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Closteriopsis acicularis (G. M. Smith) Belcher et Swale is a

fusiform alga closely related to Chlorella kessleri Fott et

Nova! kova! (Chlorophyta, Trebouxiophyceae)
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Complete nuclear 18S rRNA and chloroplast 16S rRNA coding sequences of the fusiform green alga Closteriopsis acicularis

(G. M. Smith) Belcher et Swale (Chlorophyta) were used to determine its phylogenetic position within the Chlorophyta.

Phylogenetic trees inferred from both genes show that C. acicularis is most closely related to Chlorella kessleri Fott et

Nova! kova! (Trebouxiophyceae) and does not belong to the family Selenastraceae (Chlorophyceae) as proposed previously.

Despite its morphological distinctness, C. acicularis has to be placed close to the genus Chlorella Beijerinck, and especially

to C. kessleri. The chloroplast 16S rRNAs of C. acicularis and C. kessleri possess a unique insertion resulting in an

additional AT-rich helix in a length-conserved region of the gene. A close relationship to the genus Chlorella is further

confirmed by the pyrenoid ultrastructure. The 16S rRNA gene of C. acicularis contains a group I subgroup IA3 intron

which is most similar to the first intron in the corresponding gene of Chlamydomonas pallidostigmatica King (Chlorophyta).

In helix P6, the intron carries an additional extension related to intron-encoded endonucleases of the LAGLIDADG

family. It is the first group I intron reported in chloroplast 16S rDNA of a species other than Chlamydomonas.

Key words : 16S rRNA phylogeny, 18S rRNA phylogeny, Chlorella kessleri, Chlorophyceae, chloroplast group I intron,

Closteriopsis acicularis, LAGLIDADG homing endonuclease, molecular systematics, Selenastraceae, Trebouxiophyceae

Introduction

The genus Closteriopsis Lemmermann is charac-

terized by fusiform solitary cells with one chromato-

phore and many pyrenoids arranged lengthwise.

Lemmermann (1899) placed his new genus into the

Desmidiales, close to the genus Closterium Ralfs.

Chodat (1900) suggested that Closteriopsis

resembles more closely the genus Raphidium

Ku$ tzing in its mode of reproduction, chloroplast

shape and lack of end vacuoles. Later, Closteriopsis

along with other species assigned to Raphidium was

reclassified with the genus Ankistrodesmus Corda

(Wille, 1911; Brunnthaler, 1915). Hinda! k (1970)

regarded Closteriopsis as a genus of the family

Ankistrodesmaceae sensu Korshikov consisting

of three species : C. longissima (Lemmermann)

Lemmermann (type species), C. acicularis (G. M.

Smith) Belcher et Swale, and C. pehri (Beck-

Mannagetta) Hinda! k. These can be distinguished

by cell size, number of pyrenoids in young auto-

spores and by the shape of their chloroplasts.

Koma! rek & Fott (1983) eliminated C. pehri from
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this genus, and Comas (1984, 1992) assigned to it

two more species : C. drepaniformis Comas and C.

scolia Comas. Unfortunately, only one strain of

Closteriopsis, C. acicularis SAG 11.86, exists in pure

culture and is available for further investigations.

Closteriopsis acicularis differs from other species

of Closteriopsis by its relatively short cells and

smaller number of pyrenoids (Hinda! k, 1970). The

number of autospores correlates with the number of

pyrenoids in adult cells. Closteriopsis acicularis is a

common, though not abundantly occurring, com-

ponent of the phytoplankton. It is morphologically

similar to Schroederia setigera (Schroeder) Lemm-

ermann (Characiaceae), but the latter can be

distinguished from C. acicularis by the possession of

only one pyrenoid before protoplast division

(Hinda! k, 1970, 1988). The differences between the

genera Closteriopsis, Schroederia and Pseudo-

schroederia Hegewald et Schnepf were further

investigated by Hegewald & Schnepf (1986), who

compared the morphology and ultrastructure of

these algae by electron and light microscopy. They

observed that pyrenoids ofC. aciculariswere charac-

terized by a double thylakoid traversing the

pyrenoid matrix, in contrast to those of Schroederia
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and Pseudoschroederia. Growth, development and

metabolism of C. acicularis were also studied for its

potential use in biological life support systems

(Antonyan et al., 1985).

