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Abstract

The unicellular green alga Chlamydomonas reinhardtii has been used as an
experimental model organism to investigate many biological phenomena. Although the
nuclear, mitochondrial, and chloroplast genetic compartments of this taxon are well
characterized, little is known about the relative evolutionary rates in these genomes. This
study examines relative rates of nucleotide substitution in the nuclear and mitochondrial
genomes, based on comparison between C. reinhardtii and Chlamydomonas incerta DNA
sequences. The work involved sequencing 7569 ESTs from a cDNA library of C. incerta,
which was constructed as part of the Protist EST Program, as well as sequencing the C.
incerta mitochondrial genome. It also exploited the large supply of expression/genomic
sequence data and the mitochondrial gene sequences available for C. reinhardtii. Relative
rates of synonymous and nonsynonymous substitution across nuclear genes were found to
vary widely and showed a strong negative correlation with the level of gene expression as
estimated by the codon adaptation index. Taken together with comparative analysis of
substitution rates in introns of lowly and highly expressed genes the results support
natural selection as a larger contributor than mutation to the observed correlation between
evolutionary rates and gene expression level in Chlamydomonas. The overall
synonymous substitution rates as well as nonsynonymous substitution rates do not differ
significantly between the mitochondrial and nuclear compartments and it seems that the
mutation rate is rather similar in the two genomes. However, the mitochondrial rRNA-
coding regions are much more rapidly evolving than their nuclear counterparts. This
difference might be explained by more relaxed purifying selection acting on the
mitochondrial translational apparatus compared to the cytosolic one as a result of the
small number of proteins translated in Chlamydomonas mitochondria. The non-standard
mitochondrial gene, r#/, which resembles a reverse transcriptase-like sequence, appears to
be functional in both C. reinhardtii and C. incerta although under relaxed functional
constraints.
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Chapter 1

GENERAL INTRODUCTION



The unicellular green alga Chlamydomonas reinhardtii has proven to be a useful
organism for studying a great variety of cellular processes, especially photosynthesis and
flagellar movement (for reviews see Dent et al. 2001; Harris 2001; Werner 2002; Mittag
and Wagner 2003; Grossman et al. 2004; Gutman and Niyogi 2004; Wagner et al. 2006).
Despite the large appreciation of C. reinhardtii as a model photosynthetic eukaryote, little
is known about the relative evolutionary rates in coding and noncoding sequences of its
nuclear, mitochondrial, and chloroplast genomes. The lack of data on the substitution
rates for different genetic compartments in Chlamydomonas in particular and in green
algae in general, is due to the absence of homologous DNA sequences from taxa
separated by an appropriate evolutionary distance, a necessary prerequisite for having
substitution levels that are far below saturation yet high enough for meaningful
comparisons. In the case of C. reinhardtii, nuclear sequence data are available for
expressed portions of its nuclear genome (e.g., Asamizu et al. 1999; Shrager et al. 2003)
or from direct genomic sequencing (e.g., Grossman et al. 2003). Data on the completely
sequenced mitochondrial (Gray and Boer 1988; Michaelis, Vahrenholz, and Pratje 1990)
and chloroplast (Maul et al. 2002) genomes of this taxon have also been reported. The
existence of sequence information for numerous genes from C. reinhardtii opened the
opportunity to examine across a broad array of genes the rates of nucleotide substitutions
that characterize different genetic compartments and to identify forces such as mutation
and selection that drive the evolutionary changes at the nucleotide level in the genomic
compartments of this alga. To fulfill such studies, extensive DNA sequence data from a
near relative of C. reinhardtii was required. Chlamydomonas incerta, one of the closest

known non-interfertile relatives of C. reinhardtii (e.g., Proschold et al. 2001), was



selected as an appropriate source for such information based on previous reports on the
divergence level between C. reinhardtii and a number of other Chlamydomonas taxa
including C. incerta (Coleman and Mai 1997, Liss et al. 1997; Ferris et al. 1997). In this
study, a large number of expressed sequence tag (EST) data were generated for C. incerta
and its mitochondrial genome has been almost completely sequenced.

One of the objectives of this study was to perform a large-scale examination of
the nucleotide substitution rates and other evolutionary parameters in the nuclear-encoded
protein-coding genes of C. reinhardtii and C. incerta. Analyses were conducted to: (i)
compare synonymous codon usage in C. incerta and C. reinhardtii nuclear genes; (i1)
examine the among-gene variation in the synonymous and nonsynonymous substitution
rates between C. reinhardtii and C. incerta; (iii) reveal the relationship, if any, of the
evolutionary rates, both synonymous and nonsynonymous, with the level of gene
expression, and (iv) compare the rates of nucleotide substitution between the introns of
highly and lowly expressed genes. The goal of studying the range of the variation of
substitution rate among genes, the factors responsible for among-gene variation and the
extent of their influence on this variation in Chlamydomonas is twice justified. Firstly, as
mentioned above, no extensive studies on the rates and patterns on substitution in the
green algal group have been reported yet; before this study was started data on nuclear
substitution rates in green algae existed for only three protein-coding genes (Ferris et al.,
1997), three spliceosomal introns (Liss et al., 1997) and two intergenic spacers (Coleman
and Mai, 1997). Secondly, knowledge about the intragenomic diversity of the rates and
patterns of evolution in unicellular eukaryotes is rather limited when compared with

animals (e.g., Wolfe and Sharp 1993; Bernardi et al. 1993; Moriyama and Powell 1997,



Makalowski and Boguski 1998; Graur and Li 1999), land plants (e.g., Wolfe et al. 1987,
Alvarez-Valin et al. 1999; Kusumi et al. 2002; Tiffin and Hahn 2002; Senchina et al.
2003) and bacteria (e.g., Eyre-Walker and Bulmer 1995; Smith and Eyre-Walker 2001;
Rocha and Danchin 2004). Large-scale studies on nucleotide substitution rates in the
unicellular eukaryotes are mostly limited to yeast (Pal et al. 2001), although some work
has been done on diatoms (Sorhannus and Fox 1999).

Another objective of this study was to survey the evolutionary rates in the
mitochondrial genes between C. reinhardtii and C. incerta and compare these rates with
the estimates of substitution rates in the nuclear genes of these taxa. Previous
phylogenetic analysis of C. reinhardtii IRNA genes suggested an accelerated rate of
substitution in these mitochondrial genes relative to the nuclear counterparts (Gray 1989).
On the other hand, Chlamydomonas species belong to the green plant group (Raven et al.
1999), and interestingly within this group, specificallly in land plants, it was shown that
the rate of sequence evolution in the mitochondrial genes is typically lower compared to
nuclear genes (Wolfe, Li, and Sharp 1987; Gaut 1998; Muse 2000; Lynch, Koskella, and
Schaack 2006, but see also Palmer et al. 2000; Cho et al. 2004; Parkinson et al. 2005).
Finally, recent analysis of protein-coding genes from several unicellular species, i.c.,
fungi, apicomplexans, trypanosomes and ciliates, argue for similar substitution rates at
synonymous sites in the mitochondrial and nuclear genes of unicellular eukaryotes
(Lynch, Koskella, and Schaack 2006). In this study, the mitochondrial genome of C.
incerta was sequenced to near completion in order to obtain nucleotide sequence data for
the mitochondrial protein-coding and ribosomal RNA-coding genes; these data were

subsequently used to estimate the evolutionary divergence between C. reinhardtii and C.



incerta mitochondrial genes, and to compared the relative evolutionary rates in the
mitochondrial genes with the substitution rates in the nuclear genes of these taxa..

