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Abstract Several chlorophyte algae do not have the cox3
gene, encoding subunit III of cytochrome c oxidase, in
their mitochondrial genomes. The cox3 gene is nuclearencoded in the photosynthetic alga Chlamydomonas
reinhardtii and in the colorless alga Polytomella sp. In
this work, the genomic sequences of the cox3 genes of
these two closely related algae are reported. The cox3
genes of both C. reinhardtii and Polytomella sp. contain
four introns in the region encoding the putative mitochondrial-targeting sequences. These four introns show
low sequence identities, but their locations are conserved
between these species. The cox3 gene of C. reinhardtii has
ﬁve additional introns in the region encoding the mature
subunit III of cytochrome c oxidase. Sequence analysis of
intron 6 of the cox3 gene of C. reinhardtii revealed similarity with two sequence elements present in introns of
several other nuclear genes from this green alga. In the
majority of the genes, these conserved sequences are
located either near the 3¢ end or near the 5¢ end of the
introns. Based on these data, we propose that the colorless genus Polytomella separated from C. reinhardtii
after the cox3 gene was transferred to the nucleus. The
data also support the evolutionary hypothesis of a recent
acquisition of introns in C. reinhardtii.
Keywords Chlamydomonas reinhardtii Æ
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Introduction
Members of the genus Chlamydomonas form a monophyletic group, but are distributed in at least six distinct
lineages (Buchheim et al. 1996; Friedl 1997). The green
alga C. reinhardtii – a model of choice in the molecular
studies of photosynthesis and ﬂagellar structure – has
been grouped with members of the genus Volvox in
several phylogenetic analyses (Buchheim et al. 1996;
Nakayama et al. 1996; Rumpf et al. 1996; Friedl 1997).
The colorless chlorophytes of the genus Polytomella are
also close relatives of C. reinhardtii; complete 18S rDNA
sequence analysis suggests that C. reinhardtii, Polytomella parva, Polytomella sp. and Volvox carterii are
members of a single monophyletic clade, the so-called
Volvox clade (Melkonian and Surek 1995; Nakayama
et al. 1996). The genus Polytomella is believed to have
evolved from a Chlamydomonas-like ancestor by loss of
its cell wall and functional chloroplasts (Round 1980;
Melkonian and Surek 1995). The close phylogenetic
relationship between members of the genus Polytomella
and C. reinhardtii is also supported by morphological
and structural similarities (Mattox and Stewart 1984),
the similarity of its nuclear encoded b-tubulin genes
(Conner et al. 1989), its mitochondrial cox1 genes
(Antaramian et al. 1996), and the biochemical similarities in the a and b subunits of their mitochondrial F1F0ATPases (Atteia et al. 1997).
The mitochondrial genomes of several chlorophyte
algae lack some of the genes that are commonly found in
the mitochondrial genome of the majority of eukaryotes.
The missing genes include cox2, cox3, atp6, atp8, atp9,
nad3 and nad4L in C. reinhardtii (Michaelis et al. 1990),
C. eugametos (Denovan-Wright et al. 1998), and
Chlorogonium elongatum (Kroymann and Zetsche 1998).
In the green alga Chlamydomonas reinhardtii and in the
colorless alga Polytomella sp., the cox2 and cox3 genes
encoding subunits II and III of cytochrome c oxidase
have been transferred from the mitochondrial genome to
the nucleus (Pérez-Martı́nez et al. 2000, 2001). The
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nuclear-localized cox2 and cox3 genes reﬂect the characteristics of genes transferred from the mitochondrion
to the nucleus proposed by Brennicke et al. (1993) and
Claros et al. (1995): (1) they acquired a nucleotide sequence encoding a putative mitochondrial-targeting sequence (MTS), (ii) they exhibit a nuclear codon-usage
pattern, (3) they acquired polyadenylation signals typical of chlamydomonad nuclear genes that diﬀer from the
consensus in other eukaryotes, and (4) their deduced
protein products exhibit an overall diminished mesohydrophobicity, when compared with their counterparts
encoded in the mitochondrial genome.
In this work, we describe the cloning and characterization of the genomic cox3 genes from C. reinhardtii
and Polytomella sp. This is the ﬁrst description of cox3
genes that are localized in the cell nucleus. The data
suggest that transfer of the cox3 gene to the nucleus
occurred before the divergence of Polytomella sp. and
C. reinhardtii. They also support the hypothesis of a late
acquisition of introns in C. reinhardtii.

