAG
ATGAGCTTGAGTACGGTAGGGGCAGAGGGAATTCCGGGTGTAGCGGTGAAATGCGTAGAG
TTAGGCTAGAGTTTGGT ICAGAGGGAATTCCCGGTGGAGCGGTGAAATGCGTAGAG
CTAGACTTGAGTATGGTAGGGGTGAAGGGAATTTCCAGTGTAGCGGTGAAATGCGTAGAG
CTAGACTTGAGGATAGTAGGGGTAAAGGGAATTTCCAGTGGAGCGGTGAAATGCGTAGAG
CCAAGCTGGAGTACGATAGGGGCAGAGGGAATTTCCGGTGGAGCGGTGAAATGCGTAGAG
CCAAGCTGGAGTACGGTAGGGGCAGAGGGAATTTCCGGTGGAGCGGTGAAATGCATTGAG
CCAAGCTGGAGTACGGTAGGGGCAGAGGOGAATTTCCGGTGGAGCGGTGAAATGCGTAGAG

4 ¥R 1% X% FEREE X XEK SEAEXAXEXXERER 2%

706

ATCTGGAGGAATACCGGTGGCGAAGGCGGCCCC-CTGGACGAAGACTGACGCTCAGGTGC
ATCTGGAAGAACACCAGCGGCGAAAGCGCG-CTACTGGGCCATAACTGACGCTCATGGAC
ATCGG--AGAACACCAAAGGCGAAAGCACTTCTGCTGGGCCGCGACTGACACTGAGAGAC
ATATGGAGGAACACCAGTGGCGAAGGCGCT-CTGCTGGGCCGAAACTGACACTGAGAGAC
ATCGGGAAGAACACCAATGGCGAAAG-ACT~CTGCTGGGCCGAAACTGACACTCAGAGAC
ATCGAGAGGAACACCAAAGGCGAAAGCACT -CTGCTGGGCCATAACTGACACTGAGAGAC
ATTGGAAAGAACACCAATGGCGAAGGCACT-TTTCTAGGCCAATACTGACGCTGAGAAAC
ATTGGAAGGACCACCGATGGCGAAGGCACTT~TACTGGGCTATTTCTGACACTAAGAGAC
ATCGGAAAGAACACCAATGGCGAAAGCACT-CTTCTGGGCCGACACTGACACTGAGAGAC
ATCGGAAAGAACACCAACGGCGAAAGCACT-CTGCTGAGCCGACACTGACACTGAGAGAC
ATCGGAAAGAACACCAACGGCGAAAGCACT -CTGCTGGGCCGACACTGACACTGAGAGAC
L L I L 11 EEEREE X *k ¥ % FRRXE X%k X *

765
GAAAGCGTGGGGAGCAAACAGGATTAGATACC-CTGGTAGTCCACGCCGTAAACGATGTC
GAAAGCTAGGGGAGCGAAAGGGATTAGATACC~CCTGTAGTCCTAGCCGTAAACGATGAA
GAAAGCGAGGGGAGCAAATGGGATTAGATACCCC-AGTAGTC-TCGCCGTAAACGATGGA
GAAAGCTGGGGGAGCGAATAGGATTAGATACC-CTAGTAGTCCCAGCCGTAAACTATGGA
GAAAGCTAGGGGAGCGAATGGGATTAGATACC~-CCAGTAGTCCTAGCCGTAAACGATGGA
GAAAGCGAGGGGAGCAAAAGGGATTAGATACC~CCTGTAGTCCTCGCCGTAAACGATGGA
GAAAGCTGAGGGAGCAAACAGGATTAGATACC~CT-GTAGTCTTGGCCGTAAACTATGGA
GAAAGCTAGGGTAGCAAATGGGATTAGATACC-CCAGTAGTCCTAGCTGTAAACGATGAA
GAAAGCTAGGGGAGCAAATGGGATTAGATACC-CCAGTAGTCCTAGCCGTAAACGATGGA
GAAAGCTAGGGGAGCAAATGGGATTAGAGACC-CCAGTAGTCCTAGCCGTAAACGATGGA
GAAAGCTAGGGGAGCGAATGGGATTAGATACC-CCAGTAGTCCTAGCCGTAAACGATGGA
¥EXEXE *E BRkE XE XXX ¥ ** ¥

824
GACTTGGAGGTTGTGCC-CTTGAGGCGTG-GCTTCCGGAGCTAACGCGTTAAGTCGACCG
CACTAGGTG-TTGCGTGAATCGACCCGCGCAGTGCCGTAGCCAACGCGTTAAGTGTTCCG
TACTAGGTG-TTGGGTGATATTA - -CATTCAGTACCGTAGCTAACGCGTGAAGTATCCCG
GACTAAGTG-CTGC-CG=~==—-——~-! CAAGCAGTGCTGTAGCTAACGCGTTAAGTCTCCCG
TACTAAGTG-CTGTGCGACTCAAAACGTCCAGTACTGTAGCTAACGCGTGAAGTATCCCG
TACTAGATG-TTGGGTAGGTTAAATCACTCAGTATCGTAGCTAACGCGTGAAGTATCCCG
TACTAAGTG-GTGC-—~~~ TGAAA--GTGCACTGCTGTAGTTAACACGTTAAGTATCCCG
TACTAGATG-TTGCGTGTATCGATCCATGCAGTATCGTAGCTAACGCGTTAAGTATTCCG
TACTAAGCG-CTGTGCTA-TCGACCCGTGCAGTGCTGTAGCTAACGCGTTAAGTATCCCG
TACTAGGTG-CTGTGCGACTCGACCCGTGCAGTGCTGTAGCTAACGCGTTAAGTATCCCG
TACTAGGCG~CTGTGCGA-TCGACCCGTGCAGTGCTGTAGCTAACGCGTTAAGTATCCCG
kK * kX * XkE XXX $X% KER% KK

882
CCTGGGGAGTACGGCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCACAAGCG
CCTGGGGAGTACGCACGCAAGTTGGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCG
CCTGGGGAGTATGCTCGCAAGCGTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCG
CCTGGGGAGTATGCTCGCAAGAGTGAAACTCAAAGGAATTGACGGGA -~CCGCACAAGCG
CCTGGGGAGTATGCTCGCAAGAGTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCG
CCTGGGGAGTATGCTCGCAAGAGTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCG
CCTGGGGAGTACGCTTGCACAAGTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCG
CCTGGGAACTATGCTCGCAAGAGTGAAACTCAAAGGAATTGACGGGGACCCGCACAAGCG
CCTGGGGAGTACGTTCGCAAGAATGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCG
CCTGGGGAGTACGTTCGCAAGAATGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCG
CCTGGGGAGTACGTTCGCAAGAATGAAACTCAAAGGAATTGACGGGGGCGCGCACAAGCG
wEREER K $% ¥ *x¥ e

chia coli; ana, Anacystis nidulans; nan, Nanochlorum eukaryotum; cla,
Chlamydomonas reinhardtii; che, Chlorella ellipsoidea; chv, Chlorella
vulgaris; eug, Euglena gracilis; pyl, Pylaiella littoralis; mar, March-
antia polymorpha; mai, Zea mays; tob, Nicotiana tabacum.
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col  GTOGAGCATOTOGTTTAATTCOAT-GCAACGCGAAGAACCTTACCTGGTCTTAACATCCA col
ana  GTGGAGTATOTOGTTTAATTCGAT-OCAACAGCGAAGAACCTTACCAGGGTTTGACATCCC ana
san  ~TOGAGCATOTOOTTTAATTCOAT-GCAACOCGAAGAACCTTACCAGGGCTTGACATGCC nan
cla  OTOOATTATGTOGATTAATTCGATA~CAACGCGAAGAACCTTACCAGAGTTTGACATG-~ cla
che  GTOOAGCATOTGGTTTAATTCOAT-GCAACOCAAAGAACCTTACCAGGACTTGACATACC che
chv  GTOGAGCATOTOGTTTAATTCAATG-CAACACGAAGAACCTTACCAGGACTTGACAT--~ chv
oug  GTOGAGCATOTOGTTTAATTCOATG-CAACACOAAGAACCTTACCAGGATTTGACAGGAT eug
Pyl TOGCAGCATOTGATTTAATTCUATOAGCAACGC-AAGAACCTTACCAGGGTTTGACATTAT pyl
®ar  GTGAAGCATATGGTTTAATTCGAT-GCAACGCGAAGAACCTTACCAGGGCTTGACATAGCC war
saj GTOGAGCATOTOGTTTAATTCUAT-GCAAGGCGAAGAACCTTACCAGGGCTTGACATACC mai
tob Ofi‘lﬂzacAmﬂfﬂMHmT-GCMABCGMGMOC'I'I‘AGCATBGC‘N‘GACATGCC tob
E LD I ] »
10021 meevmae Y§ m—mmm—e
col CAGAAGTTT AT aruccn-cnoouc---cu'mmlxcn col
ana ana
nan nan
cla GAGG- - ~GTGCCCT-AACGGACT---TGAACACA cla
che T AACTTGTGCTTTACACAAGTTGGATGGACACA che
chv OOC--AC'I'I"I‘I'TOCC‘I'GM--------AEG---GOMG'I'I‘-CCAGAO‘!'G---GACA--CA chv
eug CT. AAGAAC: TAGACACA eug
PY]  GTA--AATCTATTTGGAAC =~==AGA==-=-GTGCCCT-CGAGAATA~~~CATAAACA pyl

mar GTOAATCTTTTTGAAAGAA
mai  GCUAATCCTCTTGAAAGAGAGGG--
tob GCGAATCCTCTTGAAAGAGAGGG--

GTGCCTT-CGAGAAC--~GCAGACACA mar
=GTGCCCT-CGGAAAC---GCGGACACA mai
-GTGCCTT-CGGGAAC-~-GCGGACACA tob

LI 1

1047
col GATACTGCATAACTGTCGTCAGC-TCGTGTTATGAAATGTTGGGTTAAGTCCCGCAACGA col
ana  GOTGGTACATGUCTATCGTCAGC-TCGTGTCGTGAGATGTTGGGTTAAGTCCCACAACGA ana
nan  GGTGATGCATGACTGTCGTCAGCCTCGTGTCTTGAGATGTTGGGTTAAGTC-CGCAACGA nan
cla GGTGGTGCATGGCTGTCATCAGC-TCATGCTGTGAAGTGTATAGTTAAGTCTCATAACGA cla
che GGTAGTGCATGACTATCGTCAGC~TCGTGTCGTGAGATGTTGAGTTAAGTCCCGCAACGA che
chv  GATGATACATOACTATCGTCAGC-TCGTATCTTGAGATGTTGGGTTAAGTCCCGCAACGA chv
eug GGTGGTACATGGCTGTCGTCAGC-TCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGA eug
Pyl GGTGATGCATGGCTGTCGTCAGC-TCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGA pyl
mar GGTGGTOCATGGCTGTCGTCAGC-TCGTGCCGTAAGGTGTTGGGTTAAGTCCCGCAACGA mar
mai GGTGGTGCATGGCTGTCAGTCAGC-TCGTACCGTAAGGTGTTGGGTTAAGTCTCGCAACGA mai
tob GGTGGTGCATAGCTITCATCAGC-TCATGCCGTAAGGTGTTGGGTTAAGTCCCGCAACGA tob