As the systematics and generic composition of

Selenastraceae (Blackmann et Transley) Fritsch in

G. S. West (syn. Ankistrodesmaceae Korshikov) is

rather confusing at present, it has been subject to

several revisions. However, these were based en-

tirely on morphological and ontogenetic criteria.

Marvan et al. (1984) suggested a close relationship

between Closteriopsis and the genera Chloro-

lobion Korshikov, Monoraphidium Komarkova! -
Legnerova! and Drepanochloris Marvan, Koma! rek
et Comas, based on selected morphological features

in a numerical evaluation of genera belonging to the

Selenastraceae. A fast-growing database of small

subunit (SSU) rRNA sequences used for inferring

phylogenetic relationships in unicellular green algae

such as the genus Chlorella (Huss et al., 1999) still

includes only one species of the Selenastraceae:

Ankistrodesmus stipitatus (Chodat) Komarkova! -
Legnerova! (Huss & Sogin, 1990). In agreement with

the traditional view, A. stipitatus appeared to be

closely related to representatives of the family

Scenedesmaceae (Chlorophyceae).

Here we present the results of phylogenetic

analyses based on nuclear and chloroplast SSU

rRNA nucleotide sequences in order to elucidate

the phylogenetic position of C. acicularis within the

Chlorophyta.

Materials and methods

Closteriopsis acicularis SAG 11.86 was obtained from
the Sammlung von Algenkulturen at the University of
Go$ ttingen (SAG). The strain was cultivated in the
recommended ‘desmidiacean’ medium (Schlo$ sser, 1994).
Algae were grown for 1 week at room temperature
under aerationwith 2%-CO

#
-enrichedair and continuous

illumination. Cells were harvested and DNA was isolated
and purified as described previously (Huss et al., 1986).
Nuclear and chloroplast SSU rRNA genes were ampli-
fied from total genomic DNA by the polymerase chain
reaction (PCR) with eukaryote- and chloroplast-specific
amplification primers (Giovannoni, 1991; Huss et al.,
1999). The amplified DNA fragments were either
directly sequenced manually using the T7 Sequenase
PCR Product Sequencing Kit (Amersham Life Science)
or sequenced automatically in an ABI Prism 310
Genetic Analyser (Perkin-Elmer) according to the
manufacturer’s recommendations. Sequences of both
strands of each gene were determined using oligonucleo-
tide primers complementary to conserved regions of the
18S rRNA (Huss et al., 1999) and the chloroplast 16S
rRNA gene (Table 1). The sequences were manually
aligned using the sequence editor program distributed
by G. Olsen (Olsen et al., 1992) with the following
reference sequences taken from GenBank:

18S rRNA: Pseudendoclonium basiliense (Z47996),
Gloeotilopsis planctonica (Z28970), Chlorella vulgaris

(X13688), Chlorella lobophora (X63504), Chlorella soro-
kiniana (X62441), Chlorella kessleri (X56105), Chlorel-
la minutissima (X56102), Nanochlorum eucaryotum
(X06425), Ankistrodesmus stipitatus (X56100), Hydro-
dictyon reticulatum (M74497), Scenedesmus vacuolatus
(X56104), Scenedesmus obliquus (X56103), Chlamydo-
monas reinhardtii (M32703, J02949), Volvox carteri
(X53904) and Dunaliella parva (M62998).

16S rRNA: Nicotiana tabacum (Z00044), Oryza sativa
(X15901), Chlorella vulgaris (X16579), Chlorella kessleri
(X65099), Chlorella ellipsoidea (X12742), Chlorella sac-
charophila (D11349), Nanochlorum eucaryotum (X76084),
Chlamydomonas reinhardtii (X03269), Chlamydomonas
pallidostigmatica (L39865) and Chlamydomonas moewusii
(X15850).

