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Abstract. In the unicellular green alga,Chlamydomo-
nas reinhardtii,cytochrome oxidase subunit 2 (cox2) and
3 (cox3) genes are missing from the mitochondrial ge-
nome. We isolated and sequenced a BAC clone that car-
ries the wholecox3 gene and its corresponding cDNA.
Almost the entirecox2 gene and its cDNA were also
determined. Comparison of the genomic and the corre-
sponding cDNA sequences revealed that thecox3 gene
contains as many as nine spliceosomal introns and that
cox2 bears six introns. Putative mitochondria targeting
signals were predicted at each N terminal of thecox
genes. These spliceosomal introns were typical GT–AG-
type introns, which are very common not only inChla-
mydomonasnuclear genes but also in diverse eukaryotic
taxa. We found no particular distinguishing features in
thecoxintrons. Comparative analysis of these genes with
the various mitochondrial genes showed that 8 of the 15
introns were interrupting the conserved mature protein
coding segments, while the other 7 introns were located
in the N-terminal target peptide regions. Phylogenetic
analysis of the evolutionary position ofC. reinhardtii in
Chlorophyta was carried out and the existence of the
cox2 and cox3 genes in the mitochondrial genome was
superimposed in the tree. This analysis clearly shows that
thesecox genes were relocated during the evolution of
Chlorophyceae. It is apparent that long before the esti-

mated period of relocation of these mitochondrial genes,
the cytosol had lost the splicing ability for group II in-
trons. Therefore, at least eight introns located in the ma-
ture protein coding region cannot be the direct descen-
dant of group II introns. Here, we conclude that the
presence of these introns is due to the invasion of spli-
ceosomal introns, which occurred during the evolution of
Chlorophyceae. This finding provides concrete evidence
supporting the “intron-late” model, which rests largely
on the mobility of spliceosomal introns.

Key words: Group II intron — Signal peptide —
Exon shuffling — Proto-splicing site.

Introduction

The 15.8-kilobase (kb)-long mitochondrial genome of
the unicellular green algaChlamydomonas reinhardtiiis
one of the most reduced, encoding genes for only eight
proteins, large and small ribosomal RNAs, and two
transfer RNAs. In contrast, the typical mitochondrial ge-
nome size is ca. 50 kb in most unicellular eukaryote taxa
(Gray et al. 1998). TheC. reinhardtii mitochondrial ge-
nome is even missing the representative mitochondrial
genome contents, thecox2 and cox3 genes (Gray and
Boer 1988), as in two other green algal relatives,Chla-
mydomonas eugametos(Denovan-Wright et al. 1998)
and Pedinomonas minor(Turmel et al. 1999). It was
recently shown that in the colorless chlamydomonad al-
gaePolytomellaspp. andC. reinhardtii, COXII is en-
coded by two independent nuclear genes (cox2a and
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−2b) and that COXIII is also in the nuclear genome
(Pérez-Martı́nez et al. 2000, 2001). These analyses were
based mainly on cDNA structures or N-terminal peptide
sequences. However, the introns in these genes have not
been characterized thus far.

Here, we analyzed an unexpected gene structure of
the cox2 and cox3 genes ofC. reinhardtii, focusing on
the evolutionary origin of the detected introns. Thesecox
genes contain a total of 15 spliceosomal introns, which
seem to have no particular unique features compared to
introns in other genes. This suggests that spliceosomal
introns are also highly invasive in nature, similar to or-
ganelle group I and II introns. This attribute might be
strongly related to the ability of group II introns to in-
vade specific sites of intronless genes with a high effi-
ciency, a process refered to as intron homing (for a re-
view, see Lambowitz and Belfort 1993). Recent evidence
suggests that group II introns are the ancestor of spliceo-
somal introns, i.e., spliceosomal introns and the splice-
osome are a type of extremely deformed group II intron
(Sharp 1991). This conclusion is based mainly on two
facts: first, the core splicing reaction is identical between
these two kinds of introns (for reviews, see Saldanha et
al. 1993; Weiner 1993); second, experimental data
showed trans-activation of group II intron splicing by a
small RNA in a spliceosome (U5 snRNA) (Hetzer et al.
1997). Such deformation of group II introns seems to
have occurred in the early evolution of eukaryotes, since
core features of spliceosomal introns and spliceosomes
are essentially identical among diverse eukaryote taxa.