Materials and methods
Strains and culture conditions
Polytomella sp. (198.80, E.G. Pringsheim), from the Sammlung von
Algenkulturen (Gottingen, Germany), was grown as described by
Gutiérrez-Cirlos et al. (1994). C. reinhardtii (wild type, CC125
mt+) was obtained from the Chlamydomonas Genetic Center
(Duke University) and was grown as described by Rochaix et al.
(1988).
Cloning and sequencing of genomic cox3 from Polytomella sp.
and C. reinhardtii
Total DNA was obtained from Polytomella sp. and C. reinhardtii as
described by Pérez-Martı́nez et al. (2000). All other molecular biology techniques were standard (Sambrook et al. 1989). Nucleotide
sequencing was performed by the Kimmel Cancer Center DNA
Sequencing Facility, Thomas Jeﬀerson University.
The genomic sequence of the cox3 gene of Polytomella sp. was
obtained by PCR ampliﬁcation with Hot Start Taq polymerase
(Qiagen), using primers designed to anneal to the 5¢ and 3¢ noncoding regions of the cox3 cDNA. The forward primer was 5¢-CGT
TTT TGG TCA AGT TGA AA-3¢ and the reverse primer was
5¢-CGC ATA ACG CGA AGT CAC TAC -3¢. Total DNA was
denatured for 5 min at 94 C and subjected to 30 cycles of: 45 s
denaturation at 94 C, 1 min annealing at 50 C, and 2.5 min
extension at 72 C. PCR products were cloned into the pGEM-T
easy vector system (Promega) and sequenced.
C. reinhardtii cox3 genomic sequence was obtained by ampliﬁcation of three overlapping PCR products, using Hot Start Taq
polymerase (Qiagen). The sets of primers used were: forward 1:
5¢-AGC GCG ACC GGT GAA ACC AG-3¢, reverse 1: 5¢-TGG
AAG GGG TGG CGC TTG CCG-3¢, forward 2: 5¢-CCA AGG
AGT TCT ACA TGG AGC AC-3¢, reverse 2 :5¢-CCT TGG CCA
CCA TGG CCA CGT TGG-3¢, forward 3: 5¢-GTG GCG CTG
CAG ATG CAG TGG C-3¢, reverse 3: 5¢-CTG CCA CAC ACA
CCC GTC ATA CG-3¢. Total DNA was denatured for 5 min at
94 C, and subjected to 30 cycles of: 1 min denaturation at 94 C,
1 min annealing at 60 C, and 2.5 min extension at 72 C. PCR
products were cloned into the pGEM-T easy vector system from
Promega.
The genomic sequences of the cox3 genes of Polytomella sp. and
C. reinhardtii are not shown, but are available in the DDBJ/EMBL/

GenBank data banks under accession numbers AF286057 and
AF286058, respectively.

Results and discussion
The cox3 genomic sequences of chlamydomonad algae
contain several introns
Based on the sequences of the cox3 cDNA clones from
Polytomella sp. and C. reinhardtii (Pérez-Martı́nez et al.
2000), deoxyoligonucleotide primers were designed and
used for PCR ampliﬁcation of the corresponding genomic coding regions. When total genomic DNA from
Polytomella sp. was used as template for ampliﬁcation, a
2.0-kb product was obtained. In contrast, when cDNA
from the same alga was used as template, the predicted
1.2-kb product was obtained. When genomic DNA from
C. reinhardtii was used as template to amplify the
complete coding region with three diﬀerent primer pairs,
the genomic sequence was estimated to be 3.2 kb. The
mRNA gave rise to three amplicons, reﬂecting a total
size of 1.2 kb. The PCR fragments obtained from ampliﬁcation using genomic DNA from the two algae were
cloned and sequenced. A comparison of the sequences
with the cox3 cDNA sequences previously obtained
(Pérez-Martı́nez et al. 2000) conﬁrmed that they represented cox3 genes and allowed identiﬁcation of introns
in the genomic sequence. Figure 1 shows the overall
genomic organization of the two cox3 genes.