To improve the alignments, secondary structuremodels
were constructed for all sequences according to Huss &
Sogin (1990) and Neefs & De Wachter (1990) for 18S
rRNA and according to Gutell (1996) for 16S rRNA.
Highly variable regions that could not be aligned
unambiguously were excluded resulting in a total of
1724 and 1290 positions, respectively, that were used
in the analyses. Phylogenetic trees were inferred by
neighbor-joining (NJ), the maximum parsimony (MP)
and the maximum likelihood (ML) methods using the
PAUP program package 4.0 b3a (Swofford, 2000). For
NJ, distance matrices were corrected with the two-
parameter method of Kimura (1980). The addition of
sequences was jumbled, and a transition}transversion
ratio of 2±0 was selected. For MP analyses, the same
transition}transversion ratio, full heuristic search with
random addition of taxa repeated five times, and tree-
bisection-reconnection as a branch-swapping algorithm
was used. For ML analyses, the Hasegawa–Kishino–
Yano model of evolution and a transition}transversion
ratio of 2±0 were selected. Settings for the full heuristic
search were the same as for MP analyses. One
thousand bootstrap replications for NJ and MP, and
100 replications for ML analyses, were performed to
statistically support tree topologies (Felsenstein, 1985).
The 18S and 16S rRNA gene sequences of C. acicularis
were deposited at the EMBL database under the access-
ion numbers Y17470 and Y17632, respectively.

The secondary structure model of the group I intron
was constructed according to Michel & Westhof (1990)
under consideration of its subgroup. Searches for stack-
ing regions and open reading frames were performed
with the MacDNASIS program package (Hitachi).

FASTA3 and BLAST searching algorithms (Altschul
et al., 1990; Pearson, 1990) were used for DNA and
protein sequence similarity searches in the GenBank
database. Protein sequences were aligned with the
ClustalW 1.8 Multiple Sequence Alignment algorithm
(Thompson et al., 1994).

Results and discussion

Primary structure of the nuclear and chloroplast

SSU rRNA

The 18S rRNA gene sequence of Closteriopsis

acicularis has a length of 1796 base pairs (bp) and

does not contain any introns. A similarity search in

GenBank resulted in a best hit of 99±1% compared
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Table 1. Oligonucleotide primers used for PCR and sequencing reactions of chloroplast SSU rRNA genes

Primer name Annealing sitea Sequenceb Reference

Cp5«-PCR 8–27 GTGCTGCAGAGAGTTYGATCCTGGCTCAGGc Giovannoni (1991)

Cp3«-PCR 1541–1518 CACGGATCCAAGGAGGTGATCCANCCNCACCd Giovannoni (1991)

227" 227–243 CTGATTAGCTWGTTGGT This work

479" 479–495 GTGCCAGCAGCCGCGGT Norman Pacee

651" 651–667 AGCGGTGAAATGCGTAG Giovannoni (1991)

874" 874–890 ACTCAAAGGAATTGACG This work

1056" 1056–1072 GCAACGAGCGCAACCCT Norman Pacee

1288" 1288–1304 GAATCGCTAGTAATCGC This work

243! 243–227 ACCAACWAGCTAATCAG This work

495! 495–479 ACCGCGGCTGCTGGCAC Norman Pacee

667! 667–651 CTACGCATTTCACCGCT Giovannoni (1991)

890! 890–874 CGTCAATTCCTTTGAGT Giovannoni (1991)

1072! 1072–1056 AGGGTTGCGCTCGTTGC Norman Pacee

1304! 1304–1288 GCGATTACTAGCGATTC This work

aAnnealing positions refer to the SSU rRNA sequence of E. coli.
bAmbiguous nucleotides are abbreviated according to the IUB standard: W¯A}T, Y¯C}T, N¯A}C}G}T.
cPrimer contains an additional Pst-I restriction site (underlined) at the 5« end.
dPrimer contains the additional BamH-I restriction site (underlined) at the 5« end.
e Personal communication.

with Chlorella kessleri (Trebouxiophyceae). These

sequences differ by only 15 nucleotides, mostly

involved in compensating base exchanges in vari-

able regions, as is evident froma secondary structure

model (not shown). In comparison, the similarity

between C. acicularis and Ankistrodesmus stipitatus

was significantly lower (93±8%).

