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ABSTRACT
The mitochondrial genomes of the Chlorophyta exhibit significant diversity with respect to gene
content and genome compactness; however, quantitative data on the rates of nucleotide substitution in
mitochondrial DNA, which might help explain the origin of this diversity, are lacking. To gain insight into
the evolutionary forces responsible for mitochondrial genome diversification, we sequenced to near
completion the mitochondrial genome of the chlorophyte Chlamydomonas incerta, estimated the
evolutionary divergence between Chlamydomonas reinhardtii and C. incerta mitochondrial protein-coding
genes and rRNA-coding regions, and compared the relative evolutionary rates in mitochondrial and
nuclear genes. Synonymous and nonsynonymous substitution rates do not differ significantly between the
mitochondrial and nuclear protein-coding genes. The mitochondrial rRNA-coding regions, however, are
evolving much faster than their nuclear counterparts, and this difference might be explained by relaxed
functional constraints on the mitochondrial translational apparatus due to the small number of proteins
synthesized in Chlamydomonas mitochondria. Substitution rates at synonymous sites in a nonstandard
mitochondrial gene (rtl) and at intronic and synonymous sites in nuclear genes expressed at low levels
suggest that the mutation rate is similar in these two genetic compartments. Potential evolutionary forces
shaping mitochondrial genome evolution in Chlamydomonas are discussed.

