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Summary. Complete small-subunit rRNA (16S-
like rRNA) coding region sequences were deter-
mined for eight species of the Chlorococcales
(Chlorophyceae). The genera investigated include
Prototheca, Ankistrodesmus, Scenedesmus, and five
Chlorella species. Distance matrix methods were
used to infer a phylogenetic tree that describes evo-
lutionary relationships between several plant and
green algal groups. The tree exhibits a bifurcation
within the Chlorococcales consistent with the di-
vision into Qocystaceae and Scenedesmaceae, but
three of the five Chlorella species are more similar
to other algae than to Chlorella vulgaris. All of the
sequences contain primary and secondary structural
features that are characteristic of 16S-like TRNAs
of chlorophytes and higher plants. Anikstrodesmus
stipitatus, however, contains a 394-bp group I in-
tervening sequence in its 16S-like rRNA coding re-
gion.
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Introduction

Unicellular green algae of the genus Chlorella Bei-
jerinck were the first algac to have been grown ex-
tensively in axenic cultures. They serve as model
organisms in physiological and biochemical plant
research, e.g., photosynthesis and nitrate reduction.
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More recently, Chlorella has been mass cultured for
production of human and animal feed, treatment of
sewage, microbial energy conversion, etc. (Soeder
1980).

The cells of Chlorella are spherical or ellipsoidal,
the size (2-12 pm) often varying with culture con-
ditions. The chloroplast is parietal, with a pyrenoid
in most species. Reproduction is asexual by release
of autospores. The lack of significant morphological
variation has forced taxonomists to rely upon sim-
ilarities in physiological characters (Shihira and
Krauss 1965) or a combination of morphological
and structural features {Fott and Novikova 1969).
Kessler (1982a, 1984, 1987) has presented a con-
vincing classification of Chlorella strains that in-
cludes 16 taxa. They are differentiated by a
combination of 12 physiological and biochemical
species-specific properties. The observed diversity
of such properties within a single genus is remark-
able. Even more striking is the enormous variation
of DNA base composition determined for 88 strains
by Hellmann and Kessler (1974). The guanine +
cytosine (G+C) content of Chlorella species ranges
from 43 to 78 mol% G+ C, which suggests that Chlo-
rella represents an assemblage of morphologically
similar species of polyphyletic origin rather than a
natural genus (Kessler 1976). Indeed, several au-
thors have nearly dismantled the taxonomic unit of
Chliorella, and at least 6 out of the 16 taxa defined
by Kessler have been renamed and classified in dif-
ferent genera or families (Fott et al. 1975; Hegewald
1982; Hindak 1982; Komarek 1987; Kalina and
Puncéochatova 1987). These investigations are based
again primarily upon morphological criteria.

Quantitative DNA hybridization procedures have
been employed to investigate intraspecific relation-



ships of Chlorella species (Huss et al. 1986, 1987a,
b, 1988, 1989b). However, with few exceptions these
studies were unable to reveal interspecies relation-
ships (Huss et al. 1989a). Even though very useful
for the delimitation of different taxa and for resolv-
ing the genealogical relationships within a species,
the DNA hybridization data thus provided little
conclusive information about the evolution of Chlo-
rella species and their relation to other green algae.
This has been discussed in terms of a relatively large
phylogenetic divergency within the genus Chlorella.
Phylogenetic relationships between even the most
divergent organisms can be examined by compar-
ative sequence analysis of conserved macromole-
cules (Zuckerkandl and Pauling 1965). The larger
rRNAs have proven to be particularly useful for this
purpose. Similarities between small-subunit rTRNA
(16S-like rRNAs) demonstrated the existence of three
primary kingdoms of organisms (Woese and Fox
1977). Because of advances in cloning and sequenc-
ing techniques, and more recently the widespread
application of polymerase chain reaction (PCR)
techniques for specifically amplifying TRNA coding
regions, the database for eukaryotic and prokaryotic
16S-like rRNAs has grown dramatically. Although
most studies within eukaryotes have focused upon
phylogenetic relationships between divergent organ-
isms (Sogin et al. 1989), it has been demonstrated
that it is also possible to infer reliable relationships
between species of a single genus (Sogin et al. 1986).
In this study we determined complete 16S-like
rRNA sequences from five Chlorella species. In or-
der 1o obtain a broader database for discussing Chlo-
rella phylogeny [sequences of only two green algae,
Chlamydomonas reinhardtii (Gunderson et al. 1987)
and Nanochlorum eucaryotum (Sargent et al. 1988)
have been reported], we also determined sequences
for the chlorococcalean genera Ankistrodesmus, Pro-
totheca, and Scenedesmus. Prototheca, a heterotro-
phic and colorless alga, and Scenedesmus were cho-
sen to clarify the previously suggested relationship
of Prototheca to Chiorella protothecoides (Kessler
1982a; Pore 1985) as well as of Chlorella fusca to
Scenedesmus (Kessler 1982a; Huss et al. 1989a).