The 16S rRNA gene sequence of C. acicularis has

an unexpected length of 2186 bp due to a single

insertion of 612 bp at position 508 of the E. coli 16S

rRNA (see below). As with the 18S rRNA sequence,

after the intron sequence was omitted, the highest

similarity (95±0%) was found to the corresponding

gene of C. kessleri. Fig. 1 shows a secondary

structure model of 16S rRNA of C. acicularis in

comparison with C. kessleri. The two molecules

share a unique structural feature, which is neither

present in 16S rDNA of the next most closely

related Chlorella species nor in any other chloro-

plast or even bacterial rRNA genes sequenced to

date. It consists of an unusual AT-rich insertion at

a site corresponding to position 747 of the E. coli

16S rRNA. A 62 bp long insertion in the 16S rRNA

gene of C. kessleri SAG 211-11h was reported

previously (Huss et al., 1992; Oyaizu et al., 1993).

Moreover, direct sequencing of isolated 16S rRNA

of C. kessleri with reverse transcriptase showed that

the insertion is not spliced during rRNA processing

and actually is part of the 16S rRNA molecule

(unpublished results). Interestingly, the 16S rDNA

of C. acicularis also carries a 39 bp long AT-rich

insertion at the same site. However, the primary

structure of this additional helix 22-1 (Fig. 1) is

much less conserved than the rest of the gene. The

presence of this specific insertion seems to be unique

for C. acicularis and C. kessleri : among all other

chloroplast and bacterial 16S rRNAs investigated,

at most 9 nucleotides, which cannot be folded into

a helix, were found inserted at this site in

Klebsormidium flaccidum (Streptophyta, Charo-

phyceae; Huss et al., 1993).

Phylogenetic analyses based on nuclear and

chloroplast SSU rRNA gene sequences

Fig. 2A shows a NJ tree inferred from 18S rRNA

gene sequences of selected green algae from both

Chlorophyceae and Trebouxiophyceae. MP and

ML trees are congruent with the NJ tree. Within the

Trebouxiophyceae, C. acicularis and C. kessleri are

the most closely related species supported by a

bootstrap value of 100% in all trees. Both algae

form a monophyletic clade with other species of

Chlorella : C. vulgaris, C. lobophora and C.

sorokiniana. This is again statistically very well

supported by bootstrap values of 96–100%. The

above Chlorella species were recently proposed to

constitute the cluster of ‘ true’ Chlorella based on

18S rRNA phylogeny, chemotaxonomy and

pyrenoid ultrastructure (Huss et al., 1999). On the

other hand, a member of the Selenastraceae,

Ankistrodesmus stipitatus, groups with species of

Scenedesmus and Hydrodictyon within the Chloro-

phyceae. The tree topology agrees well with

published data (Huss et al., 1999). Fig. 2B shows a

NJ tree inferred from published chloroplast 16S

rRNA gene sequences. The topology of this tree is

congruent with the 18S rRNA-based trees : C.

acicularis and C. kessleri appear as the most closely

related species within the clade of ‘ true’ Chlorella,

supported with a bootstrap value of 100%. In the
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Fig. 1. Secondary structure model of the chloroplast 16S rRNA of Closteriopsis acicularis SAG 11±86. The arrow shows the

insertion site of a 612 bp long group I intron. White letters on black backgrounds and () indicate base substitutions and

base insertions compared to Chlorella kessleri SAG 211-11g. The additional helix 22-1 is boxed; base substitutions,

insertions or deletions in helix 22-1 are not marked. The corresponding helix in C. kessleri is shown in the separate box.

MP and ML trees also, both algae group together,

although with lower statistical support. In all trees

C. acicularis appears as a member of the class

Trebouxiophyceae. This class is supported by high

bootstrap values and is a sister group to the

Chlorophyceae, so far represented only by

Chlamydomonas species. The systematic position of

C. acicularis within the Trebouxiophyceae inferred

from the chloroplast 16S rRNA phylogeny confirms

the result of nuclear 18S rRNA analyses. Both

analyses show that C. acicularis does not belong to

the family Selenastraceae. Instead, it is closely

associated with the genus Chlorella sensu Huss et al.

(1999).
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Fig. 2. Neighbor-joining (NJ) trees inferred from nuclear (A) and chloroplast (B) SSU rRNA gene sequences showing the

phylogenetic position of Closteriopsis acicularis within the Chlorophyta. The trees are congruent with corresponding ML

and MP trees. Bootstrap values (in %) are shown at the internal nodes for NJ and MP (each 1000 replicates), and ML (100

replicates), respectively. Asterisks indicate bootstrap values lower than 50%. Branch lengths correspond to the evolutionary

distances indicated by the scales.