Materials and Methods

Algal Culture Conditions. Chlamydomonas reinhardtiistrain CC277
(cw-15) was obtained from TheChlamydomonasGenetics Center
(Duke University, Durham, NC, USA). Cells were grown at 25°C in
TAP medium (Harris 1989) in constant light (200mE/m2 s).

Preparation of DNA and cDNA.Total DNA was extracted follow-
ing the method described by Harris (1989). Total RNA was extracted
using TRIzol reagent (GIBCO BRL) following the manufacturer’s in-
structions. From the total RNA, poly(A) RNA was extracted using
oligo(dT)-latex particles, Oligotex-dT30 (Roche). Purified poly(A)
RNA was used as the template for complementary DNA (cDNA) syn-
thesis with oligonucleotide primers, using the Ready-To-Go You Prime
First Strand Kit (Pharmacia Biotech).

PCR ConditionsA buffer kit optimized for amplifications from
GC-rich templates, i.e., LA-Taq with GC buffer I (Takara Shuzo, Ja-
pan), was used to amplify a part of thecox3gene from genomic DNA
or cDNA. The programs for the thermal cyclers were 94°C for 5 min,
followed by 25–35 cycles at 94°C for 30 s, 48°C for 1 min, and 72°C
for 2 min, followed by 72°C for 5 min.

Cloning of thecox2andcox3Genes.A part of thecox3cDNA was
synthesized with a degenerated oligonucleotide primer (COX3–CRn–
349a, AAIAACCAIACIACRTCNACRAARTG; R4 A/G, N 4 G/A/
T/C, I 4 inosine), using extracted poly(A) RNA as the template. From
the cDNA, a partialcox3fragment, 179 base pairs (bp), was amplified

by PCR with nested pairs of degenerated primers (COX3–CRn–281s,
TCSGACGGGATHTAYGGNTCNACNTT; COX3–CRn–347a, TAY-
TGGCAYTTYGTNGAYGTIGTITGGTTITT; COX3–CRn–280s, TC-
SGACGGGATHTAYGGNTCNAC; COX3–CRn–348a, AAIAAC-
CAIACIACRTCNACRAARTGCCA: S 4 C/G, H 4 A/T/C, Y 4

C/T, N 4 G/A/T/C, I 4 inosine).
The 38-terminal sequence of thecox3 mRNA was determined by

reverse transcription polymerase chain reaction (RT-PCR), using the
Ready-To-Go T-Primed First-Strand-Kit (Pharmacia Biotech). For the
58-terminal part of thecox3 cDNA sequence, we referred to the ex-
pressed sequence tag (EST) database forC. reinhardtii (c-9) (Kazusa
DNA Research Institute, Japan). To get a clue about the missing
Chlamydomonas cox2gene, we searched the EST database using the
cox2 sequence of the chlorophytePrototheca wickerhamii.Genomic
PCR fragments of thecox2gene corresponding to the EST sequences
were obtained using two sets of primers based on the EST sequences
(CRCOX2–m66s, TGGTTGCTTCCGAGGGCGTCGCACA; CR-
COX2–113a, CTCCATGGTGGTGTGTTGGGTCAGC; CRCOX2–
107s, AGCATACATCTTCAGCTAGAACGGG; CRCOX2–288a,
ACGAGATCCACTTCTTCACGTACTC).

These genomic PCR fragments were cloned into pT7Blue T-Vector
(Novagen, USA) and sequenced. The resultant clones were also used as
the probe to screen the high-density BAC library filter forC. rein-
hardtii (cw 92) (IncyteGenomics, USA). Probes were labeled using the
AlkPhos Direct Labeling system (Amersham Life Science), and signal
detection was performed using the CDP-Star chemiluminescent detec-
tion reagent (Amersham Life Science) according to the supplier’s in-
structions. Two positive BAC clones for each of thecox2 and cox3
probes were detected in the library. Their inserts were subcloned into
pT7Blue-Vector or were subjected directly to sequencing.

Phylogenetic Analysis of Chlorophyte Algae.The neighbor-joining
(NJ) (Saitou and Nei 1987) tree was constructed using SINCA software
version 3.0 (Fujitsu System Engineering, Japan). Bootstrap resampling
(500 times) was carried out to quantify the relative support for each of
the branches of the phylogenetic tree.