The two chlamydomonad cox3 genes
have conserved intron positions in the regions
encoding the putative MTS
The boundaries, phases and sizes for the introns of both
Polytomella sp. and C. reinhardtii cox3 genes are shown
in Table 1. The cox3 gene of Polytomella sp. has four
introns (numbered 1–4) that range in size over 71–
444 nucleotides. All are located in the region encoding
the putative MTS that is thought to direct and insert
subunit COX III into the mitochondrial inner membrane. This MTS is not present in the mature COX III
protein of Polytomella sp. (Pérez-Martı́nez et al. 2000).
In contrast, the genomic sequence of cox3 of C. reinhardtii is interrupted by nine introns (numbered 1–9)
ranging in size over 133–323 nucleotides. The ﬁrst four
introns, like those of Polytomella sp., are located in the
region encoding the putative MTS of the C. reinhardtii
COX III polypeptide. Introns 5–9 are distributed along
the nucleotide sequence that encodes the mature COX
III subunit.
An alignment of the MTSs encoded by both cox3
genes indicates that the location and the phases of introns 1, 3, and 4, have been conserved between the two
species (Fig. 2). Intron 2 also has a conserved phase, but
its position is displaced by three nucleotides. This suggests that all four introns were acquired after the cox3
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Fig. 1. Overall organization of exons and introns in Polytomella
sp. and Chlamydomonas reinhardtii cox3 genes. Rectangles show
exons and lines represent introns. Gray rectangles show the region
encoding the mature protein. Rectangles marked with dots, squares,
horizontal lines and dashed lines represent homologous exons
encoding the mitochondrial-targeting sequence (MTS) found in
both algae. Black triangles indicate the relative positions of
methionines in the encoded MTS and the ﬁrst methionine in the
encoded COX III subunit

gene was transferred to the nucleus in the common ancestor, but before Polytomella diverged from C. reinhardtii. An alternative scenario would imply intron
insertion in preferential sites of cox3 sequences. When
other intron-containing mitochondrial cox3 genes were
explored, it was found they all exhibit introns that are
localized in diﬀerent positions. The bryophytes Pellia
epiphyla (Malek et al. 1996) and Marchantia polymorpha
(Oda et al. 1992) contain one and two introns, respectively, in the mitochondrial cox3 gene. These introns are
present in diﬀerent positions from those found in the
Chlamydomonas and Polytomella nuclear cox3 genes.
The plant Lycopodium squarrosum (Hiesel et al. 1994)
and the yeast Yarrowia lipolytica (Matsuoka et al. 1994)
cox3 genes each contain a single, non-conserved intron.
The position of these introns is also diﬀerent from that
found in the Chlamydomonas and Polytomella nuclear
cox3 genes. These comparisons indicate the absence of a
single set of preferential intron insertion sites in cox3
sequences.
Although the regions of the cox3 genes encoding the
MTSs of both chlamydomonad algae share a conserved
location of introns, the nucleotide sequences of these

introns are poorly conserved (less than 38% identity).
This is likely due to the rapid rate of nucleotide substitutions in introns of volvocine algae, which is ten-fold
higher than in exons (Liss et al. 1997). Nevertheless, the
presence of conserved intron locations in the highly
conserved regions encoding the MTS in the cox3 genes
of Polytomella sp. and C. reinhardtii indicates that these
algae acquired the region encoding the MTS and their
respective introns before speciation. The presence of ﬁve
additional introns in the C. reinhardtii cox3 gene also
suggests that these introns originated during the period
that occurred after the divergence of these two species.
Alternatively, but less likely, they were present in the
common ancestor and then lost from the cox3 gene of
Polytomella sp. This last scenario would imply a selective loss of introns in regions encoding the Polytomella
mature COX III subunit, without loss of introns in the
region encoding the MTS.
Splicing junctions and internal conserved sequences
in the cox3 gene introns
All the introns in chlamydomonad cox3 genes show
orthodox splice sites, exhibiting GT at the 5¢ end and
AG at the 3¢ end (Table 1). In Chlamydomonas, consensus-conserved sequences surrounding the splicing
sites have been identiﬁed: (C/A)(A/C)GﬂGTG(A/C)G
for the 5¢ splice site and (G/A)CAGﬂ(G/A) for the 3¢
splice site (Silﬂow 1998). The splice junctions of the introns of the cox3 gene of C. reinhardtii also conform to
these consensus-conserved sequences. The sequences

Table 1. Phases, sizes, and ﬂanking sequences of 5¢ and 3¢ splice sites for Chlamydomonas reinhardtii (Cr) and Polytomella sp. (Ps) cox3
introns
Phase