A group I intron in the 16S rRNA gene of

Closteriopsis acicularis

An AT-rich (63%) insertion of 612 bp at position

508 (E. coli numbering) in the 16S rRNA gene of C.

acicularis can be folded into a secondary structure

typical for group I subgroup IA3 introns (Fig. 3A).

To our knowledge, this is the first group I intron

reported in the chloroplast SSU rRNA gene of an

organism other than Chlamydomonas. In a

GenBank search it was found to be most similar in

sequence to the group I intron of Chlamydomonas

pallidostigmatica, which belongs to the same sub-

group and interrupts the chloroplast 16S rDNA

at the same position. This intron contains an

open reading frame (ORF) inserted in helix P6,

which codes for a site-specific homing endonuclease

(HE), I-CpaII (Turmel et al., 1995a, b), of the
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Fig. 3. (A) Secondary structure model of the Closteriopsis acicularis chloroplast 16S rRNA group I subgroup IA3 intron at

position 508 (E. coli numbering). Nucleotide residues belonging to the exon and intron are given in lower and upper case

letters, respectively. Arrows indicate exon–intron junctions. P, Q, R, S: conserved elements of the catalytic core. P1–P10

and L1–L9.2: helices and terminal loops designated according to current nomenclature. A pseudoknot corresponding to

helices P1 and P10 and including the internal guide sequence is shown separately. (B) Sequence of the extension in helix P6

and deduced amino acid sequence. The potential initiation codon AUA and the stop codon UAG are underlined.

LAGLIDADG family (see below). The C. acicularis

intron carries an approximately 270 bp long ex-

tension at the same site (Fig. 3). This extension does

not contain any significantly long ORF that starts

with an AUG or GUG initiation codon. However,

a protein of 85 amino acid residues (Fig. 3B) could

be potentially translated from an AUA codon which

was shown to be recognized in some cases as an

initiation codon in organelles of eukaryotes (Folley

& Fox, 1991; Mulero & Fox, 1994; Nickelsen et al.,

1999). ‘Stop-to-stop’ translation extends this puta-

tive ORF into helix P5 over the conserved core

elements of the intron. Examples of other intron

encoded proteins, whose ORFs do not start with

AUG and extend into the upstream exon, have been

reported previously (reviewed in Lambowitz &

Belfort, 1993; Johansen et al., 1996).

Nucleotide and amino acid sequence-based simi-

larity searches showed that the putative ORF in C.

acicularis is homologous to C-terminal parts of
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Fig. 4. Alignment of a putative ORF encoded in a group I intron in chloroplast 16S rDNA of Closteriopsis acicularis and

C-terminal parts of most similar eukaryotic intron-encoded ORFs related to the LAGLIDADG family of homing

endonucleases. Numbers in parentheses at the beginning}end of lanes correspond to number of amino acids not used in the

alignment. Black}grey boxed letters show amino acids that are identical}chemically similar to those of C. acicularis in at

least four more sequences. The following ORFs (with protein accession numbers in parentheses) were used in the

alignment: Cl.acic : ORF in C. acicularis (no AUG codon); Dic.disc-i3 : ORF in intron 3 in mitochondrial (mt) cox1}2 gene

of Dictyostelium discoideum (CAA57470) ; Dic.disc-i4 : ORF in intron 4 in mt cox1}2 gene of Dictyostelium discoideum

(BAA21127) ; Al.mcr 233: ORF 233 in intron 3 in mt cob gene of Allomyces macrogynus (S63640) ; Al.mcr 176: ORF 176 in

intron 7 in mt cox1 gene of Allomyces macrogynus (S63653) ; Klv.ter : ORF in intron in mt 21S rDNA of Kluyveromyces

(CAA24978) ; Chl.smt: partially intronic ORF in mt cob gene of Chlamydomonas smithii (codes for a homing

endonuclease) (CAA39012) ; Al.mcr 242: ORF 242 in intron 5 in mt cob gene of Allomyces macrogynus (S63641) ; Sce.obl :

