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ABSTRACT

We present the nucleotide sequence of the gene
encoding subunit 3 of cytochrome ¢ oxidase in
Chondrus crispus, the first report on a mitochondrial
gene from a red alga. Amino acid alignment with
homologous proteins shows that tryptophan is
specified by UGA, as in the mitochondrial code of most
organisms other than green plants. However,
phylogenetic analyses of cox3 amino acid and
nucleotide sequences indicate that C.crispus COX3 is
related to the green-plant mitochondrial lineage. No
RNA editing was detected on the corresponding
transcript. As the only known photosynthetic
eukaryotes that both share an immediate mitochondrial
ancestor with green plants and exhibit features
characteristic of non-plant mitochondria, ie, a small-
sized mitochondrial genome and a modified genetic
code, rhodophytes may be thought of as an
intermediate evolutionary link at the root of the green-
plant mitochondrial lineage.

INTRODUCTION

Although the o-purple eubacterial origin of mitochondria is
widely accepted (1) it is not clear whether these organelles are
poly- or mono-phyletic (2). In particular higher-plant
mitochondrial genomes exhibit unique characteristics, such as
a large size and a marked tendency to recombination. In contrast
mitochondria of ciliates, animal and fungi are characterised by
a reduction of their genome size, following gene transfer into
the nucleus (2). Green-plant mitochondria use the universal
genetic code (3) whereas non-plant mitochondria use modified
codes, with as many as seven altered codons in vertebrates (4).
In global Small SubUnit (SSU) rRNA trees, green plants branch
very close to the root of the mitochondrial subtree (5), a position
consistent with the strong eubacterial character of plant rRNA
sequences. Such a topology markedly differs from the branching
position of higher plants in nuclear phylogenies and it was

proposed that the rRNA genes of green-plant mitochondria may
have been acquired in a separate, more recent event (2).

So far the only well-known mitochondrial genomes from
photosynthetic eukaryotes other than land plants are those of the
unicellular green algae, Chlamydomonas reinhardtii (Volvocales,
6) and Prototheca wickerhamii (Chlorococcales, 7) which also
use the universal genetic code. Phylogenetic analysis of
P.wickerhamii COX1 suggests a recent common ancestor for the
mitochondria of Chlorococcales and those of land plants (7). In
contrast, C.reinhardtii branches separately from land plants in
SSU rRNA mitochondrial phylogenies (5) whereas it belongs to
the green plant lineage in nuclear SSU trees (8). We report here
on the sequence of the mitochondrial gene cox3 encoding subunit
3 of cytochrome ¢ oxidase from the red alga C.crispus.
Rhodophytes are photosynthetic eukaryotes with ‘primitive’
plastids. In nuclear phylogenies they emerge as a distinct lineage,
contemporary with the other eukaryotes lineages (8—10).

METHODS
Identification of a cox3 DNA clone

Total DNA was prepared from C.crispus as described by Apt
and Grossman (11). Nuclear and organellar (i.e., plastidial plus
mitochondrial) DNAs were separated using a Hoechst
33258-CsCl density gradient (Boyen et al.; submitted for
publication.). In Southern hybridisation of organellar DNA, a
single 3.7-kb EcoRI fragment annealed with the probe, consisting
of a wheat mitochondrial cox3 cDNA (12). Organellar DNA was
digested to completion by EcoRlI, a shot-gun library was prepared
in pBluescript SK and a recombinant clone containing the cox3
gene on a 3.7-kb insert was identified using the wheat probe.
No other cox3 related sequence could be detected elsewhere on
the organellar or nuclear fractions.

cDNA synthesis and sequencing

In order to check whether editing could affect C.crispus cox3
transcript, total RNA (11) was treated with RNase-free DNase
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I and first-strand cDNAs were synthesised (12). Two synthetic
oligonucleotides O, and O, (see below), corresponding
respectively to the 5’ and the 3’ non coding regions of the putative
cox3, were used to specifically amplify the first-strand cDNA.
Amplified DNA with the expected size (970-bp) was cloned into
the BamHI—EcoRI sites of pBluescript KS vector and seven
clones were sequenced. The presence of contaminant DNA in
the RNA used for the RT-PCR reaction was ruled out as no signal
was detected by Southern hybridisation in a control experiment
omitting the RT step. The following oligonucleotides were used
for PCR and cDNA sequencing:

0,=CGATTGGATCCGCAAATTATAGC
0,=GTTAAGCGAATTCGACTAAGATTAAGGC
0;=CTTAAAACTGATTGATTACG

The underlined nucleotides were modifed in order to create
BamHI and EcoRI sites.