Results

Spliceosomal Introns in thecox2 and cox3Genes

One of the two positive BAC clones (24p23), which was
selected using the labeled probe for thecox3gene, was
sequenced over 4.0 kb (Genbank AB046570). The re-
sultant sequence contained thecox3-like gene. Homol-
ogy search of the sequence against the amino acid se-
quence database SWISSPROT using the BLAST
program (Altschul et al. 1997) showed that it has signifi-
cant homology to the mitochondrialcox3genes of vari-
ous eukaryotes (score4 150–172), while similarity val-
ues for the bacterialcox3homologues are less than 131.
Comparison of the genome sequence with the raised
cDNA sequences by RT-PCR revealed that nine short
introns ranging in size from 133 to 233 nucleotides (nt)
were inserted in this gene, the total length of which oc-
cupied more than half of thecox3 gene. [Our genomic
sequence data had no conflict with thecox3 cDNA se-
quence that was determined independently (Pe´rez-
Martı́nez et al. 2000)].

Among theChlamydomonasEST data (Asamizu et al.
1999), the cDNA sequences of LC027d01_r (503 bp) and
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CM066h07_r (540 bp) were found to posses significant
homologies to thecox2gene of the chlorophyteP. wick-
erhamii.These two cDNA sequences did not possess any
sequence overlap; instead, they probably correspond to
the N-terminal half and the remaining C-terminal part of
thecox2gene (Fig. 1b). To obtain the full genomiccox2
sequence, we surveyed a BAC library (IncyteGenomycs,
USA). Two BAC clones, 16d21 and 40n6, showed ap-
parent signals when the PCR fragment corresponding
to EST CM066h07_r was used as a probe. Subsequent
sequencing confirmed that those BAC clones actually
contained the proper sequence corresponding to
CM066h07_r. The genomic sequence corresponding to
LC027d01_r was determined by sequencing the PCR
fragments obtained using the total DNA as template. The
cDNA sequence of LC027d01_r (containing the N-
terminal region of thecox2 sequence of 503 bp) and
CM066h07_r (containing the C-terminal region of the
cox2 sequence of 540 bp) corresponded to 1307-bp
(Genbank AB046571) and 727-bp (Genbank AB046572)
genomic sequences, respectively. These genomic se-
quences contained five and one short intervening se-
quences (ranging in size from 79 to 297 nt) compared to
the cDNA sequences, respectively.

Conserved sequences for exon–intron boundaries and
for the putative internal branch sites of these introns (Fig.
2) showed that all 15 introns resemble the typical U2-
type GT–AG intron, which is the most common type of
spliceosomal intron, but not the U12 AT–AC-type intron
(Sharp and Burge 1997). None of these nine introns
showed significant similarity to one another. Further-
more, each intron sequence was subjected to a BLAST
search (Altschul et al. 1997), revealing that these se-
quences have no significant homology to any introns or
to any other sequence in the GenBank database (release
117). As expected, no prominent secondary structures
within the introns were predicted.

Among the nine introns of thecox3 gene, the five
downstream introns (5 through 9) (Fig. 1a), and also the
three downstream introns (4 through 6) of thecox2gene
(Fig. 1b), were interrupting segments conserved among
the mitochondrialcox genes, while upstream introns
were located in the N-terminal regions that are unique to
the C. reinhardtii coxgenes.

We also analyzed the positive correlation of intron
phases (the position of the intron in the codon) between
the adjacent introns. Only 3 of 13 neighboring positions
among introns [between 3 and 4 (3/4) and 4/5 ofcox2
and 8/9 ofcox3] had the same phase (Fig. 2). Therefore,
exon shuffling was not positively supported by the intron
phase analysis (de Souza et al. 1998).