ORF in intron 2 in mt 21S rRNA gene of Scenedesmus obliquus (AAF72046) ; Chl.eug: ORF145 in intron 2 in mt nad5 gene

of Chlamydomonas eugametos (T11047). Asterisks indicate conserved amino acid residues belonging to the second

LAGLIDADG repeat according to Dalgaard et al. (1997).

mitochondrial intronic ORFs that code for proteins

related to the LAGLIDADG family of HEs (Belfort

& Roberts, 1997; Dalgaard et al., 1997). Among the

proteins with most similar sequences, at least one,

from the mitochondrial apocytochrome b gene of

Chlamydomonas smithii, is an active HE (Colleaux

et al., 1990). Some of the other most similar ORFs

were identified as members of this protein family

based on sequence homology (see Dalgaard et al.,

1997). At the nucleotide level, the highest similarity

was foundbetween the putativeORF inC. acicularis

and the mitochondrial intronic ORF of Chlamy-

domonas eugametos, which stays in frame with the

upstream nad5 exon and does not start with the

AUG initiation codon either (Denovan-Wright

et al., 1998). At the protein level, the C. acicularis

ORF is most similar (48% identity, 65% positives

in a 40 amino acid overlap) to the Omega ORF

encoded by a group I intron in the cox1 gene of the

chytridiomycete Allomyces macrogynus (Paquin et

al., 1995). However, alignment of homologous

domains of C. acicularis and other ORFs suggests

that these domains do not include a complete

LAGLIDADG motif itself but just a part of the

second LAGLIDADG repeat (Fig. 4). This con-

served motif is believed to take part in both target

DNA recognition and cleavage and constitutes the

active site of HEs (Belfort & Roberts, 1997).

Phylogenetic position of Closteriopsis acicularis

The molecular analyses of SSU rRNAs (Fig. 2)

demonstrate that Closteriopsis acicularis does not

belong to the family Selenastraceae (Chloro-

phyceae) as proposed previously, but to a different

class of green algae, the Trebouxiophyceae. Within

this class it is most closely related to a clade that

includes Chlorella vulgaris, C. lobophora, C.

sorokiniana and C. kessleri. Based on 18S rRNA

analyses it was suggested that the genus Chlorella be

restricted to these four species and that they be

referred to as the group of ‘ true’ Chlorella (Huss et

al., 1999). Other algae previously assigned to

Chlorella were shown either to belong to different

genera or to constitute separate lineages within both

Chlorophyceae and Trebouxiophyceae (Hanagata

& Chihara, 1997; Huss et al., 1999). In all phylo-

genetic trees inferred from both nuclear and chloro-

plast SSU rRNAs, C. acicularis always groups with

C. kessleri in a basal position of the Chlorella clade.

However, the morphology of the two algae is very

different. The cells of C. kessleri are coccoid and

possess only one pyrenoid, while C. acicularis has

needle-like cells with many pyrenoids arranged

lengthwise in the chromatophore. In classical

systematics the form of the cell and number of

pyrenoids is thought to be one of themost important

morphological criteria. However, in the case of C.

acicularis we are confronted with the fact that

molecular and classical systematic approaches are

not congruent. The observation that C. acicularis is

not related to the morphologically similar family

Selenastraceae but to the morphologically different

genus Chlorella, convincingly demonstrates that

applying classical morphology-based criteria to

such simply organized organisms can be misleading.

It is well known that closely related algae may have

a very different morphology. The 18S rRNA se-

quence of the colony-forming, coenobic green alga
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Volvox carteri differs by only 27 positions from that

of the unicellular Chlamydomonas reinhardtii which

was placed in a different family of the order

Volvocales (Rausch et al., 1989). The example of C.

acicularis is even more extreme, as its 18S rRNA

sequence differs from that of C. kessleri by only 15

positions. On the other hand, examples of morpho-

logically similar but evolutionarily distant algae are

numerous, especially among species previously

assigned to the genus Chlorella (Huss et al., 1999).

