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ABSTRACT
The polymerase chain reaction was used to identify
novel IAI subgroup introns in cpDNA-enriched
preparations from the interfertile green algae
Chiamydomonas eugametos and Chiamydomonas
moewusii. These experiments along with sequence
analysis disclosed the presence, in both green algae,
of a single IAl intron in the psaB gene and of two group
I introns (IA2 and IA1) in the psbC gene. In addition,
two group I introns (IA1 and 1B4) were found in the
peptidyltransferase region of the mitochondrial large
subunit rRNA gene at the same positions as previously
reported Chiamydomonas chloroplast introns. The 188
bp segment preceding the first mitochondrial intron
revealed extensive sequence similarity to the distantly
spaced rRNA-coding modules L7 and L8 in the
Chiamydomonas reinhardtii mitochondrial DNA,
indicating that these two modules have undergone
rearrangements in Chiamydomonas. The IAI introns in
psaB and psbC were found to be related in sequence
to the first intron in the C.moewusfi chloroplast psbA
gene. The similarity between the former introns
extends to the immediate 5' flanking exon sequence,
suggesting that group I intron transposition occurred
from one of the two genes to the other through reverse
splicing.

INTRODUCTION
Group I introns are widespread, occurring in the organelles and
nuclei of eukaryotes, in bacteria and in bacteriophages. They are
characterized by the short conserved sequences P, Q, R and S
that allow the formation of the typical core structure necessary
for splicing (1). More than 100 group I introns have been reported
in a variety of genes (2-3) and classified into ten subgroups
(IA1 -IA3, IB1 -1B4 and ICI -1C3) on the basis of comparative
sequence analysis (2). Although group I introns are present in
a wide diversity of organisms and genomes, they appear to be
of recent origin (4-5), with the exception of the introns present
in the tRNA-Leu genes (UAA anticodon) of most chloroplast and

all cyanobacterial lineages (6-7) examined and in the tRNA-Ile
and tRNA-Arg genes of other bacterial phyla (8). The restricted
and idiosyncratic distribution of group I introns from organelles
together with the proven mobility of these genetic elements
support the view that group I introns spread into protein-coding
genes and rRNA genes after the origin of mitochondria and
chloroplasts (4). Similarly, the restricted distribution of
bacteriophage and nuclear group I introns, some of which are
mobile and share similarity to mitochondrial introns, suggests
that they are of recent vintage (5). In the case of the Tetrahymena
nuclear introns, it has been shown that they result from several
independent insertions (9).

Several circumstantial lines of evidence support that most group
I introns arrived relatively recently at their present locations
through transposition events and/or lateral transfers. These two
types of intron mobility (10) are thought to be initiated by double-
strand DNA breaks caused by intron-encoded endonucleases (10)
and/or by reversal of the self-splicing reaction followed by reverse
transcription and homologous recombination (11). In principle,
the latter RNA-based mechanism would be expected to yield a
larger number of novel intron insertion sites for the two following
reasons. First, the reverse self-splicing reaction requires only a
limited target site, i.e. a very short RNA sequence (4 - 7 nt) that
base-pairs to the 5' intron sequence called the internal guide
sequence (11); and second, the integration of intron-containing
cDNAs into genomic DNA is greatly facilitated by long regions
of perfect sequence identity between the cDNA sequences
flanking the intron and the corresponding genomic locus (5). In
the DNA-based mechanism initiated by intron-encoded
endonucleases, the creation of novel intron insertion sites would
be limited by the high specificity of these enzymes (12). In support
of the reverse self-splicing mechanism as the preferential mode
of intron transposition, the rRNA regions corresponding to most
of the known group I intron insertion positions in small and large
subunit rRNA genes have been found to coincide with functional
sites (13). Assuming that intact ribosomal subunits are the
substrate for the reverse self-splicing reaction, such regions would
be the only ones accessible for the insertion of intron RNA
sequences.
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A detailed characterization of the abundant group I introns in
the chloroplast genomes of unicellular green algae from the highly
diversified Chlamydomonas genus could provide further insights
into the mode of insertion and proliferation of these genetic
elements. Eleven of the 17 known intron insertion sites in the
rrnL gene have been identified specifically in Chlamydomonas
chloroplast DNAs (cpDNAs) during a phylogenetic study
involving 17 taxa (13). Five of the 12 Chlamydononas chloroplast
rrnL intron insertion sites were observed in the two major
Chlamydomonas evolutionary lineages, represented by
Chlamydomonas reinhardtii and Chlamydomonas moewusii
(13-14); whereas the 7 remaining ones were found to be
restricted to one or the other of these lineages, a result suggesting
that the origin of these sites is more recent. Besides rrnL, two
Chlamydomonas chloroplast genes, psbA (15-16) and rrnS (17)
have been shown to contain group I introns. The psbA genes