Signal Peptides in thecox2 and cox3Genes

The deduced amino acid (aa) sequence of theC. rein-
hardtii cox3 gene was aligned with eight homologues

from extremely divergent eukaryotes and, in addition,
with two from bacteria (Fig. 1a). Of the 382 aa residues,
only the 250 C-terminal aa showed high and nearly the
same extent of similarity to the various mitochondrial
cox3genes, for example, 28% toPrototheca wickerhamil
(green alga), 28% toMarchantia polymorpha(land
plant), 31% toAllomyces macrogynus(fungus), and 29%
to Homo sapiens.In contrast, the N-terminal region of
the cox gene was peculiarly long inC. reinhardtii.
BLAST homology search of the 145 N-terminal aa
showed no significant homology to any sequence in the
database. Likewise, thecox2-like gene matched in a
similar fashion; i.e., the 250 C-terminal aa of the gene
showed significant homology to various mitochondrial
cox2genes, whereas no prominent similarity existed for
the extremely long N-terminal region (Fig. 1b).

Analysis with the MITOPROT program (Claros 1995,
http://www.mips.biochem.mpg.de/proj/medgen/mitop/)
predicted a high probability for these N-terminal regions
as efficient mitochondria targeting signals (0.6805 and
0.8824 forcox2andcox3,respectively). At 361 nt down-
stream from the translational stop codon of thecox3
gene, a poly(A) additional signal (TGTAA) was de-
tected. In fact, each of the six analyzed cDNA clones had
a poly(A) tract 14, 15, or 58 bp downstream from the
poly(A) addition signal. Taken altogether, theC. rein-
hardtii cox2andcox3genes are most likely typical active
genes that translocated from the mitochondrion to the
nucleus.

Discussion

The Chlamydomonas cox2and cox3 genes showed al-
most the same extent of similarity to various mitochon-
drial genes, apparently not reflecting evolutionary rela-
tionships. This is probably because the translocation of
these genes from an organellar genome to the nucleus led
to a significant change in their sequence evolution. Re-
sults of our targeting sequence analyses in silico were
confirmed by peptide analyses of their mature products
(Pérez-Martı́nez et al. 2000, 2001).

Group II introns seem to be completely absent from
current eukaryote genomes. This is most likely because
group II introns that are suddenly relocated into their
current nuclei are unable to be spliced out successfully in
the cytosol. However, from an evolutionary perspective,
spliceosomal introns are supposedly the descendants of
group II introns that were once efficiently spliced out
into the cytosol of ancient eukaryote cells (Sharp 1991).
It follows that the existence of spliceosomal introns even
in the relocated organelle genes cannot be concrete evi-
dence for the insertional gain of spliceosomal introns.
Therefore, without information on the time period of the
gene relocation, the following possibility cannot be ex-
cluded: an ancestral organellar gene containing group II

335



Fig. 1. Alignment of theChlamydomonas reinhardtii cox3(a) and
cox2 (b) genes with those of various other organisms. Theasteriskat
the beginning of the sequence forC. reinhardtii and Acanthamoeba
castellanii indicates that farther upstream 142 and 29 amino acid (aa)
residues were omitted. Conserved amino acids areunderlined.Se-
quence data, except for those forC. reinhardtii,are from the GenBank
sequence database.Trianglesindicate the position of each intron, and
the following digit corresponds to the serial number of introns in the
gene, ordered with the most N-terminal one first. The boundary of the

sequence obtained from LC027d01_r and CM066h07_r is shown by the
arrow (see the text). Organism names and GenBank accession numbers
are as follows:Allomyces macrogynus(P80439),Marchantia polymor-
pha (P26858),Nephroselmis olivacea(AAF03208),Prototheca wick-
erhamii (Q37620),Cyanidium caldarium(P48873),Chondrus crispus
(P48872),Acanthamoeba castellanii(Q37374), Theileria parva
(S41690),Bacillus sp. PS3 (Q03439), andMycobacterium leprae
(CAA18701).
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introns was relocated to the nucleus in the primitive eu-
karyote cell. These group II introns were subsequently
deformed during evolution into the currently existing
spliceosomal introns.

To deduce the evolutionary period when the reloca-
tion of the Chlamydomonas cox2and cox3 genes oc-
curred, phylogenetic relationships of representative algae
belonging to Chlorophyta were analyzed based on the
cox1sequences, followed by superimposition of the ex-
istence of thecox2andcox3genes in the mitochondrial
genome onto the tree (Fig. 3). This clearly shows that
relocation of theChlamydomonas cox2andcox3genes
occurred during the evolution of Chlorophyceae, after
the branch of Volvocales and Chlorococcales. The sug-
gested period is modern enough to reject the scenario
described above.