Although morphological characteristics are not

helpful in demonstrating the relationships of C.

acicularis with the genus Chlorella, other criteria

might be applied that proved to be useful for the

systematics of Chlorella (Huss et al., 1999). The

pyrenoid ultrastructure of different Chlorella species

supported the separation of Chlorella into two

groups, in agreement with investigations of the cell

wall chemistry (Takeda, 1993a, b ; Ikeda & Takeda,

1995). Species with glucose}mannose-containing

cell walls exhibited quite diverse pyrenoid structures

indicating that these species might not be closely

related. Species with glucosamine-containing cell

walls (C. kessleri, C. vulgaris, C. sorokiniana)

showed identical pyrenoid structures suggesting a

closer evolutionary relationship. In contrast to all

other ‘Chlorella ’ species, their pyrenoids were

traversed by a double-layered thylakoid. Hegewald

& Schnepf (1986) reported the same pyrenoid

structure for C. acicularis. Thus, molecular and

ultrastructural data are in agreement and both

demonstrate a close phylogenetic relationship of

C. acicularis to the genus Chlorella.

The unique insertion which forms an additional

AT-rich helix at the same site in the chloroplast SSU

rRNA of both C. acicularis and C. kessleri (Fig. 1)

shows that these two species belong to a separate

evolutionary lineage within the Chlorella clade. As

other Chlorella species do not possess this insertion,

one can conclude that C. acicularis acquired its

morphological distinctness even after it and C.

kessleri diverged from other Chlorella species. The

origin of this extraordinary insertion at a site that

corresponds to nucleotide 747 of E. coli 16S rRNA

is not clear. Most likely, it was acquired by the

common ancestor of C. acicularis and C. kessleri

and not by the common ancestor of the genus

Chlorella itself, as in the latter case we would have to

assume a multiple loss in the chloroplast SSU rRNA

of all other Chlorella species. The insertion could

originate from mobile elements such as transposons,

or it could be a degenerated remnant of a group I

intron. The latter hypothesis is not very likely, as

position 747 is not known as an intron insertion site

(Johansen et al., 1996). However, the insertion may

represent the result of an unspecific homing event,

whereby the mobile intron was accidentally inserted

at a heterologous site and later could not be spliced

out from the RNA. The evolution of such an

unspliced insertion would then probably go towards

maximal reduction. Some other short insertions

which could be folded into two helices were found in

SSU rRNA genes and were proposed to be

degenerated group I introns (Grube et al., 1996).

However, the insertions in chloroplast SSU rRNA

of C. acicularis and C. kessleri do not show any

structural features reminiscent of group I introns. It

is rather unlikely that an accidentally acquired

sequence that is not removed from the RNA

transcript could be inserted at a site involved in

critical interactions with other components of the

translational machinery without being deleterious.

Thus, the existence of this helix in the rRNA agrees

with the observation that position 747 in 16S

chloroplast rRNA is not involved in such important

interactions (Triman, 1995; Triman & Adams,

1997). The question then remains of why this site is

so strictly length-conserved otherwise.

A unique feature that distinguishes Closteriopsis

acicularis from all Trebouxiophyceae is the presence

of a group I intron in its chloroplast 16S rRNA

gene. Prior to our study, there were only few known

group I introns in chloroplast 16S rRNA, all

occurring in different species of the genus

Chlamydomonas (Chlorophyceae) (Durocher et al.,

1989; Turmel et al., 1995a). Some of them carry

ORFs that code for proteins related to the

LAGLIDADG family of homing endonucleases

(HEs). At least one protein, I-CpaII, which is

encoded by the first intron in 16S rRNA of C.

pallidostigmatica, was proved to be an active endo-

nuclease in vitro (Turmel et al., 1995b). HEs are

proteins which are often encoded in group I introns

and perform single- or double-strand breaks in

intronless DNA alleles near an intron insertion site,

thus promoting ‘ intron homing’ (Belfort &

Perlman, 1995; Belfort & Roberts, 1997). From the

four known families of HEs, the largest and most

widespread is the LAGLIDADG family, which also

includes proteins encoded by organellar group I

introns in eukaryotes (Dalgaard et al., 1997).