DNA sequencing and computer analysis

The EcoRI clone containing the cox3 gene was used to create
series of overlapping deletions by Exonuclease IIl and Mung Bean
digestions (Stratagene). The nucleotide sequences of the various
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Exolll deletion clones were determined by the dideoxy chain
termination method (13) using a sequencing kit (Pharmacia),
universal primers and, when appropriate, synthetic primers
deduced from the gene sequence.

Amino acid sequences were aligned using the GCG sequence
analysis software package (14). Gaps were introduced for optimal
alignment, yielding 238 informative sites for comparison.
Complete alignments are available upon request. Phylogenetic
trees based on COX3 amino acid sequences were established with
the neighbour-joining method (15) applied to a distance matrix
calculated with ‘protdist’” (PHYLIP 3.5c, Felsenstein ). Amino
acid substitution was based on the Kimura two-parameters model
(16). Bootstrap analysis (PHYLIP 3.5c, seqboot program, 17)
was used to evaluate the solidity of branching pattern (using 100
resamplings of the data set).

RESULTS AND DISCUSSION

The cox3 gene from C.crispus was sequenced from a fragment
belonging to a 25.9-kb circular molecule of organellar DNA,
in which a number of other mitochondrial genes such as cox]
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Figure 1. Alignment of COX3 protein sequences from C.crispus, and representatives of green plants, fungi and animals. The UGG and UGA codons in C.crispus
cox3 were translated as trp (W). Stars indicate Trp-encoding UGA codon in Chondrus crispus. When necessary specific codes were used to translate the gene sequences
from other taxa. The wheat COX3 protein sequence was deduced from the cDNA (12). The C terminal part (from amino acid 155) of Oenothera protein was deduced
from the cDNA (24). For the remaining part of Oenothera COX3, other editing sites can be predicted, such as the arg codon at position 102. Black and dark grey
boxes indicate identical amino acids in at least 9 and 7 out of 10 sequences, respectively. Chondrus, Chondrus crispus (Z29482); Marchantia, Marchantia polymorpha
(M68929); Oenothera, Oenothera berteriana (X04764); Wheat, Triticum aestivum (X52539); Human, Homo sapiens (J01415); Xenopus, Xenopus laevis (M10217);
Drosophila, Drosophila yakuba (X03240); Neurospora, Neurospora crassa (VOO668); Yeast, Schizosaccharomyces pombe (X16868); Ascaris, Ascaris suum (P24879).

Parentheses refer to GenBank or EMBL accession numbers.
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and cob were identified (Boyen ez al.; submitted for publication).
The cox3 transcripts were detected in total RNA extracts. In the
protein sequence deduced from the nucleotide sequence of cox3,
the UGA codon, a termination codon in the universal code, was
detected 9 times. These 9 positions correspond to highly
conserved tryptophan sites in cox3 genes from other organisms
(Figure 1). In addition one UGA codon (aa 137 of C.crispus)
corresponds to a tryptophan site found only in land plants (12).
The standard codon for trp, UGG, was detected twice, at positions
259 and 268, which also are highly conserved tryptophan
residues. In higher-plant mitochondria the codon corresponding
to position 259 is RNA edited from CGG to UGG, leading to
the conserved trp (12). To assess the possibility that the UGA
codons in C.crispus cox3 might be modified by mRNA editing,
cox3 cDNA was synthesised from total RNA, amplified and
cloned. None of the seven clones that were sequenced was
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Figure 2. Phylogenetic analysis of COX3 amino acid sequences. The tree was
built using the neighbour-joining method (15) applied to a categories distance
matrix (PHYLIP 3.5c, Protdist program, Felsenstein unpublished). Only the
significant bootstrapping values (higher than 93) are included in the tree. The
horizontal bar represents 0.1 substitution per nucleotide and branch lengths are
drawn to scale. Bacillus subtilis was chosen as the outgroup. Complete alignments
are available upon request. References of the cox3 sequences not given in Figure
1 are: Zea mays (X12728), Podospora anserina (X14734), Aspergillus nidulans
(X06960), Saccharomyces cerevisiae (J01478), Glycine max (X15131), Pisaster
ocraseus (X55514), Strongylocentrotus purpuratus (X12631), Locusta migratoria
(X13975), Cyprinus carpio (X17006), Gallus gallus (X52392), Mus musculus
(V00711), Rattus norvegicus (VO1574), Bos taurus (V00654), Phoca vitulina
(X63726), and Bacillus subtilis (X54140).