K

NOWLEDGE of the rates of synonymous and nonsynoymous substitutions in mitochondrial genes,
both in absolute terms and relative to nuclear genes,
has been used to make hypotheses about the evolutionary forces giving rise to the extensive diversity in
coding capacity (Berg and Kurland 2000; reviewed by
Adams and Palmer 2003) and the amount of intronic
and intergenic DNA (Lynch et al. 2006) among mitochondrial genomes from different lineages. Central
among these forces is the mutation rate, commonly estimated from the substitution rate at synonymous sites, assuming that these sites are evolving neutrally (Kimura
1983). Moreover, due to the effectively asexual nature of
the mitochondrial genome, it has been suggested that
the rate of accumulation of mildly deleterious mutations
is higher in the mitochondrial compartment compared
to the nuclear one and it has been proposed that this
phenomenon, especially under conditions of high mutation rate, could contribute further to a low coding capacity of mitochondrial genomes by favoring the functional
transfer of mitochondrial genes to the nucleus (e.g.,
Lynch 1996; Andersson and Kurland 1998; Lynch
and Blanchard 1998; Martin and Herrmann 1998). A
higher rate of accumulation of mildly deleterious mutations in the mitochondrial vs. nuclear genes should be
reflected in an increased rate of nucleotide substitutions
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relative to the rate of mutation in the former than in the
latter compartment or, more specifically, in a higher ratio
of nonsynonymous per synonymous substitutions in the
mitochondrial than in the nuclear protein-coding genes
(Lynch and Blanchard 1998).
Mitochondrial genome sequence data from the Chlorophyta, which includes most of the green algal diversification in the Plantae (Keeling et al. 2005), i.e., the
chlorophyceans, trebouxiophyceans, ulvophyceans, and
prasinophyceans (Lewis and McCourt 2004), have
revealed a fivefold variation in gene content and a
genome architecture that varies from compact to expanded (Bullerwell and Gray 2004; Gray et al. 2004;
Pombert et al. 2004, 2006). Within this group, the reported number of standard protein-coding genes in
mitochondrial DNA (mtDNA) ranges from a low of
seven, such as in Chlamydomonas reinhardtii and other
closely related chlorophycean taxa, to a high of 34 as
seen in the prasinophycean Nephroselmis olivacea, and the
average proportion of intronic plus intergenic DNA
varies from 10% in C. reinhardtii (not counting the inverted terminal repeats) to .50% for the ulvophycean
Pseudendoclonium alkinetum (Pombert et al. 2004, 2006;
Lynch et al. 2006). Members within the Chlorophyta
differ from those within most eukaryotic phyla, which
have rather uniform mitochondrial gene contents
(Adams and Palmer 2003; Bullerwell and Gray
2004). For all these reasons, chlorophytes appear to be
useful for testing hypotheses that lineage-specific rates
of mutation and the rate of accumulation of deleterious
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mutations in the mitochondrial and nuclear genomes
have determined the degree of shrinkage in coding capacity and compactness of the mitochondrial genome.
Although there has been no quantitative study of
the rates of nucleotide substitution in mitochondrial
genes in the Chlorophyta, the mtDNA of C. reinhardtii is
thought to be evolving more rapidly than the nuclear
DNA (nDNA), similar to the situation described in mammals (Brown et al. 1982; Pesole et al. 1999) but opposite
what is typically understood for land plants (Wolfe et al.
1987; Gaut 1998; Muse 2000). This belief is based on
phylogenic analyses that support in C. reinhardtii an accelerated rate of substitution in the small subunit (SSU)
and the large subunit (LSU) ribosomal RNA (rRNA)coding regions in the mitochondrial compartment relative to those in the nucleus (Gray et al. 1989).
The mitochondrial genome of C. reinhardtii is a
15,758-bp linear DNA molecule containing no introns,
a low fraction of intergenic DNA, 12 standard genes,
and one nonstandard gene (Gray and Boer 1988;
Michaelis et al. 1990). The standard genes encode
seven respiratory chain proteins, three transfer RNAs
(tRNAs), and the SSU and LSU rRNAs. The rRNA genes
are broken into several pieces (four for the SSU and
eight for the LSU) interspersed with one another and
with protein- and tRNA-coding regions (Boer and Gray
1988a). The nonstandard gene in C. reinhardtii mtDNA
has been described as a reverse transcriptase-like (rtl)
coding sequence (Boer and Gray 1988b) whose function and evolutionary origin remain uncertain.
In this study, we have undertaken the sequencing of
the Chlamydomonas incerta mtDNA to estimate rates of
nucleotide substitution between C. reinhardtii and C.
incerta mitochondrial protein-coding genes and to compare these rates with those recently reported for the
nuclear genes from the same taxa (Popescu et al. 2006).
This work also measures the rates of substitution in the
mitochondrial- and nuclear-encoded SSU and LSU
rRNA-coding regions between the two taxa.
MATERIALS AND METHODS
C. incerta strain and culture conditions: C. incerta was obtained from the Sammlung von Algenkulturen, Göttingen
(SAG), Germany, where it is listed as SAG 7.73 under the name
C. reinhardtii on the basis of morphological criteria and susceptibility to autolysin from the C. reinhardtii group (SAG,
personal communication). Cells were cultured in liquid minimal medium under alternating light/dark cycles and total
cellular DNA was prepared as described by Laflamme and Lee
(2003).
Generation of DNA sequences: A PCR-based approach was
employed to sequence an internal 15,637-bp fragment of the
C. incerta mitochondrial genome. Platinum PCR SuperMix
High Fidelity kit (Invitrogen, San Diego) was used to amplify
initially seven mtDNA segments .2 kbp. The sets of primers
were designed primarily from C. reinhardtii mtDNA (GenBank
accession no. NC_001638). Annealing temperatures were
from 55° to 60°. PCR products were gel purified and recovered
with a gel extraction kit (QIAGEN, Chatsworth, CA). Some