The dissertation is organized in five chapters. Chapter 1 presents the motivation
and the objectives of fhis study, as discussed above. Chapter 2 introduces and compares
several methods that can be used in estimating the evolutionary divergence between DNA
sequences. It also discusses the use of the synonymous substitution rate as a surrogate
measure of the mutation rate. Chapter 3 is dedicated to a detailed analysis of sequence
evolution of C. reinhardtii and C. incerta nuclear genes in terms of base composition,
codon usage, and synonymous and nonsynonymous substitution rates. It is intended to
explain the negative correlation observed between the evolutionary rates and gene
expression level in Chlamydomonas. Chapter 4 investigates aspects of mitochondrial
genome evolution in C. incerta, such as gene content and genome organization, codon
usage, and sequence divergence. In this section are also presented the first quantitative
data on the nucleotide substitution rates in the mitochondrial genes of green algae, based
on the analysis of C. reinhardtii and C. incerta standard mitochondrial protein-coding
genes, the non-standard reverse-transcriptase-like sequence, and the rRNA genes coding
for the large and small ribosomal subunits. The mitochondrial substitution rates are
finally compared with the nuclear substitution rates, and an attempt is made to connect
the results on sequence evolution rates in the mitochondrial versus nuclear genes with the
size, gene content and gene organization of the mitochondrial genome in
Chlamydomonas. Chapter 5 summarizes the findings of this study and indicates possible

future research work.



Chapter 2

RATES OF SUBSTITUTION IN DNA SEQUENCES



FUNDAMENTAL UNITS IN MOLECULAR EVOLUTION:

K, Ks (ds) and Ka (dv)

Nucleotide changes in an individual DNA molecule that become fixed in a
population are called nucleotide substitutions. Knowledge of nucleotide substitution
rates is fundamental to understanding molecular evolution. In most biological groups,
except viruses and bacteria, studying nucleotide substitution directly is difficult due to the
slow rate of this process. Consequently, a comparative approach is more commonly used,
which consists of evaluating the changes that occurred between two homologous
sequences since their divergence from a common ancestor. The degree of divergence
between two sequences can be expressed as the number of nucleotide substitutions per
site (K). For the protein-coding genes, the rate of nucleotide substitutions can be
measured at synonymous sites (Ks or ds)' and nonsynonymous sites (Ka or an)’.
Synonymous substitutions do not cause amino acid changes, but nonsynonymous
substitutions do change the amino acids in the corresponding protein sequence. As a
result of different constraints on their evolution, the synonymous and nonsynonymous
sites have dissimilar substitution rates; therefore it is desirable to treat synonymous and

nonsynonymous substitutions in protein-coding genes separately (e.g., Kimura 1983).

' Ks and ds will be used as interchangeable symbols, and the same is true for Ka and dy.



NUMERICAL ESTIMATION OF THE SUBSTITUTION LEVEL BETWEEN

TWO DNA SEQUENCES

The observed (D) and the actual (K) number of substitutions per site

The level of nucleotide substitutions between two sequences could be calculated
simply by counting the number of observed nucleotide differences divided by the total
number of nucleotides in the sequence. Hence, D = N/n, var(D) = D (1- D)/n, where D is
the observed degree of divergence (genetic distance), N is the number of nucleotides that
differ, n is the length of the sequence, and var(D) is the variance of D (see Graur and Li
1999). However, as substitutions accumulate over time between two homologous
sequences, the probability of multiple substitutions at the same site increases so that the
number of observed differences between the two sequences may be less than the actual
number of substitutions that occurred between them because of parallel, convergent or
reversal substitutions. Above a certain level of divergence, therefore, it is necessary to
employ methods to correct for multiple substitutions at the same site, in order to estimate
the actual level of nucleotide substitutions (K). Jukes and Cantor (1969) were first to
offer a solution to this problem. However, because gene evolution is heterogeneous, the
model under which Jukes and Cantor (1969) apply their correction will not be suitable for
all datasets. Many other methods of estimating K, some involving quite sophisticated

evolutionary models were developed and are considered below.



Problems in estimating the actual number of substitutions per site

Saturation in the substitution process. There is a time in the evolution of two
homologous sequences when substitution differences between them are so numerous that
they are no more similar than two random DNA sequences. At this point it is clearly
impossible to correct for multiple substitutions; the two sequences are considered
saturated for substitutions and their K estimates are non-computable (Jukes and Cantor
1969).

Low level of sequence divergence. Two homologous DNA sequences that are
separated by only a few nucleotide differences can also give unreliable K estimate, which
is reflected in a large standard error. In this situation, comparison of a large number of
nucleotides between the two taxa is necessary (Graur and Li 1999).

Base composition and transition/transversion bias. Assuming an equal
probability of substitution for all nucleotides (e.g., Jukes and Cantor 1969), and of
transitions and transversions (e.g., Kimura 1980) is often unrealistic. Base composition
has been shown to vary largely in both the prokaryotic and eukaryotic genomes (e.g.,
Echols et al. 2002; Bentley and Parkhill 2004), and many studies in different organisms
have demonstrated that, in general, transition substitutions occur more frequently than
transversion substitutions (reviewed by Wakeley 1994, 1996). Moreover, both base
composition bias and transition bias lower the saturation borderline of the substitution
process between two homologous sequences. In the case of distantly related sequences,
K will be underestimated if the models of nucleotide sequence evolution used for its
estimation do not consider the actual frequencies of the four nucleotides (e.g., Pesole et

al. 1995) and the actual transition/transversion ratio (Brown et al. 1982).
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Non-independence among sites. The assumption that nucleotide changes at one
site have no effect on other neighboring sites might represent another source of error
leading to biased K estimates. In a comparison of rice and maize DNA sequences, it was
shown that substitutions are mostly transversions or transitions, depending upon the
composition of the flanking nucleotides (Morton and Clegg 1995; Morton 1995).
Mutations affecting one strand of stem regions of ribosomal RNA secondary structure
that disrupt Watson-Crick base pairings might be accompanied by compensatory
nucleotide changes reflected in the complementary strand in order to restore proper base
pairings (Stephan 1996; Innan and Stephan 2001). Moreover, it has also been shown that
several complementary and paired nucleotides at different sites might change
simultaneously in a single mutational event (Averof et al. 2000). Thus, rates at sites
involved in base pairing appear to be correlated. All evolutionary substitution models
inferring the independence of all nucleotide site changes, therefore, are expected to give
biased K estimates to a certain extant.

Unequal substitution rate among sites. Not all sites are equally likely to
undergo substitutions. Some sites are free to vary (‘hot’ spots) and experience a high
number of substitutions, while others are less variant or slowly evolving and undergo
zero or only few substitutions (Fitch and Margoliash 1967). In protein-coding genes, one
obvious example of among-site-rate variation is that the third codon position can change
more frequently than the second and first position due to the degeneracy of the genetic
code. In the RNA coding genes, the sites located in the loop regions of the RNA
secondary structure are more prone to undergo substitutions than the sites belonging to

the stem regions (e.g., Vawter and Brown 1993). Due to the among-site-rate variation
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(ASRYV), the ‘hot’ spots may require strong correction for multiple substitutions, while
some other parts of the sequence only require minor corrections of K. If the increased rate
in some sites is not taken into account, the average number of substitutions between two

sequences will be underestimated (reviewed in Yang 1996).

Models of nucleotide sequence evolution used for the estimation of the actual
number of substitution per site

As K is a function of an explicit model of evolution, a large number of models
have been implemented expressly for the purpose of estimating substitution rates under

different conditions of DNA sequence evolution.

Models inferring equal nucleotide frequencies:

JC69 model (Jukes and Cantor 1969). This is a one-parameter model of sequence
evolution. It assumes that all four nucleotides have equal frequencies and that any
nucleotide is equally likely to replace any other nucleotide at any site at any time. As
mentioned above, all these assumptions are seldom met in the real data.