different from the genomic DNA sequence, indicating that the
cox3 transcript is not edited and that UGA does specify tryptophan
in C.crispus cox3 gene. Comparison with the amino-acid
sequences of COX3 from various eukaryotes (Figure 1) does not
suggest any other codon reassignment in the C.crispus gene.
Change of UGA from stop to trp is thought of as the first
modification in the genetic code and, according to the codon
capture theory (4), is considered to be correlated to A/T pressure.
The cox3 gene of C.crispus exhibits a strong bias for A or T
(77%) in the usage of codons. Both the cox2 —cox3 spacer (176
bp) and the cox3—cob intergenic region (696 bp) also have a
high AT content (80%), indicating an overall evolutionary
constraint towards the predominance of A/T in the mitochondrial
genome of C.crispus.

Distance matrix neighbour-joining analysis at the amino-acid
level of various COX3 proteins (Figure 2) shows that the red
algal COX3 is more closely related to those of green plants than
to those of fungi or metazoa.The branching position of higher
plants is more similar to what is observed in nuclear phylogenies
(10,19) than in SSU rRNA mitochondrial phylogenies (1,2),
where angiosperms are positioned very close to the root of the
tree. The global topology of the tree, with plants and animals
branching together but separately from higher fungi, is not
congruent with nuclear trees. The bootstrap value for the clade
of higher fungi, however is low and no confidence can be given
to its position. In contrast, bootstrap analysis indicates that the
branching of C. crispus at the root of the green-plant mitochondrial
lineage can be inferred with high confidence in this tree. Similar
neighbour-joining topologies (data not shown) were obtained
when nucleotides alignments from the same 26 species were
analysed by the weighed pathway method (18) or the Kimura
dissimilarity matrix method (16) (performed for the first and
second positions of codons). However, bootstrapping analysis
(100 replicates) indicated a poor specific branching of C.crispus
in the nucleotide trees.

In conclusion, the COX3 tree suggests that red-algal
mitochondria and higher-plant mitochondria share a common
evolutionary history. Yet, contrarily to green plants, C.crispus
mitochondria display a marked AT bias and do not use the
universal genetic code. In addition, unlike those of green plants,
the mitochondrial genome of C.crispus is rather small (25.9 kb),
a characteristic that can be considered as the result of a long
evolution process. Interestingly, oomycetes, a phylum related to
heterokonts at the nuclear level (19,20), also harbour cox genes
that present extensive sequence similarities with those of green
plants and possess a relatively small mitochondrial genome (c.a.
40 kb), but they use the universal genetic code (21,22,23). The
mitochondrial genome ofPylaiella littoralis, a brown alga also
uses the universal genetic code (S.Loiseaux-de Goér, personnal
communication). Overall the mitochondria of red algae appear
to be phylogenetically related with those of green plants and
oomycetes but they share common features with non-plant
mitochondria. We therefore suggest that red algal mitochondria
have emerged early from the green-plant lineage and were not
involved in the secondary process that shaped the mitochondria
of extant land plants (2).
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