PCR products were cloned and sequenced, while others were
sequenced directly (Center for Applied Genomics, Hospital
for Sick Children, Toronto). All sequences reported correspond to at least two independent clones or PCR products.
Additional PCR reactions were run and the products were
sequenced directly to resolve any ambiguities or to fill gaps in
the sequence. The annotation of regions in C. incerta mtDNA
is based on comparisons with homologs in C. reinhardtii
mtDNA. The nuclear SSU rRNA gene of C. incerta was obtained
from GenBank (AY781664) and the sequence was confirmed
by sequencing independent PCR products. The portion of
the C. incerta nuclear LSU rRNA gene encoding 28S rRNA
was obtained by sequencing both strands of several overlapping PCR products. Moreover, authentication of the C.
incerta rDNA sequences was based on comparisons with the
EST sequences retrieved from our C. incerta cDNA libraries
(Popescu et al. 2006) that correspond to the nuclear SSU
and LSU rRNA-coding regions. The nuclear SSU and LSU
(28S) rRNA-coding regions of C. reinhardtii were accessed
from GenBank (M32703) and ChlamyDB at http://www.chlamy.
org/chlamydb.html, respectively.
Data analysis: CODONS (Lloyd and Sharp 1992), MEGA
3.1 (Kumar et al. 2004), and DAMBE (Xia and Xie 2001)
software packages were used to compute the effective number
of codons (Wright 1990), base composition, and relative
synonymous codon usage, respectively. C. reinhardtii and C.
incerta homologous mtDNA sequences were aligned using
ClustalX (Thompson et al. 1997). The number of synonymous
substitutions per synonymous site and the number of nonsynonymous substitutions per nonsynonymous site in the
mitochondrial protein-coding regions were estimated using
the maximum-likelihood method (Goldman and Yang 1994)
implemented in the CODEML program of the version 3.14
PAML package (Yang 1997); the model used accounts for
transition/transversion bias and estimates the expected codon
frequencies using the nucleotide frequencies at each codon
position (F3x4). Distance estimates for the protein-coding
nuclear genes under the same codon substitution model were
taken from (Popescu et al. 2006). In a separate set of analyses
of both mitochondrial and nuclear protein-coding genes,
codon frequencies were used as free parameters (F61 model);
the results led to the same conclusions and therefore are not
presented. The number of substitutions per site in the mitochondrial and nuclear rRNA genes was calculated using the
Hasegawa–Kishino–Yano (HKY85) model (Hasegawa et al.
1985) implemented in the BASEML program, which is also
part of the PAML package. The structural cores of the C.
reinhardtii and C. incerta mitochondrial- and nuclear-encoded
rRNAs were defined on the basis of the highly conserved blocks
of the rRNA sequences as characterized at the comparative
RNA website (http://www.rna.icmb.utexas.edu/) (Cannone
et al. 2002). The secondary structure of the core regions of
the C. reinhardtii and C. incerta mitochondrial- and nuclearencoded rRNAs and the alignments of the homologous rRNA
genes are presented as supplemental Figures S1–S10 at http://
www.genetics.org/supplemental/. The paired t-tests and the
calculation of Pearson correlation coefficients were performed
using MINITAB, release 14.12.0.
Nucleotide sequence accession numbers: The partial sequence of the C. incerta mitochondrial genome and the partial
sequence of the C. incerta nuclear-encoded LSU rRNA gene
have been deposited in GenBank under accession nos.
DQ373068 and DQ373067, respectively.
RESULTS

Mitochondrial genome structure: An internal 15,760bp segment of the C. incerta mtDNA was sequenced.
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This region is estimated to represent 87% of the complete size of the C. incerta mtDNA, predicted by Southern blot analyses to be 18,000 bp (our unpublished
data). All coding regions previously identified in C. reinhardii mtDNA were identified in the partially sequenced
mtDNA of C. incerta (supplemental Figure S11 at http://
www.genetics.org/supplemental/). In C. incerta, these
coding regions, as in the C. reinhardtii counterpart, are
densely packed. Relative to the C. reinhardtii mtDNA
coordinates, the partially sequenced C. incerta mtDNA
does not include the left terminal repeat sequence and
438 bp of the 39-end of cob and the right terminal repeat
sequence and 113 bp of the 39-end of rrnL2b. The C.
incerta mtDNA is colinear with its C. reinhardtii homolog,
and its 2000 bp larger size can be explained by two
group I introns, which are present in the mitochondrial
genome of C. incerta but are missing from the C. reinhardtii homolog; one of the introns is in the gene for
apocytochrome b (cob) and the other in the gene for
subunit 1 of cytochrome c oxidase (cox1). Each intron
sequence contains an open reading frame, which shows
similarity at the predicted amino acid level to the
LAGLIDADG endonuclease family. Another difference
between the mtDNA of the two species concerns the coding module for the putative LSU rRNA fragment L3a
(rrnL3a). In C. reinhardtii, rrnL3a is a 114-bp sequence,
which contains an imperfect inverted repeat sequence
(Boer and Gray 1991) and is immediately upstream of
and cotranscribed with rrnL3b, a region encoding a core
fragment of the LSU rRNA; the L3a/L3b cotranscript is
separated by post-transcriptional processing (Boer and
Gray 1988a). In C. incerta, the rrnL3a coding region, also
located immediately upstream of rrnL3b (supplemental
Figure S11 at http://www.genetics.org/supplemental/),
is only 65 bp long and flanked at its 59-end by an A-rich,
11-nucleotide sequence that can form a stable hairpin
structure with a sequence near the 39-end of this coding
region.
Mitochondrial codon usage: C. incerta mitochondrial
genes like those of C. reinhardtii use the universal genetic
code, and synonymous codon usage of mitochondrial
genes does not differ significantly between these two
taxa. The effective number of codons (Nc) varies only
slightly among mitochondrial genes in the two species
and these values are positively and strongly correlated
among orthologous gene pairs (r ¼ 0.97). The mean Nc
values across all mitochondrial genes are not significantly different between the two species (t ¼ 1.16, P ¼
0.28) (Table 1). In C. incerta, as reported earlier for C.
reinhardtii, the standard mitochondrial protein-coding
genes exhibit strong synonymous codon usage bias (low
Nc). In the standard mitochondrial protein-coding
genes, five of eight fourfold degenerate codon families
favor T-ending followed by C-ending codons, while
three families favor A-ending followed by T- or G-ending
ones; rtl uses the synonymous codons more randomly
than the standard genes (supplemental Table S1 at
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TABLE 1