of C.reinhardtii (15) and C.moewusii (16) display a total of six
group I introns inserted at five positions. A single group I intron
interrupts the C.moewusii chloroplast rrnS gene (17), whereas
the corresponding Chlamydomonas eugametos (17) and
C. reinhardtii (18) genes are unsplit. The sequences of the
C.moewusii psbA (16), rrnS (17) and rrnL (19) introns as well
as those of the C.eugametos (20), C.reinhardtii (21) and
Chlamydomonas humicola rrnL (22) introns have been reported;
they fall within the IAI, IA3 and IB4 subgroups (20). Three of
these 15 chloroplast introns, CeLSU * 5 (23); CrLSU * 1 (24) and
ChuLSU 1 (22), have been shown to encode distinct
endonucleases that cleave specifically the exon junction sequence
in the corresponding intronless genes.

In the present study, we have used the polymerase chain
reaction (PCR) to identify novel IAI subgroup introns in cpDNA-
enriched preparations of the interfertile green algae C.eugametos
and C.moewusii. Comparative sequence analysis of the newly
characterized introns with those already reported in
Chlamydomonas revealed close relationships between introns
inserted at different sites, with one pair of closely related introns
having possibly arisen by transposition through reverse self-
splicing.

METHODS
PCR amplifications
PCR amplifications were carried out in a DNA thermal cycler
(Perkin Elmer, Norwalk, CT) using the oligodeoxyribo-
nucleotides listed in Table I and cpDNA-enriched preparations
(250 ng) as templates (13). Reactions were run in the presence
of 0.2 mM of each dNTP, 1.3 1tM of each of the primers, 10
mM Tris-HCI (pH 8.4), 50 mM KCI, 1.5 mM MgCl2,
0.002% (w/v) gelatin, and 2.5 units of AmpliTaq DNA
polymerase (Perkin Elmer, Norwalk, CT) in 100 $1 total volume.
Thirty cycles of amplification (1 minute at 94°C, 2 minutes at
370C, 2 minutes plus 5 additional seconds at each consecutive
cycle at 72°C) followed by a 10 minute extension at 72°C were

done. Aliquots (4 Al) of the PCR reactions were electrophoresed
on 1.5% agarose gels.

Southern blot hybridizations
C. eugametos and C. moewusii cpDNA-enriched preparations as
well as recombinant plasmids whose inserts collectively cover
these green algal cpDNAs (25-26) and mitochondrial DNAs
(mtDNAs) (27-28) were digested with appropriate restriction
enzymes. The resulting fragments were electrophoresed on 0.8%

agarose gels, transferred on Hybond-NT nylon membranes
(Amersham, Arlington Heights, IL) as recommended by the
manufacturer, and subsequently hybridized with 32P-labelled
PCR-amplified fragments under the conditions outlined by
Lemieux and Lemieux (29). PCR products were purified by
electroelution from 5% acrylamide or 1% agarose gels and
labelled with [a-32P]dCTP (3000 Ci/mmol) using the multiprime
DNA labelling system (Amersham, Arlington Heights, IL).

DNA sequence determination and analysis
Three recombinant clones isolated from distinct shotgun libraries
served as the primary source of DNA for sequencing of the
C.eugametos psbC, the C.moewusii psaB and part of the
C.moewusii mitochondrial rrnL gene. The clone carrying the
C.eugametos chloroplast EcoRI fragment 2' (25) and that carrying
the C. moewusii chloroplast EcoRI fragment 10' (26) contain the
entire psbC and psaB genes, respectively, whereas the
C.moewusii mtDNA clone 13.38 (27) carrying a partially digested
Sau3AI fragment encodes a segment of the rmL gene. Defined
restriction fragments mapping in the regions where PCR-
amplified intron IA1 sequences revealed hybridization signals
were recovered from agarose gels and cloned into pBluescript
KS - or SK- (Stratagene, La Jolla, CA) using Escherichia coli
strain DH5aF'IQ (Bethesda Research Laboratories,
Gaithersburg, MD) as a host. Double stranded DNA templates
were sequenced as described previously (13). Sequencing
reactions were initiated with T3 and T7 primers as well as with
synthetic oligodeoxyribonucleotides (17-mers) complementary to
exon or intron sequences. Sequence analysis was performed using
the University of Wisconsin GCG software package (30). An
alignment of conserved sequences in Chlamydomonas IA1 introns
was done manually and was based on that published by Michel
and Westhof (2). Sequence comparison was restricted to 104
positions constituting the conserved secondary structure elements
for which no aligment ambiguities occur. Only one of the two
members in pairs of compensatory bases was included in the data
set. Evolutionary distance between pairs of introns was estimated
by means of Knu, values using DNADIST in the PHYLIP
package, version 3.4 (31). The consensus neighbor-joining tree
shown in Fig. 4 was constructed by bootstrapping with 1000
iterations using the SEQBOOT, NEIGHBOR (options M and 0)
and CONSENSE programs of PHYLIP. Maximum parsimony
analyses were carried out with the HEURISTIC subroutine of
PAUP, version 3.1.1 (32) using the following options: random
addition, MULPARS, TBR branch-swapping and 50% majority
rule.