The intron coding for I-CpaII is inserted at the

same site 508 as the intron of C. acicularis. The two

introns are very similar in sequences of the con-

served core elements and share the same structural

features. At the insertion site of the ORF coding for

I-CpaII, the intron of C. acicularis carries an

extension with sequence similarities to C-terminal

halves of some LAGLIDADG proteins, which may

code for a protein of about 90 amino acids, although

no typical start-codon is evident. Surprisingly, the

extension itself does not show sequence similarity to

the I-CpaII protein. Instead, it is more similar to

mitochondrial algal and fungal LAGLIDADG

ORFs. This fact is remarkable : along with other

lines of evidence, similar observations of closely
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related introns carrying different ORFs helped to

establish the hypothesis that HEs are independent

invasive genetic elements that are able to colonize

pre-existing introns via homing (Lambowitz &

Belfort, 1993; Dalgaard et al., 1997). The

degenerated ORF in the intron of C. acicularis may

represent a new example of invasion of this type.

It remains to be determined whether this ORF-

like insertion may be translated into a protein

with endonuclease activity. However, its small

size, the absence of the initiation codon and the

fact that the sequence, although homologous to

LAGLIDADG ORFs, does not include the

LAGLIDADG motif itself suggest that the in-

sertion may be the non-functional relic of an ORF

that once encoded a homing endonuclease.

The presence of homologous group I introns at

the same site in chloroplast 16S rRNA genes of the

distantly related C. acicularis and C. pallido-

stigmatica may be explained by lateral transfer of

this intron via intron homing promoted by HEs that

specifically recognize site 508. This hypothesis is

supported by the fact that ORFs that belong to the

LAGLIDADG family are present in both introns.

In contrast, the hypothesis that both algae inherited

the intron from a common ancestor is less plausible,

as in this case one should assume a multiple loss of

corresponding introns at the same position in all

other green algae. Numerous examples of lateral

transfer of introns between divergent species were

reported for bacteria, fungi, vascular plants and

algae (Bhattacharya et al., 1996; Cho & Palmer,

1999; Holst-Jensen et al., 1999; Paquin et al., 1999)

as well as between different subcellular com-

partments (chloroplasts and mitochondria) of algae

and fungi (Du$ rrenberger & Rochaix, 1991; Turmel

et al., 1995a). However, the exact mechanism of

how group I introns are transferred between dis-

tantly related organisms remains an open question,

as horizontal transfer requires intron-containing

and intronless alleles to occur in the same genetic

environment. This is particularly difficult to imagine

for those organisms that are not able to reproduce

sexually, such as Closteriopsis acicularis. To explain

this phenomenon, scenarios involving virus-,

phagocytosis- or symbiosis-mediated horizontal

intron transpositions were previously proposed

(Johansen et al., 1996; Einvik et al., 1998; Nishida

et al., 1998; Holst-Jensen et al., 1999).

The taxonomic conclusions drawn from our

rDNA sequence analyses may not be applied to the

whole genus Closteriopsis, but only to C. acicularis.

It remains unclear whether other species of

Closteriopsis also belong to the Trebouxiophyceae.

It would be particularly important to include the

type species C. longissima in the molecular analyses.

Unfortunately, no cultures of Closteriopsis species

other than C. acicularis are available from culture

collections. Our finding that a morphologically very

different alga is genetically closely related to a

species of Chlorella is not unique. An even closer

relationship of Micractinium pusillum, a bristle- or

‘spine’-bearing chlorococcal alga, with C. soro-

kiniana has been found (D. Hepperle and E.

Hegewald, personal communication). The 18S

rRNA sequences of M. pusillum and C. sorokiniana

strain Baslerova! Prag A14 differ by only 5

nucleotides. Although their and our results would

justify inclusion of M. pusillum and C. acicularis in

the genus Chlorella on a genetic basis, the problems

of combining such morphologically different species

in one genus are obvious. In agreement with

Hepperle and Hegewald, we suggest that further

studies, and discussions, are needed to elaborate a

new taxonomic concept for these algae that respects

both morphological and molecular data, in as much

as more such cases are expected to be discovered.

Closteriopsis acicularis has turned out to be

interesting in two aspects. First, its close phylo-

genetic relationship to Chlorella kessleri despite

its morphological distinctness demands new dis-

cussions of generic concepts in green algae. And

second, it enlarges the repertoire of introns and

LAGLIDADG ORFs in chloroplast SSU rRNAs

that prior to our study were found only in species of

Chlamydomonas.
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