The effective number of codons (Nc) in mitochondrial
protein-coding genes
Nc
Genes
Standard
coba
cox1
nad1
nad2
nad4
nad5
nad6
Averageb
Nonstandard
rtl

C. incerta

C. reinhardtii

31.05
31.34
36.03
39.87
36.65
35.88
33.78
34.94 (3.13)

32.15
30.29
36.49
38.09
34.22
36.48
31.74
34.21 (2.92)

46.68

47.21

a

Partial sequence.
The average is the arithmetic mean and values in parentheses are the standard deviations computed over all genes.
b

http://www.genetics.org/supplemental/). In terms of
Nc and relative synonymous codon usage, we found no
obvious difference between the group of standard mitochondrial genes encoded on one strand (cob, nad4, and
nad5) and the group encoded on the other strand (cox1,
nad2, nad6, and nad1).
The base composition at fourfold degenerate sites in
protein-coding genes was compared to the base composition of introns and intergenic regions. Among all
protein-coding genes, T and A, in that order, are the
preferred nucleotides at fourfold sites and this bias is
greater in the standard protein-coding genes than in rtl;
the bias favoring T and A is less evident in the intronic
and intergenic regions (Table 2).
Rates of nucleotide substitution in mitochondrial
genes: The relative nucleotide substitution rates for the
different mitochondrial genes are reported in Tables 3
and 4. Among the standard mitochondrial proteincoding genes, estimates of the number of synonymous
substitutions per synonymous site (dS) vary only slightly,
whereas estimates of the number of nonsynonymous
substitutions per nonsynonymous site (dN) show 30-fold
variation with nad2 and nad4 having the lowest and
highest values, respectively. The nonstandard coding
region, rtl, evolves more rapidly than the fastest-evolving
standard mitochondrial gene in terms of both dS and dN.
No correlation has been found between the synonymous and nonsynonymous substitution rates of C.
reinhardtii and C. incerta mitochondrial protein-coding
sequences (r ¼ 0.36, P ¼ 0.39). The dN/dS ratios for the
individual standard mitochondrial genes as well as for
the nonstandard rtl are all considerably ,1, but among
these, rtl has the highest ratio. The nucleotide substitution rates for the mitochondrial SSU and LSU rRNA
genes were estimated separately for the conserved core
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TABLE 2
Base composition (%) at fourfold degenerate sites in
protein-coding genes and in noncoding regions
of the mitochondrial genome

Species

Protein-coding genes
(no. of sites)

Standarda (1222)
rtl (155)
C. reinhardtii Standarda (1290)
rtl (160)
C. incerta

Species

A
27.5
25.2
26.3
24.4

Noncoding regions
(no. of sites)

Intron cob (1078)
Intron cox1 (1035)
C. reinhardtii Intergenicb (916)
Intergenicb (1214)
C. incerta