K80 model (Kimura 1980). This two-parameter model extends JC69 by
incorporating the more realistic assumption that that transitions occur more frequently
than transversions. The model provides better estimates of K than the JC69 when the
probabilities of transition and transversion substitutions are not equal.

K81 model (Kimura 1981). This model parameterizes three types of substitutions:

(1) transitions, (ii) A-T and G-C transversions, and (iii) G-T and A-C transversion.



12

Models inferring variable nucleotide frequencies:

F81 model (Felsens;tein 1981). This model extends JC69 by accounting for
different nucleotide frequencies. However, the model still assumes equal rates of all
substitutions, therefore it may result in biased estimate of K when this assumption is not
met.

F84 (Felsenstein 1984) and HKY85 models (Hasegawa et al. 1985). These models

extend the K80 model by allowing different nucleotide frequencies. Although the two
models are based on different algorithms, they both account for transition/transversion
bias and GC content bias.

TN93 model (Tamura and Nei 1993). This model assumes variable nucleotide
frequencies and variable transition frequencies, with independent parameters for purine-
purine transitions and pyrimidine-pyrimidine transitions, and equal transversion
frequencies.

GTR -general time reversible- model (e.g., Lanave et al. 1984; see also Yang

1994a). This model accounts for variable nucleotide frequencies and assumes that each
reversible pair of nucleotide substitutions has a different rate (the model allows six
different rate parameters). This model is the most general formulation that satisfies the
condition of reversibility.

More complex nucleotide substitution models, some of them incorporating
structural and functional properties of the DNA sequences, have also been developed and
information about them can be obtained from Lio and Goldman 1998; Nei and Kumar

2000.
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Some remarks

In practice, the best model is not always the one with the most parameters. In fact,
in the case of short sequences, the fewer the number of parameters employed the better is
the estimation of K. This is because with each parameter introduced, the overall variance
of K increases (Graur and Li 1999). For example, a two-parameter model will require that
the nucleotide differences to be sorted into two categories, while six categories are
necessary for a six-parameter model. Obviously, the greater the number of categories, the
smaller the number of sites will be sampled in each category. If the number of sites
sampled in each category is too small, the error with which each parameter is estimated
increases and the K value will have increased variance. However, if the number of
nucleotides in the sequences compared is high, a more complex model might perform
better. 4 priori examination of the nucleotide data to determine whether sites evolve at
uniform rates, if there is a transition/transversion bias, and if there is a base compositional
bias will be useful in selecting the most appropriate models of sequence evolution. From
computer simulations and empirical studies it has been concluded that for very closely
related sequences most of the nucleotide-based substitution models give essentially the
same value of K, which is in fact the same as the value of the uncorrected number of
substitutions per site, D, as long as D is close to 0.05 or less. When D is between 0.05 and
0.25, and the sequences are long, most of the models will estimate almost identical K
values but slightly larger than D. Different models give considerably different results
when D is higher than 0.5. Although some of the models discussed above can correct for
strong transition/transversion ratio bias and GC content bias, none incorporate correction

for the variability in the substitution rate over sites or nonindependence of all nucleotide
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site changes. Models to diminish the effect of such sources of error have therefore been
developed. Fitch and Margoliash (1967) were the first to show that the assumption of
uniform substitution rates over all sites poorly fits real data. The invariable-sites model
developed by these workers is the simplest attempt to account for the among-site rate
variation. The model assumes that a proportion of sites in a sequence have a rate of zero,
while other sites change at similar rates. A drawback of this model is that it assumes
equal rates for all changing sites. In 1971, Uzzell and Corbin have demonstrated that the
numbers of substitution per site follow a negative binomial distribution, which suggested
that the rates along the sequence are gamma distributed. All nucleotide models discussed
above can be modified to include a gamma correction for among-site rate heterogeneity
(e.g., Golding 1983; Yang 1994b; Yang 1996). Yang et al. (1994) have compared several
models with and without correction for among-site-rate variation using different data sets
and shown that the fit of model to data increases when Gamma distribution correction is
applied. Many other approaches have also been used in an attempt to cope with the
nonrandomness of the nucleotide substitutions among sites and the correlation between
the rates of neighboring sites (Goldman and Yang 1994, Felsenstein and Churchill 1996;
Nei and Kumar 2000; Schadt and Lange 2002). Although these methods might give more

reliable K estimates they are not used commonly.
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NUMERICAL ESTIMATION OF THE SUBSTITUTION LEVEL BETWEEN

TWO PROTEIN-CODING DNA SEQUENCES

Counting (approximate) and maximum-likelihood based methods have been
developed to estimate the number of synonymous substitutions per synonymous site (Ks
or ds) and the number of nonsynonymous substitutions per nonsynonymous site (Ka or

dn) between two homologous protein-coding genes.

Counting methods

All counting methods involve three steps. Firstly, the synonymous and
nonsynonymous sites are counted for each codon and the values are then averaged for the
two sequences. Secondly, the synonymous and nonsynonymous differences between the
two homologous sequences are counted. Thirdly, a correction for multiple substitutions at
the same site is applied to calculate the actual number of synonymous and
nonsynonymous substitution per synonymous and nonsynonymous site, respectively.
Some approaches typically classify nucleotide sites into nondegenerate, twofold
degenerate, and fourfold degenerate sites (Li et al. 1985). A site is nondegenerate if all
possible changes at this site are nonsynonymous; twofold if one out of the three possible
changes is synonymous and two are nonsynonymous; fourfold if all possible changes are
synonymous. The number of sites is counted accordingly with these three classes (Lo
nondegenerate, L, twofold, and L4 fourfold degenerate sites). The nucleotide differences
in each class are further classified into transitions and transversions, and finally a

multiple-hit correction model is applied.
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Problems in counting the sites of two homologous protein-coding sequences

Transition/transversion bias. Ignoring transition bias leads to underestimation
of the number of synonymous sites (S) and overestimation of the number of
nonsynonymous sites (N) (e.g., Li 1993; Pamilo and Bianchi 1993). Consequently, Ks
will be overestimated and Ka underestimated. Changes at two-fold degenerate sites are
considered below as a simple case to illustrate the problem. Under equal transition and
transversion rates the twofold degenerate sites can be counted as 1/3 synonymous and 2/3
nonsynonymous, but if the transition rate is higher, the twofold sites should be counted
largely as synonymous because transitions at these sites are synonymous.

Nucleotide (codon) frequency bias. The effect of nucleotide (codon) usage bias
on the estimation of Ks and Ka is opposite from the effect of transition/transversion bias,
in that S is overestimated and N is underestimated with increasing bias (Bielawski et al.
2000). Again, the case of two-fold degenerate sites is taken as an example; given a GC;
bias most nucleotide changes at these sites are nonsynonymous, so that the number of
synonymous sites (S) should be corrected downward from what is expected given equal
nucleotide (codon) frequencies. Therefore, if not corrected for such bias, S will be
overestimated, and implicitly Ks underestimated. An overestimation of S automatically

leads to underestimation of N, which in turn will result in the overestimation of Ka.