RESULTS
PCR amplification and identification of novel IAl introns in
the organelle genomes of C.eugametos and C.moewusii
Eight IAI introns representing five insertion sites have been
described in the chloroplastpsbA (16) and rrnL (19-20) genes
of C.eugametos and C.moewusii; they consist of CmpsbA' 1,
CmLSU * 4 and three pairs of rDNA introns occupying the same
insertion sites: CeLSU 2/CmLSU 1, CeLSU 3/CmLSU 2,
CeLSU 4/CmLSU 3. To identify additional IA1 introns in the
organelle genomes of these interfertile algae, we amplified by
PCR the intron regions comprised between the conserved P and
S elements using as primers eight degenerate oligonucleotides
representing all the variations found in the P and S sequences
of the previously reported Chlamydomonas IAl introns. As
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shown in Table I, the two oligos complementary to the P element
represent a collection of eight distinct sequences, whereas the
six oligos complementary to the S element represent 24
sequences. A+T-rich DNA fractions recovered from equilibrium
CsCl density gradients of total cellular DNA were used as
templates for the PCR amplifications; in addition to cpDNA, these
cpDNA-enriched preparations contain mtDNA (27). For each
alga, the PCR amplifications were carried out using all 12
pairwise combinations of P and S oligonucleotide primers, and
the resulting PCR products were analyzed by agarose gel
electrophoresis. Each PCR amplification typically yielded one
to five bands, with fragments ranging from 180 to 3000 bp in
size (Table II). As expected, a number of products were found
to be derived from the previously identified psbA and rrnL
introns, their sizes being in agreement with those predicted for
the sequences delimited by the P and S elements of these introns.
To determine the origin of the remaining PCR fragments, we
purified and hybridized them to Southern blots containing AvaI,
BstEH, EcoRI and Hindm fragmens of C. eugametos and
C.moewusii cpDNA-enriched preparations as well as to Southern

Table I. Oligodeoxyribonucleotide primers used in this study

Name Sequence (5' - 3')

P (C) AAAA(T/C)(T/C)GGGTGAATTGC
P (T) AAAA(T/C)(T/C)GGGTGAATTGT
S (AA) (A/G)GACTATATC(A/T)TCAACT
S (AC) (A/G)GACTATATC(A/T)TCACCT
S (AT) (A/G)GACTATATC(A/T)TCATCT
S (GA) (A/G)GACTATGTC(A/T)TCAACT
S (GC) (A/G)GACTATGTC(A/T)TCACCT
S (GT) (A/G)GACTATGTC(A/T)TCATCT

Table II. Size and identity of the PCR products generated from C.eugametos
and C.moewwsii cpDNA-enriched preparations with the P and S sequence-specific
oligonucleotides described in Table 1

C eugametos products (bp) C moewussi products (bp)

P(C) P(T) P(C) P(T)

S(AA) 800 (LSU*2/LSU.3) 340 (mtLSU* 1) 1200 (LSU.3/LSU.4) 335 (mtLSU* 1)
260 (LSU-2) 300 (LSU*3) 800 (LSU. I/LSU 2) 310 (LSU 2)

250 (psbC.2) 200 (LSU.4) 250 (psbC-2)

S(AC) 260 (LSU.2) 340 (mtLSU 1) 2100 (psbA 1) 250 (psbC.2)
235 (psaB 1) 250 (psbC.2) 240 (psaB 1)

180 (ND)

S(AT) 3000 (ND 1600 (LSU *.3LSU *4) 2 100 (LSU *I1LSU *3) 1600 (LSU *2/LSU *3)
2100 (LSU.2/LSU.4) 1600 (LSU 2/LSU 3)
210 (LSU-4) 210 (LSU 3)