T

G

C

52.9 3.7 15.9
42.6 14.2 18.1
52.3 2.2 19.1
40
15
20.6

A

T

G

C

28.9
27.2
29.1
28.6

29.9
29.2
29.7
30.4

20.3
23.8
18.1
19.9

20.9
19.8
23.1
21.1

a

Concatenated sequences.
Concatenated sequences not including the region between nad5 and cox1 where a switch in the template strands
occurs.
b

and the variable regions (Table 4). The conserved
regions of each gene evolve at less than half the rate of
the variable regions in the same gene, and estimates of
the number of substitutions per site for both the
conserved core and variable regions are slightly higher
for the LSU gene compared to the SSU gene. Overall
substitution rates in the SSU and LSU mitochondrial
rRNA-coding regions are approximately three to seven
times higher than the rate at nonsynonymous sites av-

TABLE 3
Nucleotide substitution rates (6 standard errors) between C.
reinhardtii and C. incerta mitochondrial protein-coding genes
Genes
Standard
coba
cox1
nad1
nad2
nad4
nad5
nad6
Averageb
Nonstandard
rtl

dS

dN

dN/dS

0.22 6 0.04
0.32 6 0.04
0.25 6 0.04
0.31 6 0.04
0.26 6 0.03
0.38 6 0.04
0.28 6 0.06
0.29 (0.05)

0.004 6 0.003
0.011 6 0.003
0.002 6 0.002
0.001 6 0.001
0.036 6 0.007
0.012 6 0.003
0.012 6 0.006
0.011 (0.011)

0.018
0.034
0.006
0.004
0.137
0.032
0.044
0.039 (0.046)

0.6 6 0.07

0.17 6 0.017

0.28

dS, number of synonymous substitutions/synonymous site.
dN, number of nonsynonymous substitutions/nonsynonymous site.
a
Partial sequence.
b
The average is the arithmetic mean and values in parentheses are the standard deviations computed over all genes.

eraged over all standard mitochondrial protein-coding
genes. Even the conserved core sequences of the SSU
and LSU rRNAs evolve faster than the nonsynonymous
sites in all but the fastest-evolving standard mitochondrial protein-coding gene, nad4.
Rates of nucleotide substitution in nuclear genes:
For the nuclear compartment, data on the sequence divergence between C. reinhardtii and C. incerta in 67 proteincoding gene sequences were taken from Popescu et al.
(2006), while data on the sequence divergence in
SSU and LSU rRNA-coding regions are estimated
here (Table 4). The nuclear rRNA-coding regions of
C. reinhardtii are almost identical with their C. incerta
counterparts; no substitution differences were found between the corresponding conserved core regions, and
changes of only four and one nucleotide were noted
in the variable regions of the SSU and LSU rDNAs,
respectively. The overall divergence of the nuclear rRNA
genes in the C. reinhardtii and C. incerta comparison is
equivalent to that of the most slowly evolving nuclear
protein-coding genes in terms of dN.
Rates of nucleotide substitution in mitochondrial vs.
nuclear genes: Estimates of the relative nucleotide substitution rates in protein-coding genes and rRNA-coding
regions from the mitochondrial and nuclear genetic
compartments are summarized in Table 4. On average,
there is no statistically significant difference between the
standard mitochondrial- and nuclear-encoded proteincoding genes in terms of synonymous (t ¼ 0.73, P ¼ 0.47)
and nonsynonymous (t ¼ 0.83, P ¼ 0.41) rates. Similar
results were obtained when rtl was included in the analysis (data not shown). Nevertheless, because synonymous
substitution rates vary widely among the nuclear genes,
unlike the synonymous rates among the mitochondrial
genes, and because nonsynonymous rates are very heterogeneous among genes in both compartments, the
ratio of the mitochondrial and nuclear evolutionary
rates in protein-coding genes varies considerably with
the particular genes compared (Table 4). Significantly
higher nucleotide substitution rates were found in
the mitochondrial SSU and LSU rRNA-coding regions
compared to the nuclear counterparts, and this is true
whether conserved or variable regions are considered
(Table 4).