5¢ splice site

Size (bp)

3¢ splice site

Intron

Ps

Cr

Ps

Cr

Ps

Cr

Ps

Cr

1
2
3
4
5
6
7
8
9

1
2
0
2
–
–
–
–
–

1
2
0
2
1
2
0
2
2

CTG/GTAAGA
GAG/GTAAGA
AAG/GTAATT
CAG/GTAAGA
–
–
–
–
–

CAG/GTGTGT
CGG/GTGAGC
AAG/GTAAGG
CCG/GTGAGG
TGG/GTGAGC
GCT/GTGAGT
AAG/GTGGGG
CCA/GTGAGT
CTG/GTGGGT

167
71
85
444
–
–
–
–
–

267
133
139
256
290
323
159
180
204

TGTAG/GCT
TTTAG/GAA
TATAG/ACT
TATAG/GTC
–
–
–
–
–

TGCAG/GCT
CGCAG/CCG
CGCAG/ATG
TGCAG/CAC
CGCAG/GCA
CGCAG/CTG
CGCAG/GTG
CGCAG/GTA
CACAG/GCA
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Fig. 2. Amino acid sequence alignment of MTS of Polytomella sp.
and C. reinhardtii cox3 and comparison of intron positions. Arrows
indicate the positions of introns 1–4 in the corresponding gene of
each alga. An arrow over an amino acid means that the intron is
not in phase with the open reading frame (orf). Only intron 3 is in
phase with the orf

surrounding splicing sites in the cox3 gene of Polytomella sp. show some diﬀerences from the C. reinhardtii
consensus splicing sites; and they conform more to the
sites (A/T)GﬂGTAA for the 5¢ splice site and TAGﬂ(G/
A) for the 3¢ splice site. Additional genomic sequences of
Polytomella sp. genes are needed to establish canonical
splicing sites in this organism.
A general feature of Chlamydomonas genes is that
introns are often small, ranging from 57 bp to 1,318 bp,
with an average size of 219 bp (Silﬂow 1998). The
Chlamydomonas introns in the cox3 gene range from
133 bp to 323 bp. C. reinhardtii contains a high intron
density in its nuclear genome, estimated at 3.9–4.2 introns/kb of genomic sequence (Silﬂow 1998; Funke et al.
1999). For the C. reinhardtii cox3 gene, a frequency of
2.9 introns/kb is observed. In contrast, the mitochondrial genomes of chlamydomonad algae exhibit a lower
density of introns, as compared with the nuclear genome. Introns are present in the cob gene of C. smithii
(Colleaux et al. 1990), the cox1, nad5, and cob genes of
C. elongatum (Kroymann and Zetsche 1998), and in the
cox1, nad1, nad5, cob, and ribosomal RNA coding
regions of C. eugametos (Denovan-Wright et al. 1998).
A degenerate group II intron is also present in the
intronless mitochondrial genome of C. reinhardtii
(Nedelcu and Lee 1998).
Introns 5–9 of the cox3 gene of C. reinhardtii are
distributed along the sequence encoding the mature
COX III polypeptide (Fig. 1). Intron 6, the largest intron in the C. reinhardtii cox3 gene, shows two internal
conserved sequences (ICS) found in several introns of
C. reinhardtii and in members of the genus Volvox
(Table 2). In the majority of these Chlamydomonas and
Volvox genes, these ICS are located near the 5¢ splicing
junctions (ICS 1), or near the 3¢ splicing junctions
(ICS 2). The ICSs reported in this work diﬀer from
most other Chlamydomonas ICS in that they lack the
consensus sequence NCTAG located 15–51 bp upstream of the 3¢ splice site (Lee et al. 1997). The ICS
described here also diﬀer from ICS found in yeast,
where the great majority of the introns found in its
entire genome (214 out of 231) contain a 7-nucleotide