Materials and Methods

Organisms, Vectors, and Enzymes. Algal cultures were the same
as used by Huss et al. (1989a): Chlorella vulgaris 211-11b, Chio-
rella kessleri 211-11g, Chiorella minutissima C-1.1.9, C. proto-
thecoides 211-Ta, C. fusca var. vacuolata 211-8b, Scenedesmus
obliquus 276-3a, and by Huss et al. (1988): Prototheca wicker-
hamii 1283, Ankistrodesmus stipitatus 202-5 was from the
Sammlung von Algenkulturen, Pflanzenphysiologisches Institut
der Universitidt Géttingen, FRG (SAG). Algae were grown as
described by Huss et al. (1986). Escherichia coli strain JM 109
was used as host for M13 vectors mpl8 and mp19 and grown
in 2x YT medium (Messing 1983). Restriction endonucleases,
Klenow fragment of DNA polymerase I, and T, DNA ligase were
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from BRL, and Thermus aquaticus DNA polymerase was from
New England BioLabs.

DNA Isolation, Purification, and Amplification of 16S-like
rRNA Genes. Total DNA from algae was isolated according to
Huss et al. (1986). DNA of some strains was further purified by
CsCl density gradient centrifugation (Huss et al. 1988). The 16S-
like rRNA coding region was amplified by a modification of the
PCR method (Saiki et al. 1988) using heat-stable 7ag DNA poly-
merase and eukaryote specific synthetic oligonucleotide ampli-
fication primers as previously described (Medlin et al. 1988).
Thirty amplification cycles were carried out in a Perkin-Elmer
Cetus DNA Thermal Cycler. Each cycle inciuded a 2-min de-
naturation period at 94°C, 2-min primer annealing at 37°C, and
6-min primer extension at 72°C.

M13 Cloning and Sequencing. Amplification products were
ligated into the RF of M13 mpl8 and M13 mpl9, and single-
stranded templates for primer extension sequencing were pre-
pared from recombinant M 13 phages (Medlin et al. 1988). Com-
plete sequences for both the coding and noncoding DNA strand
were determined by the dideoxynucleotide chain-termination se-
quencing protocols (Sanger and Coulson 1975) initiating DNA
synthesis with oligonucleotide primers that are complementary
to evolutionarily conserved regions of the 16S-like rRNA gene
(Elwood et al. 1985).

Sequence Analysis and Construction of Phylogenetic Trees.
For the inference of phylogenetic trees by distance matrix meth-
ods, similarity values must be computed for all possible pairwise
comparisons of homologous nucleotide positions. Similarity is
defined as

s=m/m+ u+ g/2)

where m is the number of sequence positions with matching
nucleotides, u is the number of positions with nonmatching nu-
cleotides, and g is the number of sequence gaps (only the first
five positions in a gap are considered in making the calculations;
large insertions or deletions probably reflect single rare events).
The similarity values are converted to distance values (the num-
ber of evolutionary changes per 100 positions) using the formula
of Jukes and Cantor (1969), which compensates for the proba-
bility of multiple events at the same position. The distances are
then converted to phylogenetic trees using a modification (El-
wood et al. 1985) of the distance matrix methods (Fitch and
Margoliash 1967). The evaluation of alternative phylogenetic
trees is based upon the agreement of the distance data separating
pairs of organisms and the sum of tree segment lengths Jjoining
the organisms in the tree. Because it is not practical to test all
possible tree topologies, an algorithm was used in which the
effects of a given set of rearrangements on a given phylogenetic
tree were tested, and then the best of all tested alternatives (i.e.,
the most improved tree) was maintained and used as the starting
point for another round of optimization. Two simple classes of
tree rearrangements were tested by the optimization algorithm,
Both regard the current tree as sets of subtrees connected by
segments. A subtree can range from a single sequence to N — 3
sequences, where N is the number of organisms represented in
the tree. A subtree can be moved to a new location by removing
its nearest node from the tree and inserting this node into an
alternative tree segment. In the first class of rearrangements, the
effect of moving each possible subtree (one at a time) to every
alternative location in the tree is systematically tested. The sec-
ond class of rearrangements tested involves interchanging the
locations of a pair of subtrees. The effect of all pairwise inter-
changes of subtrees (one pair at a time) is tested. The rearrange-
ment that leads to the most improved tree is used as the starting
point for a new round of optimization.
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Table 1. Structural similarity and distance data between small subunit rRNA gene sequences