DISCUSSION

Comparative genome organization of C.reinhardtii
and C. incerta mtDNA: On the basis of the large segment
of the C. incerta mtDNA sequenced in this study, the C.
reinhardtii and C. incerta mitochondrial genomes have
a similar gene content and genomic organization. The
only notable differences identified are the presence
of two group I introns and the absence of the 59 half
of the putative coding module rrnL3a in the C. incerta
mtDNA compared to the C. reinhardtii counterpart.
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TABLE 4
Comparison of nucleotide substitution divergence (6 standard errors) between C. reinhardtii and C. incerta
mitochondrial and nuclear genes
Type of site
Synonymousa
Averageb
Minimum
Maximum
Nonsynonymousa
Averageb
Minimum
Maximum
Nonsynonymous/synonymousa
Averageb
Minimum
Maximum
SSU rRNA
Overall
Conserved core
Variable regions
LSU rRNA
Overall
Conserved core
Variable regions

mtDNA

nDNA

Ratio of mtDNA/nDNA

0.29 (0.05)
0.22 6 0.04
0.38 6 0.04

0.37 (0.29)
0.025 6 0.018
1.68 6 0.48

0.78
6.66
0.23

0.011 (0.01)
0.001 6 0.001
0.036 6 0.007

0.018 (0.02)
0
0.120 6 0.015

0.61
—
0.30

0.039 (0.046)
0.004
0.137

0.056 (0.04)
—
0.217

0.70
—
0.63

0.036 6 0.007
0.021 6 0.005
0.076 6 0.017

0.002 6 0.001
0
0.0044 6 0.002

18
—
17

0.075 6 0.008
0.040 6 0.004
0.120 6 0.008

0.0004 6 0.0003
0
0.0006 6 0.0006

188
—
200

a

Standard mitochondrial and nuclear protein-coding genes.
The average is the arithmetic mean and the values in parentheses are the standard deviations computed over
all genes.
b

The presence of the group I intron encoding the
LAGLIDADG motif in the cob gene of both C. incerta
(this study) and an interfertile relative of C. reinhardtii,
namely, Chlamydomonas smithii (Colleaux et al. 1990;
Ma et al. 1992), suggests that the last ancestor of the
three taxa harbored such an intron and that C. reinhardtii
cob lost the intron. The presence in C. incerta mtDNA of
a truncated rrnL3a sequence may not be surprising as no
rrnL3a homolog has been identified in the mtDNA of
other more distantly related chlorophyceans (DenovanWright and Lee 1994; Fan et al. 2003). Actually, at the
time of its description, it was considered questionable
whether or not the L3a transcript functions in the mitochondrial ribosome of C. reinhardtii (Boer and Gray
1988a) as this sequence showed no recognizable counterpart in the LSU rRNA of Escherichia coli or any other
taxon. Boer and Gray (1991) proposed that imperfect
inverted repeat sequences identified in the mtDNA of C.
reinhardtii may play a role in the processing of mitochondrial transcripts. Both rrnL3a in C. reinhardtii (Boer
and Gray 1991) and its truncated homolog in C. incerta,
as determined here, contain such repeat sequences;
therefore we suggest that the rrnL3a segments are retained for RNA processing and do not encode constituents of the mitochondrial ribosomes.
Mitochondrial codon usage: The strong codon usage
bias of the standard mitochondrial genes of C. reinhardtii
and C. incerta might be best understood in terms of the
selection–mutation–drift theory (reviewed by Rocha