ICS, with the consensus sequence TACTAAC (Spingola
et al. 1999).
The chlamydomonad ICS seem to be present in the
larger introns of a gene or in introns not smaller that
212 bp. This observation is consistent with the fact
that two ICS are present only in intron 6 of the
Chlamydomonas cox3 gene, which is the largest intron
(323 bp). It is important to note that the relative position of ICS 1 within the intron is usually conserved,
being near the 5¢ end. In some examples in Table 2, the
sequence of ICS 1 is inverted with respect to the cox3
intron 6 sequence. In these cases, the relative position of
ICS 1 within the intron is also inverted and is found near
the 3¢ end of the intron. The relative position of ICS 2
within the intron is also conserved and is usually found
near the 3¢ end of the intron. When the sequence of
ICS 2 is inverted, the position within the intron is also
inverted and it is present near the 5¢ end of the intron.
These ICS are not present in all Chlamydomonas introns,
but they may play an important role in the processing of
particular introns in this alga. ICS 2 was previously
described by Funke et al. (1999), when comparing an
intron from the gene encoding acetolactate synthase
(ALS) with an intron of the gene encoding carbonic
anhydrase (CAH3). Those authors proposed that this
nucleotide stretch might represent a sequence encompassing a branch site of these introns. Or, it might
represent a signal of yet unknown importance in the
RNA-splicing process or in the expression of genes in
C. reinhardtii (Lumbreras et al. 1998).
This is the ﬁrst description of the sequences of cox3
genes localized in the nucleus. Based on these sequences,
it is proposed that cox3 genes were transferred to the
nucleus in a common ancestor of Polytomella sp. and
C. reinhardtii. This process was accompanied by the loss
of the mitochondrial cox3 gene copy. The inactivation of
the original mitochondrial gene and its subsequent disappearance likely occurred once the nuclear cox3 gene
copy became active. It is also proposed that the acquisition of an additional nucleotide sequence encoding a
MTS and its corresponding introns occurred before the
divergence of these two species. Nucleotide insertions,
deletions and substitutions have occurred in introns 1–4,
which changed their sequence and size, while retaining
their original positions. Although it is diﬃcult to distinguish between evolutionary scenarios, intron-loss
against intron-gain for chlamydomonad cox3 genes, the
simplest interpretation is that intron acquisition in
C. reinhardtii occurred after its separation from the
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Table 2. Internal conserved sequences (ICS 1, ICS 2) of C. reinhardtii introns. C. reinhardtii cox3 intron 6 contains an ICS 1 and
an ICS 2 that are present in other Chlamydomonas and Volvox

introns. Superscript a denotes ICS 1 or ICS 2 sequence that is inverted with respect to cox3 intron 6. GenBank accession numbers
are given in parentheses

Intron

Size (bp)

Gene name

Location
in the intron

ICS 1: GGGAGGGGGGAGAGG
6
8
14

323
443
288

31 bp from 5¢
6 bp from 5¢
16 bp from 5¢

253
228
454
748

C. reinhardtii cox3
C. reinhardtii acetolactate synthase gene, ALS (AF047459)
C. reinhardtii variable ﬂagellar number protein gene,
VFL1 (AF154916)
C. reinhardtii EYE2 gene (AF233430)
C. reinhardtii actin-related protein gene, ACT2 (U68060)
Volvox carteri argininosuccinate lyase gene, VASL (AF233374)
V. spermatosphera UTEX 2273 GTPase Ypt4p gene (U55929)

323
493

C. reinhardtii cox3
C. reinhardtii class II DNA photolyase gene, PHR2 (AF129458)

694
480
500
582
287
490
212
281

C.
C.
C.
C.
C.
C.
C.
C.

25 bp from 3¢
177 bp from
3¢
17 bp from 3¢
21 bp from 3¢
2 bp from 5¢
34 bp from 3¢
26 bp from 3¢
27 bp from 5¢
20 bp from 3¢
32 bp from 3¢

2
2a
5a
1
ICS 2: ATCATGAATGTAACCCC
6
3
8
2
5a
9
4
8a
8
2

reinhardtii
reinhardtii
reinhardtii
reinhardtii
reinhardtii
reinhardtii
reinhardtii
reinhardtii

colorless genus Polytomella. This proposal is in agreement with the suggestion of a late occurrence of multiple
intron-insertion events in the evolution of eukaryotic
genes (Palmer and Logsdon 1991) and also with the
proposal of a late acquisition of introns in the genes of
C. reinhardtii and its multicellular relative, V. carteri
(Funke et al. 1999). A test of the late-acquisition hypothesis could be accomplished through a comparative
study of intron distribution among a sampling of chlamydomonad taxa that includes exemplars from all of
the known lineages (Buchheim et al. 1996; Friedl 1997).
In particular, it will be important that future investigations include those taxa currently regarded as sister
to C. reinhardtii (e.g., C. globosa, C. incerta, C. zebra,
V. carteri).
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