Organism Z.p. O.s. Z.m. Le. G.m. Cr. P.w. C.p. C.m.
Zamia pumila - 0.932 0.924 0.942 0.931 0.879 0.884 0.871 0.888
Oryza sativa 0.071 — 0.980 0.960 0.952 0.882 0.882 0.871 0.886
Zea mays 0.080 0.020 - 0.951 0.948 0.877 0.878 0.868 0.885
Lycopersicon esculentum 0.060 0.041 0.050 - 0.968 0.882 0.883 0.874 0.892
Glycine max 0.072 0.049 0.054 0.033 - 0.880 0.877 0.867 0.889
Chlamydomonas reinhardtii 0.131 0.128 0.134 0.128 0.130 —_— 0.922 0.906 0.943
Prototheca wickerhamii 0.126 0.128 0.133 0.126 0.134 0.082 — 0.947 0.957
Chlorella protothecoides 0.141 0.141 0.145 0.138 0.146 0.100 0.055 — 0.935
Chlorella minutissima 0.121 0.124 0.125 0.116 0.120 0.059 0.044 0.068 -
Nanochlorum eucaryotum 0.119 0.123 0.126 0.115 0.123 0.063 0.047 0.071 0.021
Chlorella vulgaris 0.112 0.116 0.121 0.111 0.115 0.060 0.040 0.063 0.020
Chlorella kessleri 0.118 0.121 0.126 0.115 0.118 0.061 0.046 0.068 0.024
Ankistrodesmus stipitatus 0.125 0.131 0.133 0.122 0.124 0.062 0.071 0.091 0.045
Chlorella fusca var. vacuolata 0.123 0.130 0.133 0.122 0.128 0.066 0.065 0.088 0.046
Scenedesmus obliquus 0.125 0.134 0.136 0.126 0.129 0.066 0.068 0.091 0.047

The upper right half of the table gives the structural similarity (fraction of sites that are identical), and the lower-left half of the table
shows the distance data (average number of base changes per sequence position), Sequence data used for comparison are from Zamia
pumila (Nairn and Ferl 1988), Oryza sativa (Takaiwa et al. 1984), Zea mays (Messing et al. 1984), Lycopersicon esculentum (Kiss et
al. 1989), Glycine max (Eckenrode et al. 1985), Chlamydomonas reinhardtii (Gunderson et al. 1987), and Nanochlorum eucaryotum

(Sargent et al. 1988)

Results

The 168-like rRNA primary structures inferred from
the coding region sequences are presented in Fig, 1,
The sequence of C. vulgaris (Huss and Sogin 1989)
is used as reference and aligned with sequences of
the other chlorococcalean algae determined in this
study. The extent of length variation ranges from
1792 nucleotides in the A. stipitatus mature small-
subunit rRNA to 1831 in C. protothecoides. The
16S-like rRNA coding region of A. stipitatus con-
tains 394 extra bases inserted between nucleotides
1261 and 1262 (data not shown). The insert has all
of the features characteristic for group I introns (Cech
1988). The primary and secondary structure of the
intron found in the 16S-like rRNA gene of A. stipita-
tus and its splicing abilities will be published else-
where.

The number of nucleotide differences between the
16S-like rRNA coding regions for the five Chlorella
species ranges from 37 sites between C. vulgaris and
C. kessleri to as many as 209 positions between C.
fusca var. vacuolata and C. protothecoides. The
structural similarities and distance data for 16S-like
rRNA sequences of all published higher plants and
green algae are given in Table 1. Only nucleotides
that could be aligned unambiguously according to
the method described by Elwood et al. (1985) were
included in the analysis. This corresponds to 96%
of the C. vulgaris sequence. The structural distances
of Table 1 were used to construct the phylogenetic
tree shown in Fig. 2 (Elwood et al. 1985). The tree
is rooted using the sequence of Acanthamoeba cas-
tellanii (Gunderson and Sogin 1986) as an outgroup.