2004), which attempts to explain the coevolution of
codon usage bias and tRNA abundance in the context of
translational optimization (but also see Xia 2005). In C.
incerta, as in C. reinhardtii, only three mitochondrialencoded tRNAs, namely, tRNAMet, tRNATrp, and tRNAGln,
were identified; a total of at least 22 or 23 tRNAs must
be imported into the mitochondria, depending on
whether single or separate initiator and elongator
tRNAsMet are used (Boer and Gray 1988c). The mitochondrial protein-coding genes in both species employ preferentially T- or A-ending codons in fourfold
degenerate families. This could be explained in part
by strand-specific mutation pressure favoring T and A,
which is evident in the intergenic and intron regions of
the mtDNA. On the other hand, there may be selection
for nucleotides in the wobble position of the anticodons
to provide maximum ‘‘flexibility’’ in anticodon–codon
pairing and thereby limit the number of tRNAs needed
as suggested for vertebrate mitochondria (Xia 2005).
The analysis of rtl codon usage in C. incerta, as shown
earlier for C. reinhardtii (Boer and Gray 1988b,c), revealed less codon bias than found in the standard
mitochondrial protein-coding genes and the presence
of several unique codons that are not used by any of the
standard genes (two of these unique codons are shared
between C. incerta and C. reinhardtii rtl). These data
suggest that codon usage in rtl is under little translational selection in contrast to the standard proteincoding genes.
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Rates of nucleotide substitution in mitochondrial
protein-coding genes: The standard mitochondrial
protein-coding genes of the Chlamydomonas taxa examined show little variation in the synonymous substitution rates but large variation in the nonsynonymous
substitution rates. The lack of variation in synonymous
rates among genes suggests that all mitochondrial
standard protein-coding genes experience a similar mutation rate and have comparable selective constrains at
synonymous sites; the differences in the nonsynonymous rates are likely due to differences in the strength
of purifying selection as a result of variation in functional constraints. Low synonymous substitution rate
variation among mitochondrial genes and high variation in nonsynonymous rates were also reported in mammals (Pesole et al. 1999) and land plants (Laroche et al.
1997).
Our analyses uncovered the rtl locus as more rapidly
evolving than standard mitochondrial protein-coding
genes at both synonymous and nonsynonymous sites.
The observations that rtl has the highest dS value and
little codon usage bias are consistent with the hypothesis
that synonymous sites in this gene are under very weak
selective constraints. The higher dN/dS ratio for rtl
compared to those for standard mitochondrial proteincoding genes suggests that nonsynonymous sites in
this gene are also under less functional selective constraints compared to the standard mitochondrial protein-coding genes, so that nonsynonymous changes in
rtl are not selected against and therefore accumulate. Interestingly, rtl has not been identified in other
completely sequenced (Denovan-Wright et al. 1998;
Kroymann and Zetsche 1998; Kück et al. 2000;
Nedelcu et al. 2000) and nearly completely sequenced
(Fan and Lee 2002) chlorophycean mitochondrial
genomes. Nevertheless, there is evidence that rtl is transcribed in C. reinhardtii (Boer and Gray 1988b), and as
observed in this study, there are no frameshifting
changes in the C. reinhardtii and C. incerta rtl sequences,
in spite of the presence of seven additional codons at
two different locations in the 59-end of the C. incerta
sequence relative to the C. reinhardtii homolog and of
numerous point substitution differences. These results
suggest that rtl is not a pseudogene. It has been
proposed that rtl in C. reinhardtii may encode a reversetranscriptase-like protein essential for the maintenance
of the ends of the linear mtDNA (Vahrenholz et al.
1993) and that this gene is a remnant of a group II
intron-encoded open reading frame (Nedelcu and Lee
1998). In the future, questions about the role, if any, of
rtl in these green algal mtDNAs might be answered by
using reverse genetics if procedures of mitochondrial
transformation using C. reinhardtii continue to improve
(Yamasaki et al. 2005; Remacle et al. 2006).
Rates of nucleotide substitution in mitochondrial vs.
nuclear genes: Available data on substitution rates in the
mitochondrial and nuclear genomes of Chlamydomo-