Problems in counting the differences between two homologous protein-coding
sequences
When two homologous codons differ by two or three nucleotides, there are

different possibilities concerning the order in which the nucleotides have been changed.
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For example, when comparing TTT and GTA, two pathways with minimum mutational
changes between the two codons are possible: (i) TTT (Phe) «» GTT (Val) & GTA (Val)
- and (ii) TTT (Phe) < TTA (Leu) <> GTA (Val). When there are three nucleotide
differences between the two codons compared, six different pathways are possible (the
pathways involving stop codons are disregarded). The way these different pathways are
treated influences the number of synonymous and nonsynonymous differences counted,
and subsequently the Ks and Ka estimates. Two possible modes for counting the
substitutions in codons separated by two or three nucleotides can be used. One model
weights all possible pathways equally, while the other weights different pathways
differently. Unless the nucleotide frequencies are nearly the same, weighting the
pathways equally will underestimate the number of synonymous changes and
overestimate the number of nonsynonymous substitutions per site. Therefore, unequal
weighting is the method of choice for sequences showing transition/transversion and/or
nucleotide (codon) biases. Various approaches are available for unequally weighting the
possible substitution pathways between codons that differ by more than one nucleotide.
Miyata and Yasunaga (1980), and Li et al. (1985) used the empirically derived relative
likelihoods of codon changes from statistical data on substitutions in mammalian genes.
Yang and Nielsen (2000) used the relative likelihood of codon changes calculated based
on the equilibrium frequencies of codons present in the sequences, in the context that
substitutions to common codons are more likely than substitution to rare codons.
Physicochemical properties of the amino acids have also been used to calculate the

relative probabilities of the pathways (Zhang 2000).
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Different counting methods for estimating Ks and Ka

Several methods widely used for estimating Ks and Ka are discussed in this
section. For a more comprehensive description including many other methods used for
the estimation of Ks and Ka refer to Nei and Kumar (2000).

NG method® (Nei and Gojobori 1986). This method estimates Ks and Ka under
the assumption of equal probabilities of all nucleotide changes and equal frequencies of
nucleotides (codons). It uses the Jukes-Cantor one-parameter model to correct for
multiple substitutions at the same site.

LWL method’ (Li et al. 1985). This is the first method that classifies each site in a
codon into nondegenerate (0-fold), twofold degenerate (2-fold) or fourfold degenerate (4-
fold) site. The method still assumes equal probabilities of all nucleotide changes in
counting sites, but weights unequally different pathways between codons based on the
relative frequencies of codon changes observed among mammalian genes. The Kimura
two-parameter model is used to correct for multiple substitutions at the same site.

PBL method® (Li, W.-H. 1993; Pamilo and Bianchi 1993). This method extends
the Li-Wu-Luo method by incorporating the transition/transversion rate bias into the
counting-of-sites step; the twofold degenerate sites are counted according to the observed
transition/transversion ratio at the fourfold degenerate sites, rather than assuming that
they are 1/3 synonymous and 2/3 nonsynonymous, as considered under equal rates of

transitions and transversions.

3 Implemented in the MEGA package (Kumar et al. 1993, see also Kumar et al. 2004)
and PAML package (Yang 1997)

4 Implemented in the MEGA package (Kumar et al. 1993, see also Kumar et al. 2004)

> Implemented in the MEGA package (Kumar et al. 1993, see also Kumar et al. 2004)
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YN0O method® (Yang and Nielsen 2000). This is probably one of the most
reliable counting methods available. The number of synonymous substitution per
synonymous site and the number of nonsynonymous substitution per nonsynonymous
site, denoted ds and dn, respectively, are estimated by accounting for the
transition/transversion rate bias and codon usage bias in all three steps of the estimation:
counting sites, counting differences, and correcting for multiple hits. The
transition/transversion ratio is estimated by using the four-fold degenerate sites
corresponding to the third codon position and the nondegenerate sites. The expected
codon frequencies are computed using the nucleotide frequencies at the three positions of
the codon (F3X4 model). The model classifies the synonymous and nonsynonymous
differences between the two sequences into synonymous transitions, synonymous
transversions, nonsynonymous transitions, and nonsynonymous transversions. When any
two compared codons differ at more than one position, the different pathways between
them are weighted unequally using the relative probabilities of pathways, which are
calculated based on the following estimated parameters: the transition/transversion ratio,
the d/ds ratio, and the sequence divergence level. Finally, the F84 model is used to
correct for multiple hits. Because the method is an ad hoc approximation method, the
authors still recommend that maximum-likelihood estimation be used, even in a pairwise

comparison.

¢ Implemented in the PAML package (Yang 1997)
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Maximum-likelihood methods

Maximum-likelihood (ML) methods based on specific codon substitution models
are the most currently used methods for estimating the level of synonymous and
nonsynonymous substitutions. Different assumptions about the nucleotide substitution
process, such as transition bias, codon usage bias, variable rates among sites, can be
incorporated into the model and the substitution models should be optimized to fit the
observed data. For example, if there is a transition bias or codon usage bias, the
likelihood of the data under a model that assumes no such biases will never be as good as
one that does. Nevertheless, because the introduction of an extra free parameter in the
model will always produce a higher likelihood score, the likelihood ratio (LR) test should
be use in order to assess if the extra parameter is causing a significantly higher fit to the

real data; LR = 2(El -£ O), where £ o is the log likelihood value under the null hypothesis
(simple model) and £ . is the log likelihood value under the alternative hypothesis

(complex model). In order to asses the significant difference between the two models, the
associated P-value of LR statistics is determined using a y* distribution with n degrees of
freedom, where n is the difference in the number of free parameters between the two

models.

Codon substitution models used in estimating ds and dy
The most widely used ML methods for estimating ds and dy have been developed
by Goldman and Yang (1994) and Muse and Gaut (1994). Initially, the model used by

Goldman and Yang (1994)(GY94)” was more complex than the model proposed by Muse

7 Implemented in the PAML package (Yang 1997)
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and Gaut (1994)(MG94)® because more parameters were used in building the
mathematical model. The GY94 model allowed for different probabilities for the rate of
synonymous transitions, synonymous transversions, nonsynonymous transitions and
nonsynonymous transversions separately; based on the type of substitution occurred, the
rate of substitution between two codons is a function of the transition/transversion ratio,
the dn/ds ratio, and the equilibrium frequencies of codons. The original MG94 model
differentiated only between synonymous and nonsynonymous substitutions, and did not
account for transition/transversion bias. Currently, a more complex model than GY94 can
be implemented under the MG94 framework; for example, the equivalent of a

MG94+GTR model can be run in HyPhy (Kosakovsky Pond et al. 2000).

Some remarks

The importance of the method selected for the estimation of Ks (ds) and Ka (dn)
becomes evident when the conclusion of the analysis changes with the method used.
There are several studies that highlight discrepancies among the values provided by
several counting and maximum likelihood models, and the relevance of the selected
model in the interpretation of the results from the biological point of view (Smith and
Hurst 1999; Bielawski et al. 2000; Yang and Bielawski 2000; Dunn et al. 2001; Bierne
and Eyre-Walker 2003). The performance of one or another model on the same set of
data is still under debate (e.g., Ina 1995; Moriyama and Powell 1997b; Yang and Nielsen
2000, Nei and Kumar 2000, Tzeng et al. 2004). The underlying assumptions in the model

about the process of substitution appear to matter more than the methods. Nevertheless,

8 Implemented in the HyPhy package (Kosakovsky Pond et al. 2000)
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given a particular substitution model, there are some advantages conferred by the ML
framework. For instance, all three steps involved in counting methods, and requiring ad
hoc treatments of the data, are accomplished in one step by the computation of
probabilities of nucleotide or codon changes in the ML framework. Moreover, counting
methods use multiple-hit correction formulae derived from nucleotide not codon
substitution models, therefore their use in the context of estimating substitution rates on a
per-synonymous or per-nonsynonymous site basis becomes unfounded (e.g., Muse 1996).
A major disadvantage of using ML models is that they are parameter rich and thus
involve higher sampling errors than counting methods when short sequences with low

divergence are analyzed.