Sequence alignment is substantially facilitated by
considering the evolutionary conservation of sec-
ondary structures. We therefore constructed sec-
ondary structure models for all of the algae studied.
As an example, the model for C. vulgaris 168-like
rRNA is shown in Fig. 3a. It is a modification of
the Zea mays structure proposed by Gutell et al.
(1985). However, it takes into account a substan-
tially larger database.

For eukaryotic 16S-like rRNAs it is difficult to
model the region that corresponds to helix 21 in
prokaryotes [helix numbering is according to Dams
etal. (1988)]. This helix is replaced by a much longer
and highly variable sequence. Various secondary
structure models were proposed (Atmadja et al. 1984;
Choi 1985; Gonzalez and Schmickel 1986; Herzog
and Maroteaux 1986; Hendriks et al. 1988) and
proven either by testing for compensatory base vari-
ations (Woese et al. 1983) and/or by the base-paired
fragment approach (Atmadja et al. 1984). The re-
sults, however, are different even for similar se-
quences of, e.g., Homo sapiens and Xenopus laevis.
Proving a helix by the comparative method pre-
sumes perfect alignment of the sequences to be com-
pared. Because of its highly variable sequence and
substantial length variation, it has not been possible
to develop a consensus structure for the eukaryotic
analogue of helix 21 (Raué et al, 1988).

Our model for the analogue of helix 21 of green
algae and higher plants is shown in Fig. 3a. It con-
sists of five eukaryote-specific helices E21-1to E21-6
[E21-3 (Dams et al. 1988) is missing in our model].
The existence of the hypervariable helices E21-1 and
E21-2 is well proven by numerous compensating



Table 1. Extended

Ne. Cv. Ck. As. cf S.0.
0.889 0.895 0.890 0.885 0.886 0.885
0.886 0.892 0.888 0.879 0.880 0.877
0.884 0.888 0.884 0.878 0.878 0.876
0.893 0.896 0.893 0.887 0.887 0.884
0.886 0.893 0.890 0.885 0.882 0.881
0.939 0.941 0.941 0.940 0.937 0.936
0.954 0.960 0.955 0.932 0.937 0.935
0.932 0.940 0.934 0.914 0917 0.914
0.978 0.980 0.975 0.956 0.954 0.954
- 0.975 0.967 0.946 0.947 0.947
0.024 - 0.984 0.952 0.956 0.956
0.033 0.016 — 0.949 0.952 0.951
0.055 0.049 0.052 — 0.960 0.962
0.055 0.045 0.049 0.041 - 0.992
0.054 0.044 0.050 0.039 0.008 -

base exchanges in our large database of relatively
closely related green algae (Fig. 4). In addition, helix
E21-2 has been proven by Atmadja et al. (1984) for
X. laevis by secondary structure mapping techniques
of ribonuclease T, and/or RNase A-resistant base-
paired RNA fragments. The 16S-like TRNA of C.
protothecoides contains a unique insertion in helix
E21-1 resulting in a large loop (Fig. 3b). Because of
the lack of homologous sequences no base pairing
can be proposed for this region by the method of
comparative base exchanges. Helix E21-4 is almost
invariable within the organisms studied. Base
changes occur only in the loop and at the base of
the stem where a U-G pair is replaced by A-G in
A. stipitatus. Helices E21-5 and E21-6 are relatively
conserved within the green algae. In this case, the
sequences of the higher plants, Saccharomyces cere-
visiae (Rubtsov et al. 1980), and H. sapiens (Gon-
zalez and Schmickel 1986) provide evidence for the
existence of these helices.

In the helix E21 region, our model is most similar
with that proposed for human 18S rRNA by Gon-
zalez and Schmickel (1986). Helices E21-2, E21-4,
and E21-5 are almost identical. There is, however,
no evidence within the plants for the extension of
helices E21-1 and E21-6 as proposed by these au-
thors. The human sequence, on the other hand, can
be easily fitted in our model.

Discussion

The 16S-like rRNA distance data in Table 1 and
the inferred phylogenetic tree shown in Fig. 2 dem-
onstrate the heterogeneity of the genus Chlorella,
and the relationship of some Chlorella species to
other green algae. The tree topology in a parsimony
analysis using the PAUP program (D. Swofford; I1-
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linois Natural History Survey) is identical to that
shown in Fig. 2.