S(GA) 800 (LSU 2/LSU.3) 340 (m1LSU. 1) 1200 (LSU 3/LSU*4) 335 (mtLSU. 1)
260 (LSU.2) 300 (LSU*3) 800 (LSU- 1/LSU*2) 310 (LSU-2)

250 (psbC-2) 260 (LSU- 1) 250 (psbC-2)
220 (ND)
200 (LSU'4)

S(GC) 2100 (LSU.2/LSU*4) 1600 (LSU 3/LSU*4) 210 (LSU 3) 1600 (LSU 2/LSU 3)
800 (LSU.2/LSU.3) 340 (mtLSU. 1) 335 (mtLSU. 1)
260 (LSU.2) 250 (psbC.2) 250 (psbC-2)
2 10 (LSU-4)

S(GT) 2100 (LSU 2/LSU.4) 1600 (LSU.3/LSU.4) 2100 (LSU 1/LSU.3) 1600 (LSU.2ILSU*3)
210 (LSU.4) 340 (mtLSU.1) 1600 (LSU-2/LSU-3) 335 (mtLSU. 1)

210 (LSU-3) 250 (psbC.2)

In parentheses are indicatedthe introns from which the PCR products were denived.
When fragments were amplified from the P sequence of one intron and the S
sequence of another intron, the names of the two introns are separated by a/.
References for the introns are as follows: CeLSU 2-CeLSU 4 (20),
CmLSU -I-CmLSU 4 (19), CmpsbA - 1 (16), CepsaB I and CmpsaB 1 (this
study), CepsbC -2 and CmpsbC -2 (this study), CemtLSU- 1 and CmmtLSU- 1
(this study). Introns names are abbreviated as in reference 2. ND, not determined.

blots containing cloned EcoRJ fragments from a collection of
plasmids covering the entire chloroplast genome of these algae
(25 -26). Because the hybridization signals of two PCR products
(one from each alga) to the cpDNA-enriched preparations
apparently corresponded to mtDNA fragments, these products
and three others that revealed no hybridization to cpDNA were
also hybridized to Southern blots of C.eugametos and C.moewusii
mtDNA clones that were previously digested with HindIm and
Sau3AI, respectively, to release the inserts from the vectors.
Most of the hybridization signals of chloroplast origin were

mapped to the rrnL gene, while the others were located to two
distinct cpDNA regions where psaB and psbC gene probes were
previously found to hybridize (33) (Table II). The 20 PCR
products larger than 750 bp, which mapped to the rrnL locus,
all correspond to regions delimited by the P and S elements of
separate IA1 introns in this gene. A C. eugametos PCR product
of 235 bp and an homologous C.moewusii fragment of 240 bp
hybridized to a 4.8 kbp cpDNA region containing psaB, with
the C.moewusii cpDNA fragments detected being EcoRI 10',
AvaI 2' and BstEIl 1. In addition, a C.eugametos PCR product
of 250 bp and a corresponding C. moewusii product of identical
size were found to hybridize to a 3.5 kbp cpDNA region encoding
psbC; i.e., to the C.eugametos fragments EcoRI 2, AvaI 1 and
BstEIl 13.
A third set of homologous C. eugametos and C. moewusii PCR

products of 340 bp and 335 bp, respectively, revealed positive
hybridization signals to a common 2.1 kbp mtDNA region where
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Figur 1. Secondary structure model of the C.rnoewusiipsaB intr-on (CmpsaB * 1).
Splice sites are denoted by arrows between the exon (lowercase) and intron
(uppercase) nucleotides. The nucleotides that are part of the conserved sequence
elements P, Q, R and S are indicated in boldface. The intron nucleotides from
the internal guide sequence and the exon nucleotides at the 3' splice site, which
can base pair to form Plo, are denoted by thick continuous lines. The intron
nucleotides in the loops subtending P7.1 and P6a, which can base-pair to form
P11, are denoted by broken lines.
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rrnL and rrnS gene probes had been previously mapped (28);
the hybridizing C.moewusii mtDNA fragments detected consisted
of Aval 1, BstEH 2, Hindm 3, and the Sau3AI partial digest
fragment 13.38. The three other PCR products (a 3 kbp
C.eugametos fragment and C.moewusii fragments of 220 and 180
bp) that were probed to the cpDNA and mtDNA failed to reveal
any positive hybridization signals. It is possible that they were
amplified from nuclear group I introns, as these genetic elements
appear to be relatively common in the nuclei of green algae
(34-35).
To determine the identity of the chloroplast and mitochondrial

genes hybridizing with the PCR-amplified fragments, we
sequenced the regions of three recombinant plasmids in which
these hybridization signals were confined.