APPROXIMATION OF THE MUTATION RATE FROM THE

SUBSTITUTION RATE

Although an enormous number of mutations happen, most are not observed in
extant populations. The fate of newly arising mutations depends on the relative strengths
of random genetic drift and natural selection. Natural selection removes from the
population deleterious mutations, which decrease the organism fitness; thus, many
mutations are not maintained in the populations. Selectively advantageous mutations
occur in the population at a very low rate, and get fixed by both random genetic drift and
natural selection. Mutations that do not affect the organism fitness are neutral from the

standpoint of natural selection and are fixed into populations by random genetic drift
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only. As said earlier in this chapter, when a mutation spreads through the entire
population(s) it is referred to as a substitution. The rate of substitution (X) is a function of
the intrinsic mutation rate (u), the effective population size (N for haploids and 2N for
diploids), and the fixation probability (p) of that mutation in the population as follows: K
=Ny x p for haploid populations or K = 2Ny x p for diploid populations (see Graur and
Li 1999 for a review). Selectively neutral mutations, with a selective coefficient of 0 are
fixed into the population at a rate that is the inverse of the effective population size so
that p = 1/N for haploid populations or p = 1/2N for diploid populations. As a result, for
neutral mutations K equals x and it reflects only the intrinsic mutation level (Kimura
1968; King and Jukes 1969).

Because substitutions in pseudogenes and introns are acknowledged as largely
neutral, substitution rates in such sequences are regarded as a good approximation of the
mutation rate (Gojobori et al. 1982; Li et al. 1984; but see Andolfatto 2005). In the
protein-coding genes, the synonymous sites were considered to be neutral evolving
(Kimura 1977, 1983); hence, the substitution level at synonymous sites, Ks, was largely
used to estimate the level of mutation across genomes in different compartments of the
same species and in different evolutionary lineages. Nevertheless, accumulating evidence
demonstrates that the synonymous sites are not free of selection. If synonymous changes
are not selectively neutral and purifying selection removes from the population
deleterious synonymous changes, less synonymous changes will be fixed and a lower
number of synonymous differences between two homologous sequences will be counted.
For instance, in genes with strong synonymous codon bias due to translational selection

(e.g., Akashi and Eyre-Walker 1998; Akashi 2001; Rocha 2004), synonymous changes
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towards non-optimal codons can be slightly deleterious, therefore selected against.
Moreover, synonymous changes that affect the thermodynamic stability of mRNA
secondary structures (Duan and Antezana 2003; Chamary and Hurst 2005a) or the pre-
mRNA splicing (Willie and Majewski 2004; Chamary and Hurst 2005b; Parmley et al.
2006) might also be removed by purifying selection. As a result, estimates of Ks will
underestimate the mutation rate between the two sequences when selection acts on
synonymous codon usage. Moreover, comparisons of Ks among genes may be
complicated by the fact that difference may reflect either a difference in mutation rate or
in the strength of selection acting on synonymous sites. Nonetheless, the selection
coefficients for synonymous changes will be extremely small as compared to those for

nonsynonymous changes.



Chapter 3

EVOLUTIONARY RATES AND EXPRESSION LEVEL IN CHLAMYDOMONAS

NUCLEAR GENES’

? This chapter is a modified version of the following published paper: Popescu, C. E., T.
Borza, J. P. Bielawski, and R. W. Lee. 2006. Evolutionary rates and expression level in
Chlamydomonas. Genetics 172:1567-1576.

Permission has been obtained to include data presented in this paper as part of this thesis.
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INTRODUCTION

In diverse biological lineages the degree of nonrandom usage of synonymous
codons and the rate of evolutionary change of a gene are often related to its level of
expression. For example, in bacteria, yeast, Caenorhabditis elegans, Drosophila, and
Arabidopsis, codon usage bias of genes appears to be positively correlated with the level
of gene expression (Gouy and Gautier 1982; Sharp et al. 1986; Stenico et al. 1994;
Chiapello et al. 1998; Duret and Mouchiroud 1999) and it is generally accepted that this
is the result of elevated selection for a preferred set of codons that enhance translational
efficiency in highly expressed genes (for reviews see Akashi and Eyre-Walker 1998;
Akashi 2001). Moreover, in bacteria (Sharp and Li 1987a; Sharp 1991; Smith and Eyre-
Walker 2001) and yeast (Pal et al. 2001; Hirsh et al. 2005), rates of synonymous
substitutions are negatively correlated with the level of gene expression and it is
generally thought that this is the result of purifying selection for efficient translation of
highly expressed genes, although variation in mutation rate has been invoked to explain
this correlation in some cases (Berg and Martelius 1995; Eyre-Walker and Bulmer 1995;
but see Ochman 2003). In some multicellular lineages, however, including mammals and
Arabidopsis, a correlation between synonymous rate and gene expression level could not
be established (Duret and Mouchiroud 2000; Wright et al. 2002, 2004), and while there is
evidence supporting such a correlation in Drosophila (e.g., Powell and Moriyama 1997a),
this correlation has been questioned (Dunn et al. 2001; but see Bierne and Eyre-Walker

2003 and Marais et al. 2004). Rates of nonsynonymous substitution, which typically
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show greater variation among genes than synonymous rates, also appear correlated with
level of gene expression in diverse lineages including various bacteria, yeast, land plants,
Drosophila, and mammals (Duret and Mouchiroud 2000; Pal et al. 2001; Wright et al.
2002, 2004; Marais et al. 2004; Rispe et al. 2004; Rocha and Danchin 2004; Subramanian
and Kumar 2004; Lemos et al. 2005). The basis for the connection between gene
expression and protein evolution is the subject of ongoing debate. It has been suggested
that nonsynonymous sites in highly expressed genes are under enhanced selective
constraint to optimize the speed and accuracy of protein synthesis (Akashi 2001, 2003).
Alternatively, genes expressed broadly across tissues, which are also highly expressed,
may be under enhanced functional constraint because their products need to function in
diverse biochemical/biophysical environments (Hastings 1996) or because
nonsynononymous changes in these genes affect a greater number of tissues and therefore
have a greater impact on fitness (Duret and Mouchiroud 2000).

The green algae represent a major biological group of eukaryotes for which there
has been no large-scale examination of evolutionary rates in nuclear protein-coding
genes. Chlamydomonas reinhardtii represents an obvious candidate for such a study, as
this green algal species has an extensive and annotated expressed sequence tag (EST)
database and a genome project near completion. The nuclear genome of C. reinhardtii
has an overall GC content of nearly 65% (Grossman et al. 2003) and the nucleus-encoded
genes of this taxon have a preponderance of codons that end in G or C, although the
codon usage bias varies considerably among genes (LeDizet and Piperno 1995).
Correspondence analysis of relative synonymous codon usage (RSCU) values has

established that C. reinhardtii genes are positioned along the first axis according to the