XX ERERERAEBEERERERE SRR RN * ¥ ¥x% EEEERREE ¥ BERRX

11068 e VT ——mm-
col GCGCAACCCTTATCCTTTATTGCCAGCGG col
ana  GCGCAACCCACGTTTTTAGTTGCCATCA ana
nan GCGCAACCCTTATTTAT-GTTGC nan
cla GCGCAACCCTCGTCTTTAGTTGCC--=-=======~-~, ATTTG~~GTTCTC----=—=—=- cla
che GCGCAACCCTTGTTTTTAGTTOCTTTTAAAATATACAATTTAAAAGGAATGCGAAOCATA che
chv  GCGCAACCCTTGTTTTGAATTGCC- —-~AGTAATGGGAAAT- chv
oug GCGCAACCCTTTTTTTTAATTAAC- -GCTTGTC~~~ATT- - eug
prl ==TTACAAAAGGAAT--
mar GCGCAACCCTCTTGTTTAGTTGCCATCA. mar
mai GCGCAACCCTCGTGTTTAGTTGCCACTA mai
tob GCGCAACCCTCGTGTTTAGTTGCCATCG tob

EERRRREXE * s

- V7 -- 1135
'PCCAGCCGG—-~~GAACTCAAAGGAGACTGCCAGTGATAAACTGGAGGA
TTCAGTTGG— -GCACTCTAGAGAAACTGCCGGC~~-AAACCGGAGGA
~TATTTTAG ==GAACTC=-~~AAAGACTC-~-GTGATA--~-GCGAGA
cla TAAAGAGACTGCCAGT-GTAAGCTGGAGGA
che ACTTCGCATACTTTAGTATGTGAAGGAAACTACAAAGACTGCCGGTGATAAGCCGGAGGA
chv TCAAAAGACTGCCGGTGACAAGCCGGAGGA
sug TAGAAATACTGCTGGTTATTA-CCGGAGGA
pyl CTTGAAGACTGCCGGTTATAAACCGGAGGA
mar TTAAGTTTG GAACCCTAAACAGACTGCCGGTGATAAGCCGGAGGA
==T~-GAGTTTG----GAACCCTGAACAGACCGCCGGTGTTAAGCCGGAGGA
~=TTGAGTTTG- ~~-GAACCCTGAACAGACTGCCGGTGTTAAGCCGGAGGA
* ¥ * * %

1180
col AGGTGGGGATGACGTCAAGTCATCATGGCCCTTACGACCAGGGCTACACACGTG-CTACA
ana AGGTGTGGACGACGTCAAGTCATCATGCCCCTTACATCCTGGGCTACACACGTA-CTACA
nan AGGTGAGGATGACGTCAAGTCAGCATG--CCTGACG--CTGGGC-ACACACGTGA-TACA
cla AGGTGAGGATGACGTCAAGTCAGCATGCCCCTTACATCCTGGGCTTCACACGTAA-TACA
che AGGTGAGGATGACGTCAAGTCAGCATGCCCCTTATGCCCTGGGCGACACACGTG-CTACA
chv  AGGTGAGGATGACGTCAAGTCAGCATGCCCCTTACGTCCTGGGCGACACACGTAC-TACA
eug AGGTGAGGACGACGTCAAGTCATCATGCCCCTTATATCCTGGGCTACACACGTGC-TACA
PYlL AGGTGAGGATGACGTCAAGTCATCATGCCCCTTATACCCTGGGCTACACACGTGCCTACA
mar AGGTGAGGATGACGTCAAGTCAGCATGCCCCTTACGCCCTGGGCGACACACGTG~CTACA
mai AGGAGAGGATGAGGCCAAGTCATCATGCCCCTTATGCCCTGGGCGACACACGTG-CTACA
tob AGGTGAGGATGACGTCAAGTCATCATGCCCCTTATGCCCTTGGCGACACACGTG-CTACA

RS & KEE FE K XXEERXX XFXE X% K ¥ KEX RRREAEE P21 L

1239
col ATGGCGCATACAAAGAGAAGCGACCTCGCGAGAGCAAGCGGACCTCATAAAGTGCGTCGT
ana ATGCTCCGGACAGCGAGACGCGAAGCCGCGAGATGAAGCAAATCTCCCAAACCGGGGCTC
nan ATGGCTGGGACAAAGAGATG-AACCCCACAAG-GCAAGCCAACCTCAAAAACCCAGTCTT
cla ATGGTTGGGACAATCAGAAGCGA-CTCGTGAGAGCTAGCGGCTCTGTTAAACCCAACCTC
che ATGGCCAGGACAATGAGATGCTACCTCGCGAGAGCAAGCTAACCTCAAAAACCTGGTCTC
chv  ATGGCCGGGACAAAGAGATGCAAACCCGCGAGGGCTAGCCAACCTCAAAAACCCGATCTC
eug ATGGTTAAGACAATAAGTTGCAATTTTGTGAAAATGAGCTAATCTTAAAACTTAG-CCTA
Pyl TTGGATAAGACAAAAAGTTACGAATTTGTGAAAATAAGCTAATCTTTAAACTTATTCCTA
mar ATGGCCGAGACAAAGGGTCGCGACCTCGCGAGAGAAAGCTAACCTCAAAAACCCGGCCTC
mai ATGGGCGAGACAAAGGGTCACGATCTCGCGAGGATGAGCTAACTCCAAAAACCCGTCCTC
tob ATOGCCBGGACAAAGGGTCGCGATCCCOCGAGGGTGAGCTAACCCCAAAAACCCGTCCTC

Lid E%  x X * %%

1298
col AGTCCGGATTGGAGTCTGCAACTCGACTCCATGAAGTCGGAATCGCTAGTAAT-CGTGGA
ana AGTTCAGATTGCAGGCTGCAACTCGCCTGCATGAAGGCAGAATCGCTAGTAAT-CGCAGG
nan AGTTCGGATTGTAGGCTGAAACTCGCCTACATGAAGCTGGAAT-GCTAGTAATGCGCAGG
cla AGTTCGGATTATAGGCTACAACTCGCCTACATGAAGCCGGAATCGCTAGTAAT-CGCCAG
che AGTTCGGATTGCAGACTGCAACTCGCCTGCATGAAGTCGGAATCGCTAGTAAT-CGCTGG
chv  AGTTCGGATTGCAGGCTGCAACTCACCTGCATGAAGTCGGAATCGCTAGTAAT-CGCAGG
eug AGTTCGGATTGTAGGCTGAAACTCGCCTACATGAAGCCGGAATCGCTAGTAAT-CGCCGG
Pyl AGTTCGGATTGAAGGCTGCAACTCACCTTCATGAAGATGGAATCGCTAGTAAT-CGCTGA
mar AGTTCGGATTGCAGGCTGCAACTCGCCTGCATGAAGCCGGAATCGCTAGTAAT-CGCCGG
mai AGTTCGGATTGCAGGCTACAACTCAGCCTGCATGAAGCAGGAATCGCTAGTAAT-CGCCGG
tob AGTTCGGATTGCAGGCTGCAACTCGCCTGCATGAAGCCGGAATCGCTAGTAAT-CGCCGG

8% & SEXEF XX XRE XRANEE BRE RKEARRE FRRXE KNFEEXEER *X Fig. 5_

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 em-

437

1358

TCA--GA-ATGCCACGGTGAATACGTTCCCGGGCCTTGTACACACCACCCGTCACACCAT
TCA-~GC-ATACTGCAGTGAATACGTTCCCGGACCTTGTACACACCGCCCGTCACACCAT
TCTATGCCATACTGCGGTGAATACGTTCCCAGGCCTTATACACACCGCC-GTCACACCAT
TCA-~GCTATATGGCGGTGAATACGTTCCCAGGTCTTGTACACACCGCCCGTCACACCAT
TCA--GCCATACAGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACTAC
TCA--GCCATACTGCGGTGAATACGTTCCCGUGCCTTATACACACCACCCGTCACACCAT
TCA--GCTATACGGCGGTGAATACGTTCTCGGGCCTTATACACACCGCCCGTCACACCAT
TCA~-GCTATACAGCGGTGAATCCGTTCCCAGGTCTTATACACACCGCCCGTCACACCAT
TCA--GCCATACGGCGGTGAATCCATTCCCGGGCCTTGTACACACCGCCCGTCACACTAT
TCA--GCCATACGGCGGCGAATCCGTTCCCGGGCCTTAGTACACACCGCCCGTCACACTAT
TCA-~GCCATACGGCGGTGAATTCGTTCCCGGGCCTTGTACACACCGCCCGTCACACTAT
% * K 2EE NERE ZRERE FXXH *