The C.moewusiu psaB contains a single LIAl intron
The nucleotide sequence of a 3086 bp segment from the
C.moewusii chloroplast EcoRI fragment 10' (GenBank accession
no.: M90641) revealed that the chloroplast gene encoding the
P700 chlorophyll a apoprotein A2 of photosystem I is composed
of two exons containing 591 and 144 codons and of a single IA1
intron (CmpsaB 1) comprising 655 nucleotides. The intron/exon
boundaries were predicted by comparison with the intronless
C.reinhardtii psaB gene (36). The psaB gene product of this
divergent green alga shows 92% identity with its C.moewusii
counterpart and features one extra amino acid, either the leucine
or the glutamine residues corresponding to codons 203 and 204,
respectively. In land plant psaB genes, an additional residue is
also observed at these positions, suggesting that the missing codon
in C.moewusii is due to a deletion.
As shown in Fig. 1, the CmpsaB 1 intron sequence can be

folded into an RNA secondary structure that exhibits the typical
group I ribozyme core structure consisting of the base-paired
regions P3 to P8 and connecting segments (1). As is the case
in other group I introns, the 5' splice site of CmpsaB 1 lies in
P1 after a U residue that pairs with a G and the 3' splice site
occurs after a G. Regarding the proposed P9.0 (37-38) and Pl0
(39) pairings, which are widespread but not universal in group
I introns, they are found in CmpsaB 1 and consist of one and
five Watson-Crick bp, respectively. On the basis of a
comparative sequence analysis of the conserved cores of
CmpsaB 1 and other group I introns, CmpsaB 1 was classified
into subgroup IA1. The P11 pairing (2, 40) as well as most other
interactions (2) recently reported in this subgroup are present in
CmpsaB 1.

The C.eugametos psbC is interrupted by two group I introns:
CepsbC 1 belongs to the IA2 subgroup and CepsbC 2 is part
of the LIAl subgroup
The nucleotide sequence of a 3230 bp segment from the
C. eugametos chloroplast EcoRI fragment 2' (GenBank accession
no.: M90639) revealed that the gene encoding the 43 kDa
chlorophyll a-binding protein of photosystem II (also called P6)
is composed of three exons containing 181, 113 and 167 codons
and of two group I introns comprising 1028 (CepsbC 1) and 510
(CepsbC 2) nucleotides. As for the psaB gene, the intron/exon
boundaries were predicted by comparison with the corresponding
intronless C. reinhardtii gene (41). The C.eugametos and
C. reinhardtiipsbC gene products share 94.4% sequence identity
and the same number of amino acid residues, assuming that the
initiation codon is GTG in both algae. In land plants, it is not
clear if translation of the psbC mRNA is initiated at the GUG

corresponding to this same position or at the ATG situated 12
codons upstream (42). Because the N-terminus of the 43 kDa
protein of spinach starts with N-acetyl-O-phospho-threonine at
residue 15 of the amino acid sequence predicted by this extended
reading frame (43), the protein must be necessarily synthesized
as a precursor that is processed to the mature form by removing
14 or two residues, depending on whether initiation of translation
occurs at the AUG or GUG. In C. eugametos, the 43 kDa protein
can be initiated at the AUG located 11 codons upstream of the
putative GUG initiaton codon, but the resulting protein would
show no similarity with the corresponding region of the land plant
43 kDa proteins. For this reason and also because a ribosomal
binding site is found nine bases upstream of the conserved GTG
in the two Chlamydomonas species and in land plants, it is likely
that the initiation codon ofpsbC is GTG in all these organisms.
The secondary structure models of CepsbC * 1 and CepsbC *2

are typical of group I introns (Fig. 2). As expected, CepsbC * 2,
the intron detected during our PCR amplifications (Table I), falls
within subgroup TIA. Three unusual features are observed in the
core structure of this intron: four bases, instead of three, are
present in the joining segment between P3 and P4; G U, instead
of a Watson-Crick base-pair, is the first base-pair of P4; and
finally, the nucleotides U and C following the latter base-pair
are unpaired. CepsbC 1 was classified into subgroup IA2, as
it exhibits most of the structural and sequence properties
characteristic of this subgroup, which is closely related to the
IA3 subgroup (2). Like most IA2 introns, but unlike IA3 introns,
CepsbC * 1 displays six base-pairs in P3, three bases in the joining
segment between P3 and P4, four bases in the joining segment
between P4 and P5, and the conserved nucleotides GUA in the
segment between P7.1 and P7.2 (2). In addition, the first
nucleotide 3' of P7 can base-pair with the C in the conserved
AACA sequence flanking the terminal G of the intron. The P6
of CepsbC 1, however, is unusual in displaying A/U and U/A
as the first two base-pairs, instead of G/C,U and C/G. Despite
the large size of CepsbC 1, no long open reading frame could
be identified in this intron. The 579 nucleotide region residing
in the proximity of P6b can fold into a complex secondary
structure (data not shown) and contains three short inverted repeat
elements that belong to one of the repeat families (the c family)
previously identified in other C.eugametos and C.moewusii
chloroplast group I introns and also in noncoding regions flanking
the chloroplast genes of these green algae (20). One repeat
element of this family as well as one repeat of the a family were
observed in the P9.2 stem of CepsbC *2. An intron at the same
position as CepsbC * 1 is likely to be present in the C.moewusii
cpDNA as revealed by PCR amplification with oligos
complementary to the exon sequences immediately flanking the
insertion site of CepsbC 1 (data not shown).