28

level of gene expression as approximated by EST abundance (Naya et al. 2001). The
relationship between codon usage and level of gene expression in C. reinhardtii is
consistent with the observation that highly expressed genes exhibit lower values of the
effective number of codons (Nc¢). Furthermore, genes with the highest number of EST
matches use a preferred set of codons, which are rich in C at fourfold degenerate sites
relative to those with only one EST match (Naya et al. 2001). C. incerta SAG 7.73 is the
closest known noninterfertile relative of C. reinhardtii (Schidsser 1976; Coleman and
Mai 1997; Ferris et al. 1997; Liss et al. 1997; Proschold et al. 2001), with the possible
exception of Chlamydomonas sp. (CCAP 11/132) (Proschold et al. 2005). Studies on the
level of sequence divergence between C. incerta and C. reinhardtii are limited to three
spliceosomal introns (Liss et al. 1997), two intergenic spacers (Coleman and Mai 1997),
and a few protein-coding genes (Ferris et al. 1997). Clearly, an expanded analysis of
orthologous gene sequences from these taxa is needed to gain a better view of the extent
and causes of the variation in evolutionary divergence among genes in Chlamydomonas.
This study investigates the relationship between the rates of nucleotide divergence and
level of gene expression in C. reinhardtii and C. incerta. An expanded data set of 67
protein-coding sequences was compiled by utilizing our C. incerta EST data prepared for
the Protist EST Program(PEP) (http://megasun.bch.umontreal.ca/pepdb/pep.html), the C.
reinhardtii EST database (http://www.chlamy.org), and GenBank (http://

www4.ncbi.nlm.nih.gov).
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MATERIALS AND METHODS

C. incerta strain and growth conditions

C. incerta was obtained from the Sammlung von Algenkulturen, Géttingen
(SAG), Germany, where it is listed as SAG 7.73 and placed under the name C.
reinhardtii on the basis of morphological criteria and susceptibility to autolysin from the
C. reinhardtii group (SAG, personal communication). Strain CC-1870 previously
maintained at the Chlamydomonas Genetic Center, Duke University, now replaced with
strain CC-3871, and strain UTEX 2607 maintained at the University of Texas at Austin,
were all derived from SAG 7.73 and should be equivalent (Ferris et al. 1997). Cells were
grown under continuous ‘‘cool white”’ fluorescent lighting at 24° in: (i) Tris—acetate—
phosphate (TAP) medium (Harris 1989) with rotary shaking and 25 pmol photons-m’z's'1
photosynthetically active radiation (PAR), and (ii) high-salt (HS) medium (Harris 1989)
bubbled with 1% CO2 in air and 130 pmol photons'm™'s™ PAR. Cells were harvested by
centrifugation at 2000x g at 4° when the cultures reached the late exponential phase of
growth (OD750 = 0.3 and 0.7 for the TAP- and HS-grown cultures, respectively). An
equivalent mass of cells from each of the two culture conditions was lysed in TRIzol
(Invitrogen, Carlsbad, CA) and the lysates were combined for RNA isolation. A pellet of
HS-grown cells was resuspended in Tris—EDTA buffer (20mM Tris, 100mM EDTA,
100mM NaCl, pH 8) for the isolation of DNA (Maniatis et al. 1982) used in PCR

analysis.
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Generation of the C. incerta (SAG 7.73) genomic sequences

PCR amplification of several C. incerta genes was performed: (i) to confirm that
C. incerta strain SAG 7.73 is the same as the strain CC-1870 used by Ferris et al. (1997),
and (ii) to obtain intron sequences to be used in substitution rate analyses. With regard to
the first objective, the sequence of a 456-nucleotide segment of C. incerta (SAG 7.73)
mid confirmed that this fragment is identical to the corresponding region of the C. incerta
(CC-1870/CC-3871) mid deposited in GenBank (accession no. AF002710). The PCR
reaction was performed using the following primers: 5'-TAG CCA GGT TCC GGT TCA
A-3'and 5'-CCA TCT GTC GAC GCC AAG T-3'". To study the intron substitution level,
partial genomic sequences of cbIP, GapA, and Tpx of SAG 7.73 were obtained using
perfect match primer sequences based on the corresponding cDNA sequences obtained in
this study. A 2124-nucleotide sequence of C. incerta sfa, not available as a cDNA, was
amplified using a set of primer sequences based on the C. reinhardtii and C. eugametos
orthologs: 5'-TGG AGC AGG AGA AGC AG-3' and 5-CGC CTT CGT GTA GTC GTT
G-3'". Finally, the genomic sequence for pdk was obtained from GenBank for both C.

reinhardtii and C. incerta (Supplementary Table S1).

Generation of the C. incerta ESTs
C. incerta (SAG 7.73) cDNA library construction and EST sequencing was part
of the Protist EST program (http://megasun.bch.umontreal.ca/pepdb/pep.html). Non-

normalized and normalized C. incerta cDNA libraries were constructed by DNA
Technologies (Gaithersburg, MD). Inserts were unidirectionally cloned between the

EcoRV and Nofl sites of the pcDNA3.1 vector (Invitrogen). Sequencing was carried out
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at the National Research Council, Institute for Marine Biosciences, Halifax, Canada, and
>95% of the ESTs were sequenced from the 5'-end; ~85% of the sequenced ESTs were
from the regular library. A total of 5124 quality- and vector trimmed ESTs with an
average length of 395 nucleotides were clustered into 1388 unique sequences (i.e.,
clusters and singletons) and 589 of these unique sequences gave BLASTX (Altschul et al.
1990) hits (expectation value of cutoff of 10”) against the GenBank nonredundant
database. The automatic annotation procedure using AutoFACT (Koski et al. 2005) was

used to define the names of the C. incerta gene products.

Sequence retrieval and alignments

The data set analyzed comprises 67 genes (Table 1 and Supplementary Table S1).
Sixty-one C. incerta gene sequences were retrieved from the PEP database. The
corresponding C. reinhardtii homologs were identified by running a BLASTN search
(Altschul et al. 1990) of C. incerta unique sequences against the C. reinhardtii EST
database from ChlamyDB (http://www.chlamy.org). In our C. incerta (SAG 7.73) cDNA
library data, one EST sequence was found to correspond to yptC1. This sequence is
different from the one reported by Ferris et al. (1997) as being the yptC1 of C. incerta
(CC-1870/CC-3871). This new sequence, confirmed by sequencing the PCR product of
the genomic yptC1, shows 22 synonymous substitution differences relative to the C.
reinhardtii yptC1 sequence reported in GenBank (accession no. U13168), while the
sequence reported by Ferris et al. (1997) differs from the C. reinhardtii GenBank entry at
only one synonymous site. All analyses employed the C. incerta yptC1 sequence obtained

in this study. The selection of sequences for analysis was not done randomly. Sequence
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length and quality were considered, and as much as possible genes encoding products that
perform diverse cellular functions and are targeted to different cellular compartments
were chosen. Genes were designated as encoding mitochondrial- or plastid-targeted
products on the basis of the best BLAST hits for proteins that are known to be targeted to
the respective organelles and annotated as such in the GenBank, C. reinhardtii EST, and
C. incerta PEP databases. The remaining seven gene sequences were obtained from
GenBank or, for C. incerta, by sequencing PCR products. The mean length of the 67
homologous pairs of protein-coding sequences from C. reinhardtii and C. incerta, as
aligned codon by codon using Clustal X (Thompson et al. 1997), was 220 codons
(maximum, 1194; minimum, 63). The full coding sequence was analyzed in 41 (61%) of
the homologous gene pairs examined. The C. reinhardtii and C. incerta intron sequences

were aligned using Multalin (Corpet 1988) and then manually adjusted.

Distance estimation

The number of synonymous substitutions per synonymous site (ds) and the
number of nonsynonymous substitutions per nonsynonymous site (dn) in the protein-
coding regions were estimated using the maximum likelihood (ML) method (Goldman
and Yang 1994) implemented in the CODEML program of the version 3.14 PAML
package (Yang 1997), assuming transition/transversion bias and codon usage bias (F3x4).
The number of substitutions per site in the introns (dj) was calculated with the
Hasegawa— Kishino—Yano (HKY85) model (Hasegawa et al. 1985) implemented in the
BASEML program, also part of the PAML package, assuming transition/transversion

bias and nonuniform base composition.
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Codon usage bias

CODONS (Lloyd and Sharp 1992), MEGA 2.1 (Kumar et al. 2001), and DAMBE
(Xia and Xie 2001) software packages were used to compute Nc (Wright 1990), base
composition, RSCU values, and CAI (Sharp and Li 1987b). In calculating CAI it was
used a specific set of optimal codons that was previously defined in C. reinhardtii based

on the codon frequencies of highly expressed genes (NAYA et al. 2001).