Within the genus Chlorella, C. vulgaris and C.
kessleri are closely related, but other Chlorella species
are more closely related to different green algal taxa.
A common ancestry of C. minutissima and Nan-
ochlorum eucaryotum is significant although they
are separated only by a short branch from the true
chlorellae. The chlorophyte N. eucaryotum has been
described as a new, very small alga with minimal
eukaryotic features including a small cell size, a low
DNA content, a possible total lack of histones along
with deviations in the protein properties and mor-
phology of the mitotic apparatus (Wilhelm et al.
1982; Zahn 1984). It has been proposed that Nano-
chlorum should be considered as a new genus in the
family Oocystaceae that might represent an early
divergence in the eukaryotic line of descent (Zahn
1984). The 16S-like rRNA sequence of N. eucary-
otum, however, is similar to other green plants fa-
voring evolutionary reduction as the source of the
minimal features (Sargent et al. 1988).

Our data show that Nanochlorum is closely re-
lated to C. minutissima, which contradicts the orig-
inal description where a relationship to C. minutis-
sima was discounted (Wilhelm et al. 1982). Based
upon comparative ultrastructural studies, N. eu-
caryotum was recently included in the genus Nanno-
chloris, which contains algae similar to Chlorella but
with smaller cell size (<5 um) (Menzel and Wild
1989). It will be important to include Nannochloris
in the rRNA analyses in order to determine if these
microalgae form a coherent sister group of Chlorellg
and whether Nanochlorum is more closely related
to C. minutissima or Nannochloris.

Protothecais generally considered to be the achlo-
rophyllous equivalent of Chlorella. These heterotro-
phic algae are found in sewage, feces, and soil (Pore
et al. 1983) and are of medical and economic in-
terest. Some are pathogenic for man and animals
(Sudman 1974), others can degrade hydrocarbons
including oil (Walker et al. 1975; Walker and Pore
1978). They formerly were assumed to be fungi but
the presence of leucoplasts and propagation by means
of autospores showed them to belong to the algae
{(Nadakavukaren and McCracken 1973). Shared fea-
tures between Prototheca and C. protothecoides in-
clude a thiamine dependency and the incapability
to assimilate nitrate. These features are not found
in other Chlorella species. It has been proposed that
C. protothecoides is the closest present-day repre-
sentative of the algal progenitor that gave rise to the
genus Prototheca (Pore 1972). Prototheca wicker-
hamii was included in this study because both taxa
are similar with respect to shape, size, nutritional
characteristics, and DNA base composition (Kessler
1982b; Pore 1985; Huss et al. 1988).
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Fig.1. Small subunit rRNA sequences of chlorococcalean algae errors or by microheterogeneity within the 16S-like rRNA genes,
aligned with Chlorella vulgaris 16S-like TRNA (Huss and Sogin as up to 12 different clones have been combined for preparing
1989). Only the nucleotides that differ from those of C. vulgaris the sequencing template (R = A/G;, W =A/U; Y =C/U; K =
are shown (dots indicate nucleotide identity and dashes indicate G/U). The absolute nucleotide positions are indicated for each
alignment gaps). Ambiguity of nucleotides may be caused by PCR sequence. For abbreviations of organisms see Table 1.
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Fig. 1. Continued
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Zamia pumila
__[:Sryza sativa (Rice)
Zea mays (Corn)

Chlorella minutissima

Chlorella vulgaris

0.02 Chlorella kessleri

Our phylogenetic tree indeed shows C. protothe-
coides and P. wickerhamii grouped together on a
separate branch diverging prior to the separation of
the microalgae and Chlorella as represented by C.
vulgaris and C, kessleri. The question of the ancestry
of Prototheca, however, cannot be regarded as being
completely solved because the analysis of the rela-
tionship between both algae is complicated by two
facts: First, the genus Prototheca is almost as het-
erogeneous as is Chlorella. DNA base compositions
range from 60 to 76 mol% G+C, and no significant
DNA similarities were found between most species
(Kerfin and Kessler 1978; Huss et al. 1988). Second,
the long branch in our phylogenetic tree leading to
C. protothecoides shows it to be a fast clock organ-
ism, meaning that its rRNA has evolved more rap-
idly than in other algae. Fast clock sequences are
known to cause problems with respect to branching
orders in a phylogenetic tree (Felsenstein 1988). Ad-
ditional sequences for other Prototheca species will
be required to determine if Prototheca should be
regarded as a monophyletic group of algae that lost
the ability to synthesize chlorophyll after they di-
verged from an ancestor represented by C. proto-
thecoides.