Two group I introns are present in the C.moewusii
mitochondrial rrnL coding region corresponding to the
distantly spaced C.reinhardtii coding modules L7 and L8
The nucleotide sequence of a 927 bp segment from the
C.moewusii mtDNA clone 13.38 (GenBank accession no.:
M90640) revealed the presence of two group I introns in the
segment of the rmnL gene which encodes the peptidyltransferase
region corresponding to positions 2237 to 2500 in the E. coli 23S
rRNA. The intron detected during the PCR amplifications carried
out in the present study (CmmtLSU 1) comprises 482 nucleotides
and is inserted between positions 2449 and 2450 in the E. coli
23S rRNA. The second intron, CmmtLSU *2, has been partially
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corresponding intronless C.reinhardtii mitochondrial rrnL C.moewusii mtDNA segment sequenced features 188 bp of
sequences (44). In this distantly related green alga, the continuous rrnL sequences corresponding to the distantly spaced
mitochondrial large subunit rRNA-coding region is fragmented C. reinhardtii modules 7 and 8, or more precisely to the domain
into eight modules that are interspersed with protein-coding genes, V rRNA region spanning positions 1773 and 2020 in the potential
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Figure 3. Secondary structure models of the C.moewusii mitochondrial rmL mitrons (CmmtLSUI and CmtLSUd 2). The secondary structure of CmmtLSU 2
is partial, the sequence covering P9 and the terminus of this intron being not available. The intron nucleotides denoted by asterisks can base pair. For more details,
see the legend of Fig. 1.

secondary structure proposed for this green algal mitochondrial
large subunit rRNA (44). The secondary model of this rRNA
segment from C.moewusii is highly similar to that from
C. reinhardtii, with the exception of the terminal region of the
conserved 9 bp helix which corresponds to the break between
the C.reinhardtii rRNA fragments encoded by modules 7 and
8 (L7 and L8) (data provided to the reviewers). Because only
five single-stranded bases extend this helix in C.moewusii as
opposed to the stretches of eight and 57 single-stranded bases
in the mature C. reinhardtii L7 and L8 rRNAs, respectively, it
is possible that the C.moewusii mitochondrial large subunit rRNA
is not fragmented at that site. Obviously, rRNA analysis will be
necessary to test this hypothesis. In the interfertile alga
C.eugametos, an HindIH fragment containing an insertion of 100
bases relative to C.moewusii (28) spans this variable rRNA region
as well as the 5' portion of the adjacent intron, implying that
one of these regions is polymorphic.
As expected, the sequence and secondary structure of

CmmtLSU 1 are consistent with this intron being part of the IA1
subgroup (Fig. 3). Its most unusual feature is the presence of
two unpaired residues (C and U) lying between two wobble bp
(G/U) in P4. Given the similarity in size of the C.eugametos and
C. moewusii mitochondrial intron segments amplified with the P
and S oligonucleotides at this locus, it is possible that the
additional 100 bases found in the aforementioned C.eugametos

HindI fragment represent extra base-paired regions in the
segment 3' to P3.
The partial sequence of CmmtLSU *2 features the conserved

regions P3 to P8 found in all group I introns (Fig.3). On the
basis of a comparative sequence analysis, this intron was classified
into subgroup IB4. It differs from most IB4 introns in displaying
A/U as the first bp of P4, instead of U/A, and G as the sixth
position of sequence S, instead of A. Because the intron segment
analyzed resides at an extreme end of the Sau3Al mtDNA
fragment carried by clone 13.38, completion of the secondary
structure of CmmtLSU *2 will require a separate mtDNA
fragment overlapping this region. Such a fragment could not be
cloned during the construction of the C.moewusii mtDNA library
(27).