1415

GGGAGTGGOTTGCAAAAGAAGTAGGTAGC-TTAACC-TTCG-GGAGGGCGCTTACCACTT
GGAAGTTGGCCATGCCCGAAGTCGTTACCCT-AACCGTTCGCAGAGGGGGGCGCCGAAGG
GGAAGCTGGCTATGC-CAAAGTCGT---ACTCAAC--TT-~AGGAGGAGGA - -GCTAAGG
GGAAGCTGGTTCTGCTCCAAGTCGTTA-CCCTAACC-TTC-GGGAGGGGUGCGCCTAAAG
CAGAGTCGGCTTGGCCCAAAGTCG-TAACTCTAACC--TCG-GGAAGAGAGCGCCTAAGG
GGGAGCTGGCTATACCCAAAGTCGTTA-CCCCAACC-TTTTAGGAGGGGGACGCCTAAGG
GGAAGTCGGCTGTGCCCGAAGTTATTA-TCTTG~CC-TGAAAAGAGGGAAATACCTAAGG
GGAAGCTGGTTATACCCGAAGTCGTTT-TCTTAACC-TTTTTGGAGAGAGGCGCCTAAGG
GGGAGCTGGCCATGCCCGAAGTCGTTACTCT-AACCGT--AAGGAGGGGGGTACCGAAC-
AGGAGCTGGCCAGGTTTGAAGTCATTACCCTTAACCGT-~AAGGAGGGGGATGCCTAAGG
GGGAGCTGGCCATGCCCGAAGTCGTTACCTT-AACCGC--AAGG-GGGGGATGCCGAAG~

* * * * s

1472

TGTGATTCATGACTGGGGTGAAGTCGTAACAAGGTAACCGTAGGGGAACCTGCAGGTTGGA
TAGGGCTGATGACTGGGGTGAAGTCGTAACAAGGTAGCCGTACCGGAAGGTGTGGCTGGA
CA-GACTAGTGACTAGGGTGAAGTCGTAACAAGGTAGCCGTACTGGAAGGTGCGGCTGGA
CAGGGCTAGTGACTAGGGTGAAGTCGTAACAAGGTAGGGCTACTGGAAGGTGACCCTGAGC
CA-GGCTGGTAATGAGAGTGAAGTCGTAACAAGGTAGCCGTACTGGAAGGTGCGGCTGGA
CAGAGCTAGTGACTAGGGTGAAGTCGTAACAAGGTAGCCGTACTGGAAGGTGTGGTTGGA
CCTGGCTGGTGACTGGGGTGAAGTCGTAACAAGGTAGCCGTACTGGAAGGTGTGGCTGGA
TAAGGCTAGTGACTGGGGTGAAGTCGTAACAAGGTAGCCGTACGGGAACGTGCGGCTGGA
AGGGGCTAGTGACTGGAGTGAAGTCGTAACAAGGTAGCCGTACTGGAAGGTGCGGCTGGA
CTAGGCTTGCGACTGGAGTGAAGTCGTAACAAGGTAGCCGTACTGGAAGGTGCGGCTGGA
CGGGGCTAGTGACTGGAGTGAAGTCGTAACAAGGTAGCCGTACTGGAAGGTGCGGCTGGA

* * AR LRLE2 222222 22 e 2] LE N 22 2 B 2 sy

1632

TCACCTCCTTA~
TCACCTCCTTT-
TCACCTCCTTA-
TCACCTCCTTCA
TCACCTCCTTA-
TCACCTCCTTG-
ACAACTCC-~~~
TCACCTCCTTA-
TCACCTCCTTTT
TCACCTCCTTT-
TCACCTCCTTT-

% BRKX

Continued.