Statistical methods
The paired t-tests and the calculation of Pearson correlation coefficients were
performed using MINITAB, release 14.12.0. The likelihood-ratio test was used as

described in the PAML manual.

Nucleotide sequence accession numbers

Sixty-one C. incerta unique sequences (i.e., clusters or singletons) have been
deposited in GenBank under accession nos. Q122864-DQ122923 and DQ222936. The
full C. incerta EST data set (5124 entries) is available at
http://amoebidia.bcm.umontreal.ca/public/pepdb/agrm.php/. Partial genomic sequences
of C. incerta cblP, GapA, sfa, Tpx, and ytpC1 have been deposited in GenBank under

accession nos. DQ122924-DQ122927 and DQ222937.
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RESULTS

Comparison of codon usage in C. reinhardtii and C. incerta

As shown in Table 1, measures of compositional (GC%, GC3%) and especially
codon biases (Nc and CAI) vary considerably among genes in C. incerta, and in pairwise
comparisons with C. reinhardtii orthologs, the values of these parameters correlate
strongly (» > 0.9). Moreover, the averages of these parameters are almost identical
between the two species although the small difference in the GC% averages is
statistically significant and the same is true for the GC;% averages (Table 1). On the
basis of these data, it is not surprising that RSCU values of concatenated C. reinhardtii
and C. incerta gene sequences are highly correlated (» = 0.99) (Supplementary Table S2).
Ncin C. incerta correlates strongly with the level of gene expression as indicated by CAI
(r =-0.89, P <0.001) and with C; composition (r =-0.76, P < 0.001), but does not
correlate significantly with G; composition (r = 0.07, P = 0.55) (Supplementary Figure
S1). A significant correlation between Nc and the level of gene expression estimated by
the number of EST matches of each sequence was previously reported in C. reinhardtii
(Naya et al. 2001). This study also determined a strong positive correlation between CAI
and the C content at fourfold degenerate sites in both C. reinhardtii (r = 0.82, P <0.001)
and C. incerta (r = 0.85, P <0.001) (Supplementary Figure S2). This finding supports the
view that the frequency of C; increases with the level of gene expression in both taxa and
is consistent with the observation of Naya et al. (2001) that highly expressed genes in C.

reinhardtii are Csrich.
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Rate of nucleotide substitution among genes

The divergence at synonymous sites, as estimated for individual gene pairs using
the ML method (Table 1), varies > 65-fold among genes; these ds values range from
0.025 + 0.008 for cbIP to 1.68 + 0.47 for the pherophorin I gene. Nevertheless, 85% of
the genes analyzed exhibit ds values between 0.1 and 0.75 (Figure 1A). Estimates of the
nonsynonymous substitution divergence between C. reinhardtii and C. incerta orthologs
comprising the data set range from no divergence for five gene sequences (petF, elF4A4,
flal4, Atp9, and yptC1) to values of 0.11 and 0.12 for mid and the gene for pherophorin I,
respectively (Table 1). About 90% of the genes show dy values below 0.05 (Figure 1B);
however, variation in dy exceeds that of ds by 50% (Table 1). Finally, dn/ds ratios for the
individual genes in the data set were determined (Table 1), and a correlation between the
synonymous and nonsynonymous rates among genes was tested. The dy/ds values were
found to vary widely across genes but to be consistently < 1; the average over all genes is
0.056. At 0.217, the mid gene has the highest dy/ds ratio. Estimates of synonymous and

nonsynonymous rates are positively correlated (» = 0.53, P <0.001)(Table S4A).

Correlation between substitution divergence and codon adaptation index
Correlation between both the synonymous and nonsynonymous substitution rates
and gene expression level as indicated by CAI was examined. The analysis revealed a
significant negative correlation between ds and CAI (r =-0.37, P < 0.01) (Figure 2A) and
the same relationship is also observed between dy and CAI (r = -0.46, P <0.001) (Figure
2B). Mid has a particularly high dy value and pherophorin I gene is conspicuously high

for both ds and dy. Removing these two outliers from the analyses increased the strength
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Figure 1. Distribution of ds (A) and dy (B) for C. incerta and C. reinhardtii protein-

coding genes.
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Figure 2. Relationship of ds (A) and dy (B) with the averaged CAI for C. incerta and C.

reinhardtii protein-coding genes.
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of the correlation between ds and CAI (r = -0.50, P < 0.001) and between dy and CAI
(r=-0.57, P <0.001). Similar correlation coefficients between both ds and dy and the
number of ESTs recovered from the C. incerta library was also observed (EST abundance
data are given in Supplementary Table S1). However, CAI rather than EST abundance
was used in the reported analyses because not all genes from the data set were
represented in either the C. incerta or the C. reinhardtii library and normalization steps
were employed in the preparation of these libraries. In other systems, moreover, CAI has
been shown to be as good as mRNA abundance in predicting protein abundance (Jansen
et al. 2003) and the best codon-bias-derived surrogate for gene expression level (Goetz

and Fuglsang 2005).

Comparison of intron and exon substitution rate estimates in genes with low- and
high-CAI values

Relative nucleotide substitution rates were estimated for the concatenated intron
and exon sequences of three genes (sfa, mid, and Pdk) with CAI values between 0.36 and
0.64 and three genes (cbIP, GapA, and Tpx) with CAI values between 0.81 and 0.90
(Table 2; detailed intron data are given in Supplementary Table S3). Likelihood-ratio
tests indicated homogenous rates among sites within introns from the lowly expressed
genes (low CAI) and also from the highly expressed genes (high CAI) (Supplementary
Table S4). Next, the difference in substitution rates between the two groups of introns
was found to be statistically significant, as the hypothesis of equal substitution rates
between the two partitions was rejected by the likelihood-ratio test 2A£ =20.32,d.f. =1,

P <0.001). The substitution rate in introns of the low-CAI genes was ~1.3 times higher
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than that in introns of the high-CAI genes (Table 2). In contrast, when the mean
synonymous divergence of the corresponding exons was examined, the synonymous
substitution rate in the low-CAI genes was found ~5 times higher than the rate in high-

CAI genes (Table 2).

Table 2. Evolutionary divergence (+ standard errors) between C. reinhardtii and C.
incerta concatenated intron and exon regions of three lowly expressed (low CAI) and

three highly expressed (high CAI) genes

Introns Exons

Genes CAI L d L ds

sfa, mid, Pdk <0.65 3434 0.64 +0.02 2499 0.65 £0.06

cblP, Gap4, Tpx  >0.80 1803 0.50+0.01 2427 0.13+0.02

L, number of sites analyzed. d; number of substitutions per site. ds, number of

synonymous substitutions per site.
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DISCUSSION

Analysis of 67 pairs of orthologous genes revealed similar codon usage and base
composition between C. reinhardtii and C. incerta, suggesting the absence of differences
in selective or mutational forces acting on codon usage in the two taxa since their
divergence. There is considerable variation in the synonymous and nonsynonymous
substitution rates among the C. reinhardtii/C. incerta genes examined even when the
extreme values are not considered. The synonymous substitution divergence across the
genes studied here is at least as large as the among-gene synonymous rate variation
reported in other systems, e.g., bacteria (Sharp and Li 1987a), vertebrates (Bernardi et al.
1993; Wolfe and Sharp 1993; Moriyama and Powell 1997b), and land plants (Alvarez-
Valin et al. 1999; Kusumi et al. 2002; Tiffin and Hahn 2002; Senchina et al. 2003),
although when comparing these values one must consider differences in methods of
divergence estimation, sample size, and gene sets, all of which can affect the level of
variation in the synonymous divergence among genes.