DISCUSSION

We identified five group I intron insertion sites in the chloroplast
psaB and psbC and the mitochondrial rmL of Chlamydomonas.
In C.eugametos and C.moewusii, each of these genes contains
a subgroup-IAI intron; in addition, the psbC from both algae is
interrupted by a IA2 intron and the C. moewusii mitochondrial
rmL displays a IB4 intron. Prior to our study, no group I introns
had been described in psaB and psbC, suggesting a relatively
recent origin for the three Chlamydomonas intron insertion sites
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Figure 4. Relationships among organelle LAI introns as determined by neighbor-
joining analysis. This tree was derived from a Kimura dissimilarity matrix that
was computed from a data set of 104 positions. Branch lengths on the horizontal
axis represent the evolutionary distance between the nodes. The numbers at the
nodes indicate the percentage of times ( > 25) that the monophyletic group to the
right occurred in 1000 bootstrap samples. Intron sequences were taken from:
C(hlamydomonas chloroplast and mitochondrial introns, see the footnote of Table
II; other mitochondrial introns, see the references cited by Michel and Westhof (2).

in these genes. Although group II introns have been identified
in the psaB and psbC of Euglena gracilis, their positions differ
from those identified here (45 -46). Introns occupying the
insertion site of the IAI CmmtLSU- 1 are present in the
mitochondria of Saccharomyces, Neurospora, Aspergillus and
Podospora, in the chloroplasts of three Chlamydomonas taxa
belonging to the two major lineages observed in this genus, and
in the nucleus of Physarum (see 13). The Physarum nuclear intron
inserted at this position falls within the IC3 subgroup, whereas
all of the organelle introns characterized at this same site,
including the mobile ScLSU' 1 intron encoding the endonuclease
I-Scel (12), share with CmmtLSU 1 the IAl subgroup (2).
Similarly, the position of the IB4 CmmtLSU *2 has been found
to be occupied by chloroplast introns from four Chlamydomonas
taxa belonging to the two major lineages (13), and interestingly,
the unique intron examined at this position (ChLSU 1) is a
member of the IB4 subgroup which encodes a site-specific
endonuclease (22).
Our finding that Chlamydomonas mitochondrial and chloroplast

rrnL introns inserted at common positions belong to the same

subgroup suggests that group I introns can move from one
organelle to another within the cell and spread themselves at their
cognate site. The movement of introns between organelle
genomes is a likely possibility given that mitochondria have been
found associated with the chloroplast during the vegetative cell-
cycle of Chlamydomonas (47) and that transfer of cpDNA
sequences to the mtDNA appears to be an ongoing evolutionary
process in land plants (48-49). Mobile introns encoding
endonucleases would be predicted to integrate into organelle
genomes much more efficiently than their non-mobile
counterparts. In this context, it is not unexpected to find introns
encoding site-specific endonucleases (ScLSU 1 and ChLSU 1)
at the two insertion sites identified here in Chlamydomonas
mitochondria. As Chlamydomonas mitochondrial and chloroplast
rrnL introns inserted at common positions do not appear to be
very closely related (see Fig. 4), it is likely that the postulated
movement of group I introns did not occur within recent times
in Chlamydomonas lineages and/or that equivalent introns have
evolved independently in separate cytoplasmic genomes.

Obviously, the possibility cannot be eliminated that mitochondrial

CmpsaB.1 TTGG[GTGGG[ TAC[T[MCM[AT
CmpsbA.1 AGCAULCTC AU + GGTTAWTTTCG

CmpsaB-1 [;TGGGTGGGTI TACT'TTCTATCepsbC-2 TCCAAC|G G GT| CCTGAAGCCT

CmLSU-4 cTCrA| GGGAT| ACAGAGC[GA
CeLSU-2 A C G GGCLGA TI MAAG C TGATGT

PaLSU-2 cGCITAGGAG T I ECA G TCTAA
PaLSU.1 ACTTAGGGATI A- GGAjJGGCT

ScLSU*1 CGCAGGGAT AACAGGGTA
KfATP9.1 ATT TUTAIGGA TI TCGCTTTAIAG

Figure 5. Comparison of exon sequences flanking structurally related IAl introns
inserted at distinct sites. The arrows denote the positions of the introns. Exon
sequences were taken from: Chlamydomonas chloroplast introns, see the footnote
of Table II; PaLSU- I and PaLSU-2, reference 51; ScLSU 1 and KfATP 9,
reference 10.