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
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1 878
col GGTT-AAGCGACTAAGCGTAC-ACGGTGGATGCCCTGGCAGTCAGAGGCGATGAAG-GAC col CCCGA-TGATCTAGCCATGGGCAGG-TTGAAGGTTGGGTAACACTAACTGGAGGACCGAA
ana GGT-CAAGCTACGAAGGGC-TTACGGTGGATACCTAGGCACACAGAGGCGAAGAAG-GAC ana CCOGG-TGATCTAACCATGGCCAGGATGGAAGCTTGGGTAACACCAAGTGGAGGTCCGAA
nan GGT-CAAATGATAGAAAGCGT-AGGGTGGATACCTAGGCACCTAGAGACGATGAAG-GGC nan CCOGG-TGATCTAACCATGACCAGGATG-AAGCTTGOGTAATACCACGTGAAGGTCCGAA
g:.: & T cm;g:-:g“‘ - 'gg;ﬁg&'gmﬁgﬁggﬁﬁﬁggﬁgﬁgtwng-% cla CCGGG-TGATCTATTCATGGCCAGGATG-AAGCTTGGGTAACACCAAGTGGAGGTCCAAA
il ~AGAAAA! = che CCGGGGTGATCTAACCATGGCCAGGATG-AAGCTTGGGTAAAACCAAGTG-AGGTCCGAA
eug GGTTCAAATGAACAAGGGC-TTATGCGGGATTGCTTAGCATTTAGAGTCGAAGAAG-GGC eug CCAGG-TGATCTAATCATGGTCAGG-TTGAAGTTTTGGTAAAACAGAATGGAGGACTGAA
mar --TTCAAACGAAAAAGGGC-TTACGGTGGATACCTAGGCACCCAGAGACGAGGAAG-GGC mar CTGGO-TGATCTATCCATGACCAGGATA-AAGCTTAGGTGAAACTAAGTGGAGCTCCGAA
mai  GGTTCAAAAGAGGAAAGGC-TTGCGOTGGATACCTAGGCACCCAGAGACGAGGAAGAGGC mai CTOGG-TGATCTATCCATGACCAGGATG-AAGCTTAGATGAAACTAAGCAGAGGTCCGAA
tob  --TTCAAACGAGGAAAGGC- 1'1'Acoa'rouAncsuugs:ccc:g:gasg:aeﬂg-gos tob CTGAG-TGATCTATCCATGACCAGGATG-AAGCTTGGGTGAAACTAAGTGGAGGTCCGAA
E S SENEENE RNAX FEEE £ KRK £ £ K & #F EEE ¥ R%H
58 736
col GTGCTAATCTGCGATAAGCGTCGGTAAGGTGATATGAACCGTTATAACCGGCGATTTCCG col CCGACTAATGTTGAAAAATTAGCGUATGACTTOTGGCTGGGGGTGAAAGGCCAATCAAAC
ana GTGGCTACCGACGATACGCCTCGGGAAGCTGGAAGCAAGCATTG-ATCCGAGGATTTCCA ana CCGACCUATGTTGAAAAATCGGCGUATGAGCTGTAGTTAGGGGTGAAATGCCAATCGAAC
e g'crﬁg:;;“:ggagg"“\cMT"'CWAGTT“MACgMCWW-ggggxg:ﬂgggg nan  CCOACCGATGTTGAAAAATCGGCGGATGAGTTGTGGTTAGCGGTGAAATACCAGTCGAAC
i Lk el cla CC TGTTGAAAAATC TGAGCTGTGAATAGGGGAGAAATTCCAATCGAAC
che  GTGAAAACCAACGAAATGCTTCOAGGAGOTGGAAACAAGCTATG-ATTCGGAGATTCCCG che CCGACCGATGTTGAAAAATCGGCGAATGAGCTGTGGTTAGGGGTGAAATGCCAATCGAAC
eug  GTAGAAATTAACGATATGCTTT TTTA-ATCTAAAGATTCCCG eug  CCCACCAATGTTGAAAAATTGGGGGATGAACTGTGATTAGGGGAGAAATTCCA-TCGAAC
mar GTAGCMOCGACGAMTBCTTCGGMAOCTGMAATMGTA'I‘AG-ATCCGGAGAT'I‘CCCG ..: CCAACTGATGTTAGAAAAATCAGCGGATOAGTTGTAGTTAGGGGTGAAATGCCACTCGAAC
mai GTAGCAAGCGACGAAATGCTTCGGGGAGTTGAAAATAAGCATAG-ATCCGGAGATTCCCA aai CCOACTGATGTTGAAGAATCAGCGGATGAGTTGTGATTAGAGGTGAAATGCCACTCGAAC
tob GTAGTMTCGASE:A:TECTICMGG:ETTGAMATA:‘GCATAG~ATCCMM‘J:IECEEG tob CCGACTGATATTGAAGAATCAGCGGATGAGTTGTGGTTAGGGGTGAAATGCCACTCGAAC
5 K FRARSNKE BER B B REEK REEE K ¥ &KX KREE  AHE £F KK¥
118 1147 796 e D4 e
col AATGGGGAAACCCAGT-CT-~-ATCATTAACTGAATCCATAGGTTAATGAGGCG-~~AAC col COf TAGCTGGTTCTCCCCGAAAGC~TATTTAG-~~-GTAGCGCCTCGTGAATTCAT
::: AATGGGGCAACCCCATG~---TACGGCCACCTGAATCCATAGGGTGGCCAC--GACGAAC ans CCMAgﬁgg;%nggccgg- m;agg-ﬂ‘q_ A%GTAGggGTATgEG JATTATAG
nan TCGGAS CCCa-. ~TTG-AS GCACGGTCA-GCAA----GA
Ghe  AATAGGGCAACOTETTA---TA-GTAGOTATT AN TCATAG A ARG Assuns b PO T AT TOTO00OaT AAATO0R - FTO- AT DaAaC G TN ONeTTOnS
eug  A-TGGAGCAACCTATTACTTTAACATTACAATGAAATGGTATACAAATAATGTAGAGAAC ::: ;wgqmcrﬁoc-rgm'rc;gcncgu-mgga(:ﬂoamogggﬁucgﬂmrgﬁgrn
mar  AATAGGTTAACCTTTGA- --~-AACTGC-TGCTGAATTCATAGGCAGACAAG-~AGACAAC mar CCAGAGCTAGCTGGTTCTCCCCG-AAATACG~TTG~AGGCAGCAGCAGT -~~TGACT-GGA
mai  AATAGGTCAACCTTITG----AACTGCCTGCCGAATCCATGAGCAGGCAAG--AGACAAC wai CCAGAGCTAGCTGGTTCTCCCCG-AAATGCG-TTG-AGGCGCAGCAGT--~TGACT~0OA
tob AATAGGGCAACCTTTCG-~---AACTGC- TGCTGMTCCATGGGCAGOCMG- -AGACMC -, - - -
PRy . tob GCAG:gC::gg:’gGT’IgISCCSg ::ATGCG TIG AGQCGC:GCAGT TGACT GGA
* *
184
851
col CGGGGGAACTGAAACATCTAAGT-ACCCCGAGGAAAAGAAATCAACCGAGATTCCCCCAG col C--~TCCGGEGATAGAG-CACTGTTTCGGCAAGGGGGTCATCCCGACT-TACCAACCCOAT
ana  CCGGCGAATTGAAACATCTTAGT-AGCCGGAGGAAGAGAAAACAAAAGTGATTCCCTCAG ana CGQT---GOGGTAGAG-CACTGATTCGAGT~-GCGGGCTGCGAGAGCGGTACCAAATCGAG
nan  TTAGTGAACTGAAACATCTTAGT-AGCTAAAGGAAGAGAAAGCAAACGCGATTCCCTGAG nan CTATCTAGGGGTAAAAGCACTOTTTCGAGT--GCGGGCCGCGAAAGCTGTACCAAATCGTG
cla  CCAGTGAACTGAAACATCTAAGT-AGCTGGAGGAAAAGAAAGCAAACGCGATTCCCGTAG cla CTGTCTTGGAATAAAGCTACTGTTTCGAT--GCGAGCTACGAAAGCGGTACCAAGTCGTG
che CCAGTGAAG-GAAACATCTTAGT-AGCTGGAGGAAAAGAAAGCAAACGCGATTCCCTTAG che CTATCTAGGGUTAAAG-CACTGTTTCGTT--GCGOGCTGCGAGAGCGGTACCAAATCGTA
eug  TTGGTGAACTGAAACATCTTAGT-AGCCGAAGGAAAAGAAAGCAAAAGCGATTTTCTTAT eug ACAT-TAGGGGTAAAG-CACTGTTTCGAT--GCGGGCTATGAAAATGGTACCAAGTTGTG
mar CTGGCGAACTGAAACATCTTAGT-AGCCAGAGGAAAAGAAAGCAAAAGCGATTCTCGTAG mar CTATCTAGGGGTAAAG-CACTGTTTCHGT--GCGUGCTACCAGAGCGGTACCAAATCGAG
ma !i’ CTGGCGAACTGAAACATCTTAGT - AGCCAGAGGAAAAGAAAGCAAAAGCGATTCCCGTAG nai C-ATCTAGGGGTAAAG-CACTGTTTCGGT--GCGA-CTUCGCGAGCGGTACCAAATCGAG
tob CTGGCGAACTGAAACATCTTAGTGAGCCAGAGGAAAAGAAAGCAAAAGCGATTCCCGTAG tob C-ATCTAGGGGTAAAG-CACTATTTCGGT~ -GCGOGCCGCGAGAGCGGTACCMATCGAG
B OREE KRERARENE XWX K F RKRAK RAKXE SKE K KEEK & % & AERUEE ¥ ARER FEEE » PPy
243 D1 deleted ——375 907 e DB —~-
col TAGCGGCGAGCGAACGGGUAGC-AGCCCAG, ‘GAGGACACGTGGTATCCTGTCTGAAT col GCAAACTGCGAATACCGGA:
ana TAGCGGCGAGCGAACGGGGACCA-GCCTAANGCACGRAGCACGTGAAATTCCGTGTGAAT ana  TCAAACTCCGAATACGCCATGTACA==CCA=v = mmmmmw o m o mm~wwT= ~GCCAGTCAG
nan TAGTGACGAGCGAAATGGGAACAAGCCTAA, ATGGGACACGTGAAATCC-GTGTGAT- nan GCAAACTCTGAATACTAGATATGTTATTTT-- v o« CTGOCCAGTGAG
cla TAGCGGCGAGCGAACCGGGAACA-GCCTAAAGCATGAGGCACGTGAAATCCOGTGTGAAT cla  GCAAACTCAGAATACAAGACATGTCTTCCG= v =nmamnw~~=-TAAACCAGTGAG
che  TAGCGGCGAGCGAAATCCCAACA-GCCTAANGCTAGGGGCACGTGAAATCCCGTGTGAAT che GCAAACTAAGAATACTAGGTATGCTTTCCA === === v e ===~ -TCAACCAGTGAG
eug  TAGTGGCGAGCTAA-CGGAAATCAGCCTAAAGCATAGAGCACGTGGAATTCTGTGTGAAT oug  GCAAACTCTGAATACTAAGT-TATATTTCAATTAAT == - === nmnen=-~CAGTGAG
mar TAGCGACGAGCGAAATGGGAACA-GCCTAAAGCATGGGGCACGTGGAATCCCGTGTGAAT
i  TAGCGGCGAGCGAAATGGGAGC, mar GCAAACTCTGAATACTAGGTAGGACTTCCTATTAATAGGAAGTAAGGATCAGCCAGTOAG
Tob  TAGOIGOE GAGCA-GCCTAAAGCATGGGGCACGTGCAATCCCOTGTGAAT  mai GCAAACTCTGAATACTAGATATGACCCAAAAATAACAGGG-GTCAAGGTCGGCCAGTGAG
Ob I AGCaG0SAGCGARATGGGAGCA-GOCTAANGCATGGGGCACGTGGAATCCCGTATGART  tob GCAAACTCTGAATACTAGATATGACCTCAAAATAACAGGG~ GTCAAGGTCGGCTAGTOAG
LTI * PO X OEEEERE KX X K% ANE EREEEE  RRENEE
404
col ATGGGGGGACCATCCTCCAAGGCTAAATACTCCTGACTGACCGATAGTGAACCAGTACCG col ACGGCGGGTACTAACGTCCGTCG-TGAAGAGGGAAACAACCCAGACCGCCAGCTAAGGTC
ana  CCOCGAGGACCACCTCGTAAGGCTAAATACTCCTGTATGACCGATAGTGAACCAGTACCG ana ACTGTGGGGUATAAGCTCCATGGTTCAAGAGGGAAACAGCCCAGACCACCAGCTAAGGTC
nan  ~-GCGAGGACCACCTCATAAGGCTAAATACTC-TAGGTGACCGATAGTGAAGTAGTACC~ nan  ACAGTGGGGGATAAGCTTCATTG-T-AAGAGGGAAACA-CCCAGAT-AC--GCTAAGGCC
cla AGACTAAATACTCCTGAGTGACCGATAGCGAAATAGTACCA cla ACAGTGGGGGATAAGCTTCATTG-TCAAGAGGGAAACAGCCCAGATCACCAGCTAAGGCC
che  GAGCGAGGACCACCTCOTAAGOCTAAKATACTCCTAGGTGACCGATAGTGAAATAGTACCG che ACGGTGGGGGATAAGCTTCATCGCT~GAGAGGGAAACA-CCCAGATCACCAGCTAAGGCC
sug  CAGCGAGGACCATCTCGTAAGGCTAAATACTCCTAAATGACCGATAGTGTACGAGTACCG eug ACAGTGGGGGATAAGCTTCATTG-TCAAGAGGGAAACAGCCCAGATCACTACTTAAGOGCC
sar  CAGCAAGGACCACCTTGTAAGGCTAAATACTCCTUGGTGACCGATAGCGAAGTAGTACCG mar ACAGTGGGGGATAAGCTTCATTA-TCGAGAGGGGAACAGCCCAGATCACCAGCTAAGGCC
mai  CAGCAAGGACCACCTTGCAAGGCTAAATACTCCTAGGTGACCGATAGCGAAGTAGTACCG mai ACGATGGGGGATAAGCTTCATCG-TCGAGAGGGAAACAGCCCGGATCACCAGCTAAGGCC
tob OGACMGGACCACCTTGCMMAMTAC'I‘CCTGGG’I'GACCGATAOCOMGTAO‘I‘ACCG tob ACGATGGGGGATAAGCTTCATCG-TCGAGAGGGAAACAGCCCGGATCACCAGCTAAGGCC
s 08 ¥ EE O KEE & KM R % X K ¥ EREERE AKEE S2E £ % saexe &
164 1006
col  TOAGGGAAAGACGAAA-AGAACCCCGGCGAGGGGAGTGAAAAAGAACCTGAAACCGTGT- col CCAAAGTCATGGT- TAAGTGGGAAACGA'l'GTGGGMGGCCCAGACAGCCAGGATGTTGGC
ana  CGAGGGAAAGGTGAAA-AGAACCCCGG-AAGGGGAGTGAAATAGAACATGAAACCGTG-~ ana CTCAAATCAGAAC-TTAGTGATAAAGGAGGTGGGAGTGCATAGACAACCAGGAGGTTTGC
nan  ~GAAAGAAAGOTGAAA-AGAACCCCTG-ATGGG~AGTGAAATAGAACATGAAACC-TA-~ nan CCTAAATGATTGT-TAAGTGGCAAAGGAGGTGAGAATGCTCAGACAACCAGAAGGTTTGC
cla  CGAGGGAAAGOTGAAA-AGAACCCCTG-TTGGGGAGTGAAATAGAACATGAAACCGTA-~ cla CCTAAATGGTCAC-TAAGTGGAAAAGGATGTGAGAATGCTGAAACAACCAGGAGATTTGC
che'  COAGGOAAAGGTGAAA-AAGAACCCTG-TAGGOGAGTGAAACAGAACATGAAACCGTA—~ che CCTAAATGGCCGC-TAAGTGGCAAAGGAGGTAAGAATCGTGAAACA-CCAGGAGAGTTTGC
eug  TGAGGOAAAGCTGAAATAGAACACTGA~GAAGTGAGTGAAATAGAATATGAAAGCATA -~ eug CCTAAATAATTACCTAAGTGGTAAACCATGTACTATTACATAGACAACCAGGAGGTTGGC
Bar TGAGGGAAAGOTOAAA-AGAACCCCCA-TCGGGGAGTGAAATAGAACATGAAACCGTA-- mar CCTAAATGACCGC-TCAGTGGTAAAGGAGGTAGGAGTGCAAAGACAGCCAGGAGGTTTGC
mai AAGGTGAAA-AGA CCC AAATAGAACGTGAAACCGTGCT mai CCTTAATGACCAC-TCAGTGATAAAGGAGGTGGGGATGCAAAGACAGCCATGAGGTTTGC
tob TOAGGGAAGGGTGAAA-AGAACCCC: -A-TCGGGGAGTOMATM}AACATGAMCCGTA- - tob CCTAMTGATCGC TCAG'I'GATAAAGGAGG'I'AGGGGTGCAGAG:EAGCC:GGAGGT’:T(‘J('Y
5 E58 % KK X % % B SEREKAE AKEE  HBERN % ¥ * oRkEE WEE & ® AEE XK & WX
512 ~=v D§ -== 1065
col  --ACOTACAAGCAGTGUGAGCACGCTTAGGCGTGTGACTGCGTACCTTTTGTATAATGGG col TTAGAAGCAGCCA-TCATTTAAAGAAAGCGTAATAGCTCACTGGTCGAGTCGGCCTGCGC
ana -AOO‘I'I‘AUMGCAGTGGGAGCCGGA"CMOGGGTGACGGCGTGCCTGTTGMGAATGAG ana g;AGA:gg:ggCA;-gg'!"l‘TAAAAAAgAg:ggg;ltAg:gg;c:g:gg:gx%gﬁ;g%%
nan Cac! nan AGA, AAT-CCTTTA, L AA! \
cls cla TTAGAAGCAGCCAC~CCTTCAAAGAGTGCGTAATAGCTCACTGGTAAAGCGTTCTTGCGC
che A-~-AAAGCCTGACCGCAGTGCCTGTTGAAGAATGAG che TTAGAAGCAGCCAC-CCTTAAAAGAGTGCGTAATAGCTCACTGGTGTAGCGTTCTTGCGC
eug -AGTT'I'ACMGCMI'I‘AOGAGATc'l‘A'l'TTMAGATTGACT(}TGTGCCTGTTGAAGAATGAG eug TTAGAAGCAGCCATTCCTTTAAAAAGTGCGTAATAGCTTACTGGTCAAGTGATAGTGCGC
|ar ATTGAATCTCTGACCGCATGCCTGTTAAAGAATGAG mar CTAGAAGCAGCCAC-CCTTGAAAGAGTGCGTAATAGCTCACTGATCAAGCGCTCTTGCGC
nai 'GGAAGH AAGTGATCTCTGACCGCGTGCCTATTRAAGAATGAG mai CTAGAAGCAGCCAC-CCTTTAAAGAGTGCGTAATAGCTCACTGACTG-GCGCCCTTGCGE
tob - A AGG CAGGGCTCTGACCGCGTGCCTATTUAAGAATGAG tob CTAGAAGCAGCCAC -CCT'l'GAAAGAGTGC(‘iTAATAGCTCACTGATCGAGCGCTCT':‘0(‘3(35
SRS 2EER RENX EERE K BE KRR KR K KEEX X FERKSAKARE & X RR NEE £ KRRRRE KERE REXN *
. == D3 ~-- 1124 ~=-D§ -==
col TCAGCGACTTATATTCTGTAGCAAGGTTAA---~~=- CCGA--~-ATAGG~GGAGCCGA- col GGAAGATGTAACGGGGCTAAACCATGCACCGAAGCTGCGGCAGCGACGCTTATGCGTTGT
ans CCOGCGAC'I‘TA’I‘AGOCACTOGCA-GG‘H‘ AAGGCGG--AAATGCC- -~~~ ~GAAGCCAA- ana CGAAAATG-AACGGGGCTAAGTTCTGTACCGAAGCTGTGGAATT--GCTGTGCA-A~~—~
nan TTAAAGACT--CAAATCT-~ ~GGAGCCTA~ nan CGAAAATG~-TCGGGACTAAATGATCTCCCGAAGCTGTGGGAT-ATTCTA-—~ATGAAT~
cla OCGGGMC‘I‘TATMGAGTOBCTMOTT AAGGAGT--AAAATCC ~GGAGCCCA- cla CGATAATG-GCCGGGACTAAGTGACCTGCCGAAGCTGTGATATAATTTATTATATAAATT
che TT-AAAGAAA-~ATCATCT~ ~GAAGCCAA- che CGAAAATG-AACGGGACTAAGCBGTCTGCCGAAGCTS:GG- ~ —GAG‘!‘TA- mm——eAAA--
ou| €Cqac TTAT T A GOTTAABGTTTTTCCGGAGCCATAGCTGAAATCGAG eug CGAAAATG-AACGUGACTAAGTAATTTGCCGAAGGTGTGAGA-
llg « TTAT 'GGCCTAGTTAAGGGA -CCCA~~-CCGGAGCCGT~ mar CGAAGATG~AATGGGACTAAGCGGTCTGCCGAAGCTATGGGATG-
mai CC 'GGCTTGGTTAAGGGAAT--GGAACCCA~~~CCGGAGCCGT- mai TGAAGATG-AACGGGGCTAAGCGATCTGCCGAAGCTGTGGGATG--TCAAAATGCA-
tob CCGGCGACTCATAGGCAGTGGCTTGGTTAAGAGAA-—~-——~ -CCCA--~-CCGGAGCCGT- tob CGAAGATG-AACGGGGCTAAGCGATCTESE:}A:GE'EG‘:‘BOOATG- ~TAAAAATACA---~
IR ES K% AXRE * * % % LIS 1 *EE KEEE *
e DY - 1184
col TCTTAACTGGGCG--TTAA-GTTGCAGGGTATAGACCCGAAA col -TGGGTAGGGGAGCGTT-CTGTAAGCCTGCGAAGUTGTGCTGTGAGGCATGCTGGAGGTA
ans TCTGAATAGGACGA--TA--GTCAGTGTTTATAGACCGGAAC ana -~TTGGTAGGGGAGCGTT-CCGTCGTAGGGTCAAGCAGTAGCGGAAGCAGCCGTGGACGAA
nan TCTGAATAGGGCATTTTAAAGTCATTTTTTCTAGACCCGAAC nan ATCGGTAGGGGAGCGTTGCTGCTCTAGCATGAAGCAAATATGTAAGTATTTGTGGACGAA
cla TCTGAATAGGGCACAA-ATGGTCACTTCTTATGGACCCGAAC cla ATAGGTAGGGGAGCGTT-CCGCTCTCGGGTGAAGTTTTCACGTAAGTGGGGATGGACGAA
che -- -AGCGMAGCMG- —=~TCTTAATATTTCAC--TAATGTCACTTCTTATCCACCCGAAC che ATCGGTAGGGGAGCGTT-CCGCTCTAGGGTGAAGCATAAACGCAAGTTAATGTGAACAAA
eug CTTAAATAAAGCGAAAAACTTTCTTCTTGAAAGTTTATGTCATTGCTTATAGACCCGAAC eug ATCGGTAGAAGAGCGTT-CTGTGTTGAAGAGAAGGAATAGTGAAAATAGTTCTGGATTAA
mar ---AGCGAAAGCGAG---TCTTCTTAGGGCA---~ATTGTCACTGCTTATGGACCCGAAC mar ~TCGGTAGGGGAGCGTT-CCGCCTTAGGGAGAAGCATC-ACGTGAGCAGATGTGGACGAA
mei ~ATTGTCACTGCTTATGGACCCGAAC mai -TCGGTAGGGGAGCGTT-CCGCCTTAGAGGGAAGCAAACGCGAAAGCGGGGATCGACGAA
tob AGCGAA TCTTCAT. CA-~-~ATTGTCACTGCTTATGGACCCGAAC tob -TCGGTAGGGGAGCGTT—CCGCCTTAGAGAGAAGCCTCCGCGCGAGCGGTGGTGGACGM
LTI ] «* * K KEEERRE ®OREEEE REREIER % X * AERe * x x %