Electron microscopical investigations of cell wall
structures have shown that C. fusca var. fusca be-
longs to the genus Scenedesmus (Fott et al. 1975).
In that study, it is explicitly stated that the varieties
vacuolata and rubescens are not related to Scene-
desmus. The similarities of sterols, ribosomal pro-
teins, and cytochromes c-553 (Patterson 1974; Gotz
and Arnold 1980a,b; Kiimmel and Kessler 1980),
however, indicate a relationship of all C. fiusca va-
rieties with Scenedesmus as suggested by Kessler
(1984). This is also supported by DNA reassociation
studies (Huss et al. 1989a). The 16S-like rRNA anal-
ysis confirms such a relationship for C. fusca var.

Lycopersicon esculentum (Tomato)
iGlycine max (Soy Bean)
Chlamydomonas reinhardtii
Prototheca wickerhamii

Nanochlorum eucaryotum

Ankistrodesmus stipitatus

l: Chlorelia fusca var. vacuolata
Scenedesmus obliquus

Chlorella protothecoides

Fig. 2. Phylogenetic relationships within higher
plants and green algae. The tree is inferred from
the distance data in Table 1 and rooted using the
sequence of Acanthamoeba castellanii (Gunder-
son and Sogin 1986). The horizontal component
of separation represents the evolutionary distance
between organisms. The scale indicates fixed mu-
tations per sequence position.

vacuolata. It is surprising, however, that the RNA
sequences of these morphologically different algae
are almost identical with variation at only 15 po-
sitions. This shows that similarities and dissimilar-
ities in morphology can be misleading in the infer-
ence of phylogenetic relationships.

The phylogenetic tree in Fig. 2 is consistent with
the classification of Chlorella and Prototheca into
the family Oocystaceae, and Scenedesmus into the
family Scenedesmaceae (Bold and Wynne 1985). The
genus Ankistrodesmus is commonly also placed into
the Oocystaceae but A. stipitatus 202-5 is more
closely related to Scenedesmus (Fig. 2). However,
the DNA base composition of this strain (77.7 mol%
G+C) is different from that characteristic for An-
kistrodesmus (63—70 mol% G+ C), and its taxonom-
ic position has been questioned (Kessler 1980).
Therefore, it may not be representative for the genus
Ankistrodesmus. It is interesting to note that the
16S-like rTRNA of A. stipitatus 202-5 includes a type
I intron that is capable of a self-splicing process
(Cech, personal communication).

Our data confirm the view of Kessler (1976,
1982a) that Chlorella in the traditional sense cannot
be regarded as a natural genus. The evolutionary
distance between C. fusca var. vacuolata and C. pro-
tothecoides is comparable with that between gym-
nosperms (represented by Zamia pumila in Table
1 and Fig. 2) and angiosperms. Excluding the Scene-
desmus species “C. fusca var. vacuolata,” there still
remains a distance like that characteristic for the
separation of mono- and dicotyledons. This, of
course, also shows that the evolution of morpho-
logical diversity took quite a different path in the
higher plants and in unicellular green algae like
Chlorella. On the other hand, the only recently pub-
lished 16S-like rfRNA gene sequence from the col-
ony-forming, coenobic green alga Volvox carteri dif-
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numbering is according to Dams et al. (1988). b Secondary struc-
ture model for helix E21-1 of C. protothecoides conta

a Secondary structure model for small subunit rRNA

Fig. 3.

ining a

The model is based on that for Zea mays

of Chlorella vulgaris.
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unique 1nse

A new model for the eukaryote-specific

region E21 is proposed for green algae and higher plants. Helix

by Gutell et al. (1985).
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Fig. 4. Comparative secondary structure models for helix E21

of Chlorella minutissima, Scenedesmus obliquus, Chlamydo-
monas reinhardtii, and Glycine max. Nucleotide exchanges com-
pared to Chlorella vulgaris are indicated by reversed letters; in-
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sertions and deletions by + and —, respectively. Compensatory
exchanges that maintain the proposed helical structure are in-

dicative of its phylogenetic conservation.



fers by only 27 positions compared with C.
reinhardtii (Rausch et al. 1989), which is placed in
a different family of the order Volvocales (Bold and
Wynne 1985). This is less than found for the most
closely related Chlorella species detected in our
analysis.

The problems of applying classical taxonomical
criteria to morphologically simple and asexually re-
producing green algae are apparent not only from
this study but also from the confusing continuous
reclassification of strains throughout the past liter-
ature. The sequence analysis of RNA not only allows
an insight into the evolution of green algae but may
also solve many taxonomic problems even on the
genus level.
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