rrnL introns from one organism were transferred to the cpDNA
of a separate organism or vice-versa. To gain insight into the
evolutionary origin of organelle rrnL introns, it will be necessary
to analyze the distribution of chloroplast and mitochondrial rrnL
introns among the green algae and to undertake comparative
sequence analyses of these introns as well as of their flanking
exons.
Two of the three Chlamydomonas chloroplast IA1 introns

identified in this study were found to be closely related to the
previously reported chloroplast CmpsbA 1 intron. As shown in
Fig. 4, our neighbor-joining analysis of organelle IAI intron
sequences from Chlamydomonas and other organisms revealed
that two groups of closely related introns featuring distinct
insertion sites clustered together more than 60% of the time: 1)
CmpsbA * 1, CmpsaB * 1 and CepsbC * 2, and 2) PaLSU * 2,
NcLSU 1, PaLSU 1 and AnLSU 1. The latter group of fungal
mitochondrial rrnL introns (featuring two insertion sites, one of
which coincides with that occupied by CmLSU * 4 and
CmmtLSU 1) was expected, as Cummings et al. (50) reported
extensive sequence and structural similarities between the
members of this group. Although Dujon et al. (51) observed great
similarities between ScLSU 1 and KfATP9 1, these yeast
mitochondrial introns were not frequently found together during
our bootstrap analysis. Using a method of analysis based on
maximum parsimony, we found essentially the same intron
relationships as determined by the neighbor-joining method;
however, bootstrap analysis indicated a weaker support for the
alliance of CepsbC - 2 with the CmpsbA * 1 and CmpsaB * 1 pair.
The most similar Chlamydomonas LAI introns are CmpsaB' 1 and
CmpsbAi 1; 129 out of 150 positions spanning the regions P3
to P7, P7.1 and P8 share identical residues in these introns. The
secondary structure of CmpsaB 1 mainly differs from that of
CmpsbA 1 by the lengths of the terminal loops subtending P5,
P6a, P8 and P9. 1, and by the presence of two extra P2 stems
(P2.1 and P2.2).
Like the pairs of related mitochondrial IAI introns

PaLSU 2/PaLSU 1 and ScLSU 1/KfATP9 1, the related
CmpsaB * 1 and CepsbC * 2 exhibit significant similarity in their
flanking exon sequences, suggesting that one of the members in
each of these intron pairs arose from transposition (Fig. 5).
Because the sequence similarity between the exons of CmpsaB- I
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and CepsbC 2 and between those of ScLSU 1 and KfATP 9
is mainly restricted to the 5' region that base-pairs with the intron
to form P1, we favour the idea that these related introns were

generated through reverse self-splicing. PaLSU* 2 and PaLSU * 1
show more sequence similarity in their 5' and 3' flanking exons,

notably in the 5' exon sequence that is not involved in the
formation of P1, implying that intron transposition might have
occurred via cleavage of the recipient locus by an endonuclease.
Such an enzyme could be encoded by the internal open reading
frame present in PaLSU 1 (51). Although a close relationship
between the chloroplast IA1 introns CmLSU *4 and CeLSU 2
is not supported by our bootstrap analysis (see Fig. 4), it is of
interest to mention that both the 5' and 3' flanking sequences

of these introns are similar (Fig. 5). It is thus possible that these
two intron insertion sites arose from a transposition event that
occurred before the divergence of the Chlamydomonas lineages.
With regard to the CmpsaB 1 and CmpsbA 1 introns featuring
almost identical core structures but different flanking exons, this
similarity can be attributed to nonreciprocal homologous
recombination (gene conversion). CmpsbA 1 is located in the
inverted repeat, a cpDNA region that is thought to participate
actively in gene conversion events and that has been shown to
be involved in both intra- and intermolecular recombinations (48).
Evidence for gene conversion between a sequence located in the
inverted repeat and a cpDNA sequence in a single-copy region
has been reported in wheat (52).
CepsbC 1 is the first organelle intron ever assigned to the IA2

subgroup, a category of introns comprising bacteriophage introns
(2). Because mobile IA2 introns appear to be widespread among

T-even phages (12), CepsbC 1 might have been acquired through
horizontal transfer of an intron from such phages. We have
previously reported that the 5' exon sequences flanking CepsbC 1
and the IA3 CeLSU 1 intron are very similar (13). Such
resemblance may be due to chance or to a common evolutionary
relationship between these two types of introns. As LA2 and IA3
introns share similar P and Q sequences and differ from other
group I introns by the presence of two stem-loop structures
between P3 and P7 (P7.1 and P7.2), the latter possibility is more
likely. Like their IA2 counterparts, IA3 introns appear to be
restricted in their distribution, having been identified so far
exclusively in the Chlamydomonas chloroplasts (17, 19-21).
More knowledge about the distributions of IA2 and IA3 introns
will be required to understand the evolutionary relationships
between these two types of introns.
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