Fig. 6. Alignment of LS rRNA from nine species. Nucleotide numbers refer to the Escherichia coli sequence. Two deletions in this sequence are
indicated by exclamation marks. Variable domains are indicated and refer to Fig. 4. Domains D1 and D7B were deleted before the alignment;
respective deletions are indicated. For abbreviations see Fig. 5.
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1242

TCAGAAGTGCGAATGCTGACATAAGTAACGATAAAGCGGGTGAAAAGCCCGCTCGCCGGA
ACGGAAGTGAGAATATCGGCTTGAGTAGCGAAAACATGGGTGAGAATCCCATGCCCCGAA
GCAGAAGTGAGAATGTCGGCTTGAGTAACGTAAACATTGGTGAGAATCCAATGCCCCGAA
GCGGAAGTGAGAATGTCGGCTTGAGTAACGAAAACATTGGTGAGAATCCAATGCCCCGAA
GCGGAAGTGAGAATGTCGGCTTGAGTAACGCAAACATTGGTGAGAATCCAATGCCCC-AA
ACAGAAGTGAGAATGTCGGCTTAAGTAACGAAAACATTGGTGAAAATCCTATGCTCCGAA
GCGGAAGCGAGAATGTCGGCTTGAGTAACGCAAACATTGGTGAGAATCCAATGCCCCGAA
GCGGAAGCGAGAATGTCGGCT TGAGTAACGAAAACATTGGTGAGAATCCAATGCCCCGAA
GCGGAAGCGAGAATGTCGGCTTGAGTAACGCAAACATTGGTGAGAATCCAATGCCCCGAA