nas suggest that the mutation rates in the mitochondrial
and nuclear genetic compartments are rather similar.
The synonymous substitution rate in rtl, the rapidly
evolving mitochondrial-coding gene with low codon
usage bias, may be the best measure of the mutation rate
in the mitochondrion, while substitution rates at intronic and synonymous sites in nuclear genes that are
lowly expressed may give the best estimate of the
mutation rate in the nucleus (Popescu et al. 2006). In
this respect, Chlamydomonas differs from mammals
(Brown et al. 1982; Pesole et al. 1999) and land plants
(Wolfe et al. 1987; Gaut 1998; Muse 2000, but see also
Palmer et al. 2000; Cho et al. 2004; Parkinson et al.
2005) where the estimated mutation rate is typically
much higher and lower, respectively, in the mtDNA than
in the nDNA. Nevertheless, Chlamydomonas resembles
other unicellular eukaryotes outside the Plantae, which
show little difference between the mutation rates in the
mitochondrial and nuclear genetic compartments
(Lynch et al. 2006).
Relative rates of mutation in the mitochondrial and
nuclear genomes may affect the rate at which mitochondrial genes are functionally transferred to the
nucleus. One hypothesis proposes that there is selection
for the movement of genes from the mitochondria to
the nucleus to escape the accumulation of deleterious
mutations in the asexual mitochondrial genome (Muller’s ratchet) (Muller 1964), especially in lineages with
a much higher mutation rate in the mtDNA than in the
nDNA (Lynch 1996; Adams and Palmer 2003). Another model (Berg and Kurland 2000) proposes that
the functional transfer of mitochondrial genes to the
nucleus is driven by cellular mechanisms that favor the
transfer of mitochondrial gene copies to the nucleus
rather than vice versa (see Thorsness and Fox 1990,
1993 for experimental evidence in yeast). According to
this model, genes can be inactivated in the mitochondria and their copies fixed in the nucleus even when the
rate of mutation is lower in the mitochondria than in
the nucleus, but the rate of this partitioning could
increase as the relative rate of mutation in the mtDNA
increases. Because the relative mutation rates seem to be
similar in the mitochondrial and nuclear genetic compartments of Chlamydomonas and the same appears to
be true for the nonsynonymous rates, the low mtDNAcoding capacity cannot be explained by the first model;
however, equal mutation rates in the two compartments
might be consistent with the second model if future work shows that green algal lineages with fivefold
greater content of mitochondrial genes experience
lower rates of mutation in mtDNA than in nDNA.
The evolution of genome compactness, i.e., the proportion of DNA associated with intronic and intergenic
regions, has been hypothesized to be influenced by the
power of random genetic drift and the mutation rate
(Lynch et al. 2006; Lynch 2006). C. reinhardtii has a
compact mitochondrial genome containing no introns
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and 10% intergenic DNA, not counting the terminal
repeat sequences (Gray and Boer 1988; Michaelis
et al. 1990), while the proportion of intron plus intergenic DNA in the nuclear genome is 70% on the basis
of linkage group III sequence (Li et al. 2003). This dissimilarity in genome compactness cannot be explained
by mutation rate differences because the estimated mutation rates in the two genetic compartments seem to be
quite similar. Other factors that might explain this
difference include a possible reduction in the power of
random genetic drift in the mitochondrial compartment compared to the nuclear one as discussed by
Lynch et al. (2006) or selection for mitochondrial
genome streamlining because of competition among
mtDNA molecules for faster replication time (Selosse
et al. 2001).
In contrast to the similarity in the average evolutionary rates of protein-coding genes between the two compartments, the evolutionary divergence of SSU and LSU
rRNA genes in both the conserved and variable regions
is much greater for the mitochondrial compartment
compared to the nuclear one. Previous phylogenetic
analyses revealed that the conserved core sequences of
the mitochondrial rRNA genes of C. reinhardtii are more
rapidly evolving than their nuclear-encoded counterparts (Gray et al. 1989). Nevertheless, as this study
shows, the rRNA-coding regions are poor indicators of
the overall relative trends of evolutionary change in the
mitochondrial and nuclear compartments of Chlamydomonas. Our data suggest that the observed difference
in the evolutionary rates of the rRNA-coding regions in
the mitochondria vs. the nucleus in Chlamydomonas is
largely the result of a difference in the strength of
purifying selection acting on these coding regions in the
two compartments. It was previously suggested that
genes for components of the translational machinery
in the mitochondrion compared to the cytosol could be
freer to accumulate substitutions if the number of
proteins synthesized in the mitochondrion was small,
and if none or only a few of these proteins were involved
in the mitochondrial information-transfer processes
(Cann et al. 1984; Wilson et al. 1985). Indeed, the
mitochondrial genome of C. incerta and C. reinhardtii
contains only SSU and LSU rRNA-coding regions, seven
standard protein-coding genes, and no protein-coding
genes involved in information transfer. Moreover, the
mitochondrial rRNA genes in these taxa are also highly
fragmented, which might be another indication of
relaxed functional constraints on the mitochondrial
translational apparatus. The low evolutionary rates of
the nuclear rRNA genes, as in other eukaryotic taxa,
might best be explained by strong purifying selection
rather than by concerted evolution of this multicopy
gene family (Nei and Rooney 2005).
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