This led us to conclude that at least five downstream
introns in thecox3gene and three downstream introns in
the cox2gene are highly likely due to invasion of spli-
ceosomal introns. It has been suggested that inScenedes-
mus obliquusthe cox2gene is also split into two genes,
and probably the N-terminal coding region (cox2a) is
retained in the mitochondrial genome, whereas the C
terminal-containing region (cox2b) has been transferred
to the nucleus (Pe´rez-Martı́nez et al. 2001). Taking the
order of splittingcox2gene transfer as the same as that
for S. obliquusin the chlamydomonad algaeC. rein-
hardtii andPolytomellaspp. simply leads to the conclu-
sion that intron density in thecox2b is probably higher
than incox2a.However, in the two chlamydomonad al-
gae, the intron density is strongly biased toward the
cox2aovercox2b.This suggests that the gene transfer of
cox2a preceded that ofcox2b in the ancestor of these
chlamydomonad algae, not following the case ofS.
obliquus.Besides our investigation, there are several re-
ported instances of mitochondrial genes that relocated
quite recently to the nucleus, e.g., thecox2 genes in
various species of beans (Nugent and Palmer 1991) and
ribosomal protein S11 gene in rice (Kadowaki et al.
1996). However, in these cases, introns were detected
only at the junction between the transit peptide and the
mature protein coding region. Based on these observa-
tions, the evolutional composition of these genes has
been proposed such that the targeting presequence re-
gion-bearing introns were added to the relocated organ-
ellar gene as a result of exon shuffling. This is probably
due to the fact that in these flowering plants, chromo-
some recombination is very active, whereas intron inva-
sion (after relocation of the reported genes) is less active
than in Chlamydomonas.Spliceosomal introns in the
chloroplast-targeted acetolactate synthase (ALS) genes
of C. reinhardtii (Genbank acc. no. AF047459) andVol-
vox carteri (AF04490) are instances that clearly show
intron invasion into organelle genes (besides those in this
investigation), consistently showing the high activity of
intron invasion in them (Funke et al. 1999).F
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We closely analyzed the exon–intron boundaries and
also any possibly informative secondary structures of the
introns in thecoxgenes to specify the process for intron
invasion, but no particular traits were detected. This led
us to speculate that the extremely high invasive ability of
spliceosomal introns inChlamydomonasis due to the
spliceosome or some other enzymes in the cytosol.

A particular type of noncanonical reverse splicing uti-
lizing a previously excised intron (i.e., insertion of the
spliced-out intron into another mRNA) might generate a
mRNA which is invaded by an intron, which could then
be reverse transcribed into DNA, followed by recombi-
nation of the cDNA fragment into the genome. The re-
ported insertion of a spliced-out group II intron into an
unrelated mRNA supports this model (Augustin et al.
1990). A non-mutually exclusive and alternative hypoth-
esis is that excised intron RNA is directly inserted into an
intronless gene, after which the intronic RNA region is
changed into DNA by reverse transcriptase in the fashion
of group II intron invasion (Yang et al. 1996). Not only
genes of organellar origin, but also nuclear genes must
have been invaded severely inC. reinhardtii. This sce-
nario is the most probable reason for the high density of
spliceosomal introns inChlamydomonasnuclear genes
(Logsdon et al. 1998).

Through whole-genome sequencing projects for vari-
ous organisms, it is becoming clearer that intron density
is diverse among organisms without apparent evolution-

ary relationships (Logsdon et al. 1998). This phenom-
enon might be explained as follows: the number of in-
trons increases rapidly following the abrupt revival of the
activity necessary for intron invasion in a lineage, which
lasts for a period of time, while a decrease in the number
of introns occurs gradually through reverse transcription
of the processed mRNA and integration of the product
into the genome. Such a switching on and off of the
activity occurred independently in multiple lineages.
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Pérez-Martı́nez X, Vazquez-Acevedo M, Tolkunova E, Funes S, Claros
MG, Davidson E, King MP, Gonzalez-Halphen D (2000) Unusual
location of a mitochondrial gene. Subunit iii of cytochrome c oxi-
dase is encoded in the nucleus of chlamydomonad algae. J Biol
Chem. 275:30144–30152
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