¥ EEKE X KEREE X X X KRk Xk K SEREX K& % % %% %
1302

AGACCAAGGGTTCCTGTCCAACGTTAATCGGGGCAGGGTGAGTCGACCCCTAAGGCGAGG
ATCCCAAGGGTTCCTCCGGAA TCATCCGC TTAGTCAGATCCTAAGGCGAGG

~-CCTAAGGATCCT-~CACCAGG-TCATC~ATGGAGGATGAGTCAGGACCTAAGGCGAGG
AACCTAAGGGTTCCTCCACTAGGTTCATCCATGOGGGATTAGTCAGGACCTAAGACTAGG
AACCTAAGOATTGGAGGACTAGGCTCGCTCATGOAGGATGAGTCAGGACCTAAGGCAAGG
AACCTAAGGTTTCCTTAGCCAGGTTCGTCCTCTAAGGATTAGTCAGATCCTAAAATAAGG
AACCTAAGGGTTCCTCCGCAAGGTTCGTCCACGGAGGATGAGTCAGGGCCTAAGATCAGS
AACCCAAGGTTTCCTCCGCAAGGTTCGTCCACGGAGGATAAGTCAGGACCTAAGATCAGG
AACCTAAGGGTTCCTCCGCAAGGTTCGTCCACGGAGGGTGAGTCAGGGCCTAAGATCAGO

* KREk X LR N 3 K F XXRE RXEE Ei i)

1362 D7B deleted 1600

CCGAAAOGCGTAG-TCOATGGGAAACAGGTTAATATTCCTGT]CG-TACCCCAAA-CCGA
CAGAAGTGCGTAG-TCGATGGACAACAGGTTAATATTCCTGTACG-TACCCTAAA-CCGA
CTGAAA-GCGTAG-ACGTTGGCAAACAGGTTAATATTCCTGTACG-TACCGTAAATCCGA
CCAAACGGCGTCG-TCGATGGAAAACAGGTTAATATTCCTGTACG~TACCTGAAA-CCGA
CCGAAAGGCGTAG-TCGATGGAAAACAGGTTAATATTCCTGTACG~TACCCCAAA-CCGA
TTTAACAACGTAAATTGATGGATGACAGGTTAATATTCCTGTACG-TACCGTAAA-CTGA
CCGAAAGGCGTAG-TCGATGGACAACAGGCAAATATTCCTGTACG-TACCCGAAA-CCGA
CCGAAAGGCTAAG-TCGATGGACAACAGGTCAATATTCCTGTACGGTACCCGAAA-CCGA
CCGAAAGGC-TAG-TCGATGGACAACAGGTGAATATTCCTGTACG-TACCCGAAA-CCGA

*% *

* Eu¥ EERE  ERFERXBERAXRESE RNEE XAX X kN

1615

CACAGGT---GGT-CAGGTAGAGAATACCAA-GGCG-CTTGAGAGAACTCGGATG-AAGG
CACAGAT-~-GG~-GACGGTAGAGTATACCAAGGG--GCGCGAGGTAACTCT-CTCTAAGG
CACAGGCTACAGCGTTAGTAGAGTATACTAACGGCGGCGCGAGATAACTCTTCTCTAAGG
CACAGGT--~-AG-GTTGGTAGAGAATACCAAGGG--GCACGAGAGAACTCT-CTCTAAGG

CACAGGT~--AG-TTGGGTAGAGTATACTTAGGG--GCGCGACATAACTCT-CTCTAAGH
CACAGQT~~~AG-GTTAGTAGAATATACTAAGGA~~GCGCGAGATAACTCT-TTCTAAGG
CACAGGT-~-AG-GTAGGTAGAGAATACCTAGGG-~GCGCGAGATAACTCT~-CTCTAAGG
CACAGGT~~~GG~GTAGGTAGAGAATACCTAGGG - -GCACAAGACAACTCT-CTCTAAG-
CACAGGT-~-GG-GTAGGTAGAGAATACCTAGGG--GCGCGAGACAACTCT-CTCTAAGG

EREERR * EEEEF KX % & L 2 rEEEE L 2
1668 11741
AA-CTAGGCAAAATGGTGCCGTAACTTCGGGAGAAGGCACGCTGATATGTCTGAAATCAG
AA-CTCGGCAAAATGACTCCGTAACTTCGGGAGAAGGAGTGCCCACCT~ - -AAGACGTGG
AATCTCGGCAAAATGAC~CCGTA-CTTCGG-AGAAGGG-TGCCCTCTC-T- -~ ~AAAGAG
AA-CTCGGCAAACTGGCCCCTGAACTTCGGAAGAAGGGGCACCCATCCGTAACAAGGTGG
AA-CTCGGCAAAATGGCCCCAGTAACT~CGGGAGAAGGGATGCCTC~ -~ ~TAGAAATAGAG
AA-CTCGGCAAAATGACTTCGTAACTTCGGAAGAA---GTACCTCT- ===<AATGAG
AA-CTCGGCAAAATAGCCCCATAACTTCGGGAGAAGGGGTGCCTCCTC~ ~~TAAAAGGAG
AA-CTCGGCAAAATAGCCCCGTAACTTCGGGAGA TACCCCCTC- - -GCAAAAG=~
AA-CTCGGCAAAATAGCCCCGTAACTTCGGGAGAAGUGOTGCCTCCTC - - -ACAAAGGGG
.

X K% KESERR % ® F XN AR REES *

1751
=TCOAAG-ATACCAGCTOGCTACAACTATTTATTAAAAACACAGCACTOTGCAAACACGA
GTC A TGTTT AAAA TCCGCTAAGTCGT

TGTTTA AAAACATAGGTCTCCGCAAAGTCGT
OTCUCAGTG-ACCAGH TGTTT. ICAC. AAAGTCGT

A
GCCACAQTA-TCCAG-CCCAG-COACTGTTTACCAAAAACACAGATCTCCACTAAGTCGC
GTGOCAGAA-AAGAGGTCCAAGCOACTACTTACCAAAAGCACAGGTCTCCGCGAAGTTOA
GTCACAUTG-ACCAGGCCCAGGOOACTGTTTACCAAAAACACAGGTCTCCGCAAAGTCGT

- TGTAT AAAACAC, TCT AAGTCGT

@ T TACCAAAAACACAGGTCTCCGCAAAGTCGT
" ® SEXD B SEEE XK XE BN ¥ R% *

1809

AAGTOGQACGTAT, TGCCCAATGCCGGAAGGTTAATTGATGGGGTTAGC

AAGACG.

'ATA’ TGCCCAGTOCCGUAAGGTTAAGGAAGCTGGTCAGC
AAC-CCATAC-T0GG-~GCTGACACCTGCCCAGTOCCGGAAGGTTAAGGAAGTAGGTTACC
AAGACAATATATGGGGGCTGACGCCTGCCCAGTUCCGGAAGGTTAAGGAAGTTGGTTATT
AAGACAATAT T TGCCCAGTGCCGGAAGGTGAAGGAAGTTGGTTATT
AAA TA 0, TAGCTCAGTGCAGGAAGATTAAAGAAATTGGTTAGC
AAGACCATGTATGGGG-CTGACGCCTGCCCAGTOCCAGAAGOTTAAGGAAGTTGGTGACC
AAGACCATGTATGGGAGCTGACGCCTACCCAGTGCCAGAAGGTCAAGGAAGTTGGTGAAC
AAGACCATATATOGGG-CTGACGCCTGCCCAGTGCCGGAAGGTCAAGGAAGTTGGTGACC
” * * Bl ERREEE X KREX XAERBRN XX * xxE ¥

~AGCOGAAGCTCTTGATCGAAGCCCCGGTAAACGGCGGCCGTAACTATAAC
~AGTGAAGCTGGCGACCGAAGCCCCUGTGAACGGCAGCCGTAACTATAAC
==ATTTATC----CAAAGCTTACGACTGAAGCCCCGGCGAACGGCGGCCGTAACTATAAC
TCGT-~~~AAGAAAAAAGCTGACGACCGAAGCCCCGGTGAACGACGGTCGTAACTATAAC
TOACCCAGATTAGAAAAGCTGACAACCGAAGCCCCGGTGAA-GGCGGCCGTAACTATAAC
GTA~ -~~~ -~ ~AGCAAAGCTAGTGACTGAAGCCCCTGTGAACAGCGGCAATAACTATAAT
TGAT- - --GACAGGGAAGCCAGCGACTGAAGCCCCUGTAAACGGCGGCCGTAACTATAAC
TOAT----GACAGGGAAGCCGGCAACCGAAGCCCCUGTGAACGGCGGCCGTAACTATAAC
TGAT----GACAGGGGAGCCAGCEACCGAAGCCCCGGTGAACGGCGGCCGTAACTATAAC
% T OREERERAR ¥ KR RREX ERERERXRK

1921
GGTCCTAAGGTAGCGAAATTCCTTGTCGGGTAAGTTCCGACCTGCACGAATGGCGTAATG
GGTCCTAAGGTAGCGAAATTCCTTGTCGGGTAAGTTCCGACCCGCACGAAAGGCGTAACG
GGTCCTAAGGTAGCGAAATTCCTTATCGGGTAAGTTCCGGCCCGCACGCAAGGCTTA-CG
GATCCTAAGGTAGCGAAATTCATTGTCGAGTAAGTTTCGACCTGCACGAAAGGCGTAACG
GGTGCAAAGGTAGCGAAATTCCTTGTCGGGTAAGTTCCGACCCGCACGAAAGGCGTAACG
TGTCCTAAGGTAGCAAAATTCCTTGTCGGGTAAGTTCCGACCCGCACGAAAGGCTTAACG
GGTCCTAAGGTAGCGAAATTCCTTGTCOGGTAAGTTCCGACCCGCACGAAAGGCGTAACG
GGTCCTAAGGTAGCGAAATTCCTTGTCGGGTAAGT TCCGACCCGCACGAAAGGCGTAACG
GGTCCTAAGUTAGCGAAATTCCTTGTCGGGTAAGTTCCGACCCGCACGAAAGGCGTAACG
Py XK KR RXEXE K RAF XX K

1981

ATGGCCAGACTGTCTCCACCCGAGACTCAGTGAAATTGAACTCGCT~GTGAAGATGCAGT
ATCTGGACACTGTCTCAGAGAGAGGCTCGACGAAATAGGAGTGTCT -GTGAAGATACGCA
TACTGG~CACTGTCTCGGAGAGAG-CTOGGTGAAATAGAC-TGTCT~GTGAAGAT--CGA
ATCTGGGCGCTATCTCGGAGAGAGGCTCAGTGAAATAGACTTGTCCCGTGAAGATGCGGA
ATCTGGGCACTGTCTCGGAGAGAGGCTCGGTGAAATAGACATGTCCGTGGAAGATGAGGA
ATTTGGACACTATCTCAGAAAGAGACTCGGTGAAATAGAATTGACT-GTGAAGATGCGGT
ATCTGGGCACTGTCTCGGAGAGAGACTCGGTGAAATAGACATGTCT-GTGAAGATGCGGA
ATCTGGGCACTGTCTCGGAGAGAGGCTCAGTGAAATAGACATATCT-GTGAAGATGCGGA
ATCTGGGCACTGTCTCGGAGAGAGACTCGGTGAAATAGACATGTCT ~GTGAAGATGCGGA

bESL T T LAL AR LI BT 2T 2 * % ERREER *

6. Continued.
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Z040

GTACCCGCGGCAAGACGG~AAAGACCCCGTGAACCTTTACTATAGCTTGACACTGAACAT
CTACCTGCACCCGGACAG-AAAGACCCTATGAAGCTTTACTGTAGCTTGUTATTG-GCTT
CTACCTACACTTGGACAGTAAAGGCCCTATGAAGCTTGACTGTAGCTTGTAATTGTGTCT
CTACCTACACCTGGACAG-AAAGACCCTATGAAGCTTGACTGTATCTTGGAATTG-GGTT
CTTCCTGCACCTGGACAG-AAAGACCCTATGAAGCTGGACTGGAGCCTGGAATTG-AATT
CTACTTGCACTTGGACAG-AAAGACCCTATGAAGCTTTACTGTATCCTGAAATTG-GTTT
CTACCTGCACCTGGACAG-AAAGACCCTATGAAGCTTTACTGTTCCCTGGGATTG-GCTT
CTACCTGCACCTGGACAG-AAAGACCCTATGAAGCTTTACTGTTCCCTGGGATTG-GCTT
CTACCTGCACCTAGACAG-AAAGACCCTATGAAGCTTCACTGTTCCCTGGGATTG-GCTT
x ¥ * EEE ¥ XEEE XEX EEAE XK KKK * 3% X xx *

2099 ==~ D9 ---

TGAGCCTTGA-TGTGTAGGATAGGTGGGAGGCTTTGAAGTOTGGACGCCAGTCTGCATGG
CGAGCTTTGACTGCGCAGGATAGGTGGGAGGCTATGAGACTTTCCTTGTGGGGGAAGTGG
CGCACTTTTTTTGCGCAGACTAGGTGGAGGCTAATGAAGAAGTATTTTTGGATATTTTCC
TGAGCTTTTCTTGCGCAGCCTAGGTGGGAGACTATGAAGATTACCTTCCGGGGTAATTAG
CGGRGCTTT-CTTGCECAGC- TAGGTGGGAGGCGTTGATAATTCTCTTCCGGGAGAGTTGG
CGGACTTTTTTTGCOCAGAATAGGTAAGAGGCTATGAT-CTTGTCTTTTGGGATACGGGG
TGGGTTTTTCTTACGCAGCTTAGATGGAAGGCAAAGAAGGCC~CCTTCTGGGCGG-TGGG
TGGGCTTTTCCTGCGCAGCTTAGATGGAAGGCGAAGAAGGCCCCCTTCCGGGGGAGCC-G
TGGGCCTTTCCTGCGCAGCTTAGGTGGAAGGCGAAGAAGGCCTCCTTCCGGGGGAGCCCa
* % *x *E K XX RERXER * x% *

2158 === D10 ---
AGCCGACC-TTGAAATA-CCACCCTTTA--ATGTTTGATGTTCTAACGTTGACCCG -~~~
AGCC-AACGGTGAGATA-CCACTCTGTCAAA-GCT-AGAAGTCTAACTTTGAGCCGTTA-
AGCC-ATCAGTGAGA-GTCCACTCTGAAGAACGCTTAGAATTCTAATGAGCGTTCCTTGAA
AGCC~GTCATTGAGAGA-CCACTCTGGAAGA-GCT-AGAATCCTAATGGGGATCCTTGAA
AGCC-ATCAGTGAGAGAACCACTCTGGAGAA-GCT-AGAATTCTAATGGCGATCCTTGAA
AGCCGAAAAATGAGATA-CCACTCTGAGAAA-GCT-AGAAATCTAATCTTAATCTTATGT
AGC-~ATCAGTGAAATA-CCACTCTAGAAGA-GCT~AGAATTCTAACCTTGTGTCAAAAT
AGCC~ATCAGTGAGATA-CCACTCTGGAAGA~GCTCAGGATTCTAACCTTGTGTCAG-AC
AGCC~ATCAGTGAGATA-CCACTCTGGAAGG-GCT-AGAATTCTAACCTTGTGTCAGGAC
L1 ek X LT L 2 * % *RER

2210

~TAATCCGGGTTGCGAACAGTGTCTGATAGGTAGT TTGACTGGGGCGGTCTCCTCCTAAA
T----CCGACCGA--AGCAGTATCAGGTGGGCAGTTTGACTGGGGCGATCGCCTCCTAAA
~~G~~CAGGACGCTTGACAGTTTCAGGTGGGCAGTTTGACTGGGGCGGTCACCTCCTAAA
T~ CAGGACCCTTGACAGTTTCAGGTGGGCAGTTTATTTAGGGCGAATGCCTCCTAAA
T~~~-CAGGACGTTTGACAGTTTCAGGTGGGCAGTTTGACTGGGGCGG-TGCCTCCTAAA
ACAATCATGATAATTGACAGTTTCAGGTGGGCAGTTTTACTGGGGCAGTAGCCTCCTAAA
TTA--CGGGCCAAGGGACATTCTCAGGTAGACAGTTTCTATGGGGCGTAGGCCTCCCAAA
CCG~-CGAGCCAAGGGACAGTCTCAGGTAGACAGTTTCTATGGGGCAGTAGGCCTCCCAAA
CTA-~CGGGCCAAGGGACAGTCTCAGGTAGACAGTTTCTATGGGGCGTAGGCCTCCCAAA

% % K X EX XEE ¥ XEKRE XEHRENE EEREK XS

2269
GAGTAACGGAGGAGCACGAAGGTTGGCTAATCCTGGTCGGACATCAGGAGGTTAGTGCAA
AGGTAACGGAGGCOCGCAAAGGTTCCCTCAGGCTGGTTGGAAATCAGCCGACGAGTGCAA
AGGTAACGGAGGTGTGCAAAGGTTCCCTCAGGCTGGACGGAAATCAGCCGTAGAGTGTAA
AGGTAACGGAGGCGTCGAAGAGTTCCCTCAGTCTGGACGGAAATCAGACATTGAGTGTAA
GACTAACGGAGGCGTGCAAAGGTTCCCTCAGGCTGGACGGAAATCAGCCGAAGAGTGTAA
AAGTAACGGAGGCATACAAAGGTTTTCTCAGGCTAGACGGAAATTAGTTGTGGAGTGTAA
AGGTAACGGAGGTGTGCAAAGGTTTCCTCAGGCTGGACGGAAATCAGCCTTCGAGTGCAA
AGGTAACGGAGACGTGCAAAGGTTTCCTCGRACCAGACGGACATTGGTCCTCGAGTGCAA
AGGTAACGGAGGCGTGCAAAGGTTTCCTCGGGCCGGACGGAGATTGGCCCTCGAGTGCAA
EREXXEERS ¥ X KEEE % LR N L L 2 I X% XX

2329

TGGCATAAGCCA-CTTGACTGCGAGCGTGACGGCGCGAGCAGGTGCGAAAGCAGGTCATA
AGGCATAAGGGAGCTTGACTGCAAGACCTACAAGTCGAGCAGGGACGAAAGTCGGCCTTA
AGAQCAGAAGAGAGCTTGATCGCAAGACCTACAAGTCGAGCAGGGGCGAAA-CGGGCCTTA
AGGCAAAAGGGAGCTTGACTGCAAGACCTAACAGTCGAGCAGGGGCAAAAGCCGGCCTTA
AGGCAAAAGGGAGCTTGACTGCAAGACCTACAAGTCGAGCAGGGGCGAAA-CGGGCCTTA
AGGCATAAGAAAGCTTGACTGTGAGACTTATAAGTCAAACAGAGACTAAAGTCGGTCTTA
AGGCAGAAGGGAGCTTGACTGCAAGACATACCCGTCGAGCAGGGACGAAAGTCGGCCTTA
AGGCAGAAGGGAGCTTGACTGCAAGACTCACCCGTCGAGCAGAGACGAAAGTCGGCCTTA
AGGCAGAAGGGAGCTTGACTGCAAGACCCACCCGTCGAGCAGGGACGAAAGTCGGCCTTA
FEEE REE ¥ ANREE k ¥N * * ¥ RN ® ¥5x LR R 14

GTGATCCGGTGGTTCTGAATGGAAGGGCCATCGCTCAACGGATAAAAGGTACTCCGGGGA
GTGATCCGACGGTTCTGAGTGGAAGGGCCGTCGCTCAACGGATAAAAGTTACTCTAGGGA
GTGATCCGACGGTTCCGTGTGGA -GAACCGTCG-~TAAACGGATAAAAGTTACTCTAGGGA
GTGATCCGACGGTGCCGCGTTGAAGGGCCGTCGCTCAACGGATAAAAGTTACTCTAGGGA
GTGATCCGACGGTACCGAGTGGAAGGGCCGTCGCTCAACGGATAAAAGTTACTCTAGGGA
GTGACCCGACGGTGCTGTATGGAAAGGCCGTCG-TAAACAGATAAAAGTTACTCTAGGGA
GTGATCCGACGGTACCAAGTGGAAGGGCCGTCGCTCAACGGATAAAAGTTACTCTAGGGA
GTGATCCGACGGTGCCGAGTGGAAGGGCCGTCGCTCAACGGATAAAAGTTACTCTAGGGA
GTGATCCGACGGTGCCGAGTGGAAGGGCCGTCGCTCAACGGATAAAAGTTACTCTAGGGA
BREE XK XKE ¥ * k¥ K KEE X KFF SEERRERE RKEXE SRR

2448
TAACAGGCTGATACCGCCCAAGAGTTCATATCGACGGCGGTGTTTGGCACCTCGATGTCG
TAACAGGCTGATCTCCTCCAAGAGTTCACATCGACGAGGAGGTTTGGCACCTCGATGTCG
TAACAGGCTGATCTTCCC~AAGAGTTCACATCGACGGGAAGGTTTGGCACCTCGATGTCG
TAACAGGCTGATCTTCCCCAAGAGTTCACATCGACGGGAAGGTTTGGCACCTCGATGTCG
TAACAGGCTGATCTTCCCCAAGAGTTCACATCGACGGGAAGGTTTGGCACCTCGATGTCG
TAACAGGCTGATCTCCCCCAAGAGTTCACATCGACGGGGAGGTTTGGCACCTCGATGTCG
TAACAGGCTGATCTTCCCCAAGAGTTCACATCGACGGGAAGGTTTGGCACCTCGATGTCG
TAACAGGCTGATCTTCCCCAAGAGTCCACATCGACGGGAAGGTTTGGCACCTCGATGTCG
TAACAGGCTGATCTTCCCCAAGAGCTCACATCGACGGGAAGGTTTGGCACCTCGATGTCG
RERERRERE KK RS2 L2 N 14

2508

GCTCATCACATCCTGGGGCTGAAGTAGGT -CCCAAGGGTATGGCTGTTCGCCATTTAAAG
GCTCATCGCAACCTGGGGCTGAAGTCGGTCCC-AAGGGTTGGGCTGTTCGCCCATTAAAG
GCTCTACGCAACCTGGG--CGTAGTACGT --CCAAGGGTTGGGCTGT-CGCC-AT-GAAG
GCTCATCACATCCTCGGTCTGTAGTAGGT~CCGAAGGGTTGGGCTGTTCGCCCATTAAAG
GCTCATCGCAACCTGGAGCGGTAGTACGTTCCCAAGGGTTGGGCTGTTCGC--ATGAAAG
GCTCATCGCAACCTGGCGCGGTAGTACGT-CCCAAGGGTTGGGCTGTTCGCCCATTAAAG
GCTCTTCGCCACCTGGGACGGTAGTACGTTCC-AAGGGTTGGGCTGTTCGCCCATTAAAG
GCTCTTCGCCACCTGGAGCTGTAGGTGGTTCC-AAGGGTTGGGCTGTTCGCCCATTAATG
GCTCTTCGCCACCTGGGGCTGTAGTATGTTCC~AAGGGTTGGGCTGTTCGCCCATTAAAG
EERE X X kk¥ ¥ * ¥ XE K FARKER FEERER XKE * %2

2567
TGGTACGCGAGCTGGGTTTAGAACGTCOTGAGACAGTTCGGTCCCTATCTGCCGTGGGCG
CGGTACGTGAGCTGGGTTCAGAACGTCGTGAGACAGTTCGATCCATATCCGATGCAGGCG
CG-TACGTAAGCTCGGRTCAGAACGT-GAGAG-CAGTTCGGTCCATATCCGGTGTAGGCG
TGGTACGTGAGCTGGGTTCAAAACGTCGTGAGACAGTTTGGTCCATATCCGGTGTAGGCG
CGGTACGTGAGCTGGGTTCAGAACGTCGTGAGCAAGTTCGGTCCATATCCGGTGTAGGCG
CGGTACGTGAGCTGGGTTCAGAACGTCGAGAGACAGTTCGGTCCATATCCGGTGTGAGCG
CGGTACGTGAGCTGGGTTCAGAACGTCGTGAGACAGTTCGGTCCATATCCGGTGTGGGCE
CGGTACGTGAGCTGGGTTCAGAACGTCGTGAGAC~GTTCGGTCCATATCCGGTGTGGGCG
CGGTACGTGAGCTGGGTTCAGAACGTCGTGAGACAGTTCGGTCCATATCCGGTGTGGGCG
X kkdkk  KERR KX X K FXXXK X K¥K XK ERERE EXEX X X *

439



440

2627
col CTGGAGAACTGAGGGGGGCTGCTCCTAGTACGAGAGGACCGGAGTGGAC~GCATCACTGG
ana TAAGAGTATTGAGAGGATTTCTCCCTAGTACGAGAGGACCGGGAGGAAC~GCACCGCTGG
nan CTGGAGCATTGAGAGGAGTCTTCCATAGTACGAGAGGACCTGGAAGAACTACACCTCTGG
cla TTAGAGCATTGAGAGTAGCCTTTCATAGTACGAGAGGACCTGAAAGGAC~ATGCCAATTG
che TAAGAGCATTGAGAGGAGTCTTCCATTGTACGAGAGGACCTGGAAGAAC~GCACCACTAG
eug TTAGAGTATTGAAAGGCGCTTTCCTTAGTACGAGAGGACCGGGAAGGAC~GCACCACTGA
mar TTAGAGCATTGAGAGGACCTTTCCCTAGTACGAGAGGACCGGGAAGGAC-GCACCTCTGG
mai TTAGAGCATTGAGAGGACCTTTCACTAGTACGAGAGGACCGGGAAGGAC~GCACCTCTAG
tob TTAGAGCATTGAGAGGACCTTTCCCTAGTACGAGAGGACCGGGAAGGAC~GCACCTCTGG
XXX X KX¥ x KEXEERXEEKRKE ¥ x X *

2686

col TGTTCGGGTTGTCATGCCAATGGCAC-TGCCCGGTAGCTAAATGCGGAAGAGATAAGTGC
ana TGTACCAGTTATCGTGCCAACGUTAAACGCTGGGTAGCTACGTGTGGAGTAGATAACCGC
nan TATACCAGTTCTCACGCCAGTGGGAAACGCTGGGTAGCCAAGTGTGGAGTGGATAACCGC
cla TGTACCAGTTCTCATTCCAATGGGAAACGCTGGGTAGCTACGCATGGATAGAATA-CTGC
che TATACCAGTTCTCCTGCCAAGGGGATACGCTGGGTAGCCAAGTGCGGAGCGGATAACTGC
eug TGTACCAGTTTTTGTGCCAACAGAATACGCTGGGTAGTCAAGTGCGGAGTGGATAACTGC
mar GTTACCAGTTATCGTGCCCACGGTAAACGCTGGGTAGCCAAGTGCGGA-CGGATAACTGC
mai TGTACCAGTTATCGTGCCTACGGTAAACGCTGGATAGCCAAGTGTGGAGAGGATAACTGC
tob TTGACCAGTTATCGTGCCCACGGTAAACGCTGGATAGCCAAGTGCAGAGCAGATAACTGC

*  k¥E % % * *X  EXE%% ¥ %% % *%

2745
col TGAAAGCATCTAAGCACGAAACTTGCCCCGAGATGAGTTCTCCC
ana TGAAAGCATCTAAGTGGGAAGCCCACCTCAAGATGAGTACTCTC
nan TGAAAGCATCTAAGTGGGAAGCCCACCTCAAGATGAGTGCTCCT
cla TGAAAGCATCTAAGTAGGAAGCTAAACTCAAGATGAGTGCTCTC
che TGAAAGCATCTAAGTAGGAAGCCCACCTCAAGATGAGTGCTCTC
eug TGAAAGCATATAAGTAGGAAGCCCACCTTAAGATAAGTACTCTT
mar TGAAAGCATCTAAGTAGGAAGCCCACCTCAAGATGAGTGCTCTC
mai CGAAAGCATATAAGTAGTAAGCCCACCCCAAGATGAGTGCTCTC
tob TGAAAGCATCTAAGTAGTAAGCCCACCCCAAGATGAGTGCTCTC
AEXFREEE RWEE LI * SEEE REX RER

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).

A. nidulans

N. tabacum

Z.mays

M. polymorpha

N. eukaryotum
Ch. vulgaris

SS rRNA

Ch. ellipsoidea
C. reinhardtii
P. littoralis

E. gracilis

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 B-purple bacteria (Assali et al.
1991; Markowicz and Loiseaux-de Goer 1991) and be-
tween the same gene of the chloroplast of Ectocarpus
siliculosus 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. Purthermore, 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-

~—— 0.01 knuc

E. coli

N. tabacum
Z.mays

LS rRNA

M. polymorpha

A.nidulans Ch.ellipsoidea

N. eukaryotum

C.reinhardtii

E. gracilis

E. coli

Fig. 7.
distance corrections were used. Distance matrices were calculated according to Kimura (1980) with the program DNADIST, trees with the program
FITCH, both from the Phylip software package. Lengths of vectors are proportional to evolutionary distances.

Phylogenetic trees inferred from SS rRNA and LS rRNA sequences. The complete, aligned sequences from Figs. 5 and 6 were used. No



clusion is supported by investigations using the nuclear
SS rRNA sequence of N.e. (Sargent et al. 1988), which
has been included in calculations of the phylogeny of
algae (Rausch et al. 1989; Eschbach et al. 1991; Hen-
driks et al. 1991; Douglas 1992). In all investigations,
N.e. was found to be closely related to Chlorella.

Even if this taxonomic position is only approximately
correct, we certainly can exclude that N.e. belongs to an
ancestral algal lineage. Consequently, the primitive mor-
phological and biochemical appearance of N.e. must be
due to reduction. A comparable phylogenetic misinter-
pretation of unusual biochemical properties has occurred
in dinoflagellates. In particular, the absence of histones
has led to the assumption that dinoflagellates are an ‘‘an-
cestral’’ taxon (Herzog et al. 1984). However, phyloge-
netic analysis, based on LS rRNA sequences, places di-
noflagellates close to ciliates and yeast in the middle of
the kingdom of unicellular eukaryotes (Lenaers et al.
1989).

Thus, it is obviously unwarranted to draw phyloge-
netic conclusions from biochemical peculiarities, even if
they differ significantly from established standards. The
phylogenetic position of an organism can be inferred
only from a thorough analysis using sequences of several
suitable genes.
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