Evidence for a negative correlation between the estimated synonymous
divergence among genes and gene expression level, as supported here for C. reinhardtii/
C. incerta, has also been reported for bacteria and yeast (Sharp and Li 1987a; Sharp
1991; Pal et al. 2001; Smith and Eyre-Walker 2001; Rispe et al. 2004; Hirsh et al. 2005)
but contrasts with reports on mammals and Arabidopsis where synonymous substitution
rate and level of gene expression seem uncorrelated (Duret and Mouchiroud 2000;
Wright et al. 2002, 2004). At least two causes for the negative correlation between

synonymous substitution rate and expression level of the Chlamydomonas genes can be
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invoked: (i) synonymous substitution rate is reduced by translational selection, which
increases with gene expression, and (ii) highly expressed genes acquire fewer mutations
because of transcription-mediated repair processes (e.g., Berg and Martelius 1995; Eyre-
Walker and Bulmer 1995; see also Sullivan 1995 for a review). One expects that
transcription-coupled mutation-repair processes would affect introns and flanking exons
equally. Therefore, if such processes represent the major cause of the ds depression in the
exons of high-CAl genes (e.g., cblP, GapA, and Tpx) relative to the exons of low-CAI
genes (e.g., sfa, mid, and Pdk), the divergence among the introns should be comparable to
that observed at synonymous sites. Alternatively, if translational selection is the major
evolutionary force responsible for the lower synonymous divergence of high- versus low-
CAI genes, divergence of the introns should be largely unaffected and substitution rates
should not differ among the introns from these two sets of genes. The results obtained in
this study fall between these two extremes. Sequence divergence in the introns associated
with high-CAI genes is significantly lower than in the introns of low-CAlI genes
examined, a result consistent with increased transcription-coupled repair activity in
highly expressed genes. However, the difference in the synonymous substitution
divergence between the exons of the same two gene categories is about four times larger
than the divergence difference between their corresponding introns. Taken together, these
results are consistent with a role for both natural selection and mutation in setting the
negative correlation between ds and CAI in Chlamydomonas. Nevertheless, as the rate
difference at synonymous sites is larger than that observed in the introns, translational
selection seems to play a relatively bigger role. Moreover, it is not impossible to rule out

the possibility that also the rate difference between introns from high- and low-CAlI genes
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arises from natural selection acting on the sequence of introns from highly expressed
genes. Indeed, there are several reports showing that spliceosomal introns are subject to
constraints in sequence evolution, especially the first introns and the sites flanking
intron/exon boundries (e.g., Chamary and Hurst 2004) or that a certain amount of the
intronic sites are affected by positive selection (Andolfatto 2005). Nevertheless, there is
no report indicating that natural selection acts differently on the introns of highly and

lowly expressed genes.

The among-gene heterogeneity in the nonsynonymous substitution rates between
C. reinhardtii and C. incerta is considerable and shows more variation than the
synonymous substitution rates, which is in agreement with the expected variations in
functional constraints on the amino acid sequence in different proteins and with reports
on other biological groups (Bernardi et al. 1993; Graur and Li 1999; Wolfe and Sharp
1993; Tiffin and Hahn 2002). The negative correlation between the rate of
nonsynonymous substitutions and the level of gene expression found in a number of
systems (Duret and Mouchiroud 2000; Pal et al. 2001; Wright et al. 2002, 2004; Marais et
al. 2004; Rispe et al. 2004; Rocha and Danchin 2004; Subramanian and Kumar 2004;
Lemos et al. 2005) has also been observed here in C. reinhardtii/C. incerta. Different
models have been proposed to explain this connection. In the translational selection
model, highly expressed genes are proposed to be under purifying selection against
nonsynonymous changes that may be neutral with respect to protein function but
suboptimal with respect to translational efficiency (Akashi 2001, 2003). Other models
propose that genes that are broadly expressed across tissues in multicellular eukaryotes,

which are also the most highly expressed, are under enhanced functional constraints



46

because their products must function in a greater number of cellular environments
(Hastings 1996) or because nonsynonymous changes in these genes affect a greater
number of tissues and therefore have a greater impact on fitness (Duret and Mouchiroud
2000). In Chlamydomonas, the relationship between the rate of nonsynonymous
substitution and the level of gene expression might be better explained by the
translational selection model because there is evidence for translational selection in C.
reinhardtii (Naya et al. 2001) and C. incerta (this study), and because Chlamydomonas
taxa are unicellular organisms. Consistent with this idea are the following findings: (i) a
significant negative correlation between the rate of synonymous substitution in C.
reinhardtii/C. incerta and the level of gene expression, and (ii) a significant correlation of
both Nc and synonymous substitution rate with the nonsynonymous substitution rate
between the two taxa (Supplementary Fig. S3). Nevertheless, some effects on protein
functional constraints related to breadth of gene expression might be expected in C.
reinhardtii and C. incerta. These taxa undoubtedly exist under diverse environmental
conditions and have both asexual and sexual life-cycle phases so that genes may vary in
their breadth of expression under different physiological or developmental stages. If the
breadth and level of gene expression are correlated in Chlamydomonas, it may prove
difficult to separate their effects on protein evolution.

The highest nonsynonymous substitution estimates in the data set come from the
mid and pherophorin I gene, which are approximately six times greater than the value
averaged over the whole set of genes. Mid encodes a minus-dominance protein important
in gamete sex-determination in Chlamydomonas (Ferris and Goodenough 1997). Among

both unicellular and multicellular eukaryotes there is evidence that sex related genes
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evolve significantly more rapidly than genes not directly related to sex functions (e.g.,
Singh and Kulathinal 2000; Torgerson and Singh 2003; Zhang et al. 2004). In C.
reinhardtii and C. incerta, mid was reported previously to evolve rapidly in terms of
nonsynonymous substitutions. However, two regions of the predicted protein product
were observed to be conspicuously more conserved in amino acid sequence between
these species as compared to two other regions of the protein (Ferris et al. 1997). In this
study, the search of the InterPro Scan database (http://www.ebi.ac.uk/InterProScan)
revealed that the C-terminal region previously described as conserved between C.
reinhardtii and C. incerta indeed contains a domain conserved across the plant lineage
(the RWP-RK domain; Pfam accession no. PF02042). According to this study estimates,
the average nonsynonymous substitution rate for sites in the nonconserved regions of this
gene (dn = 0.28 = 0.06) is ~2.5 times higher than the rate averaged over all sites in the
gene (dy = 0.1136 + 0.02) and ~8 times higher than those averaged over the sites in the
conserved regions of the gene (dx = 0.035 + 0.013). The elevated evolutionary rates at the
nonsynonymous sites in the nonconserved regions are consistent with a relaxation of
functional constraint or, as proposed by Ferris et al. (1997), positive selection, while the
conserved domains are probably under purifying selection. Although the different
domains experience different rates at nonsynonymous sites, they have rather similar
synonymous substitution rates, base composition, and codon bias.

The pherophorin I gene belongs to a multigene family described so far in Volvox
carteri (Godl et al. 1995; Hallmann 2003) and C. reinhardtii (Nedelcu 2005). In V.

carteri, which is a colonial close relative of C. reinhardtii/C. incerta, pherophorins are
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major constituents of the extracellular matrix and are structurally related to the sex-
inducing pheromone (reviewed by Hallmann 2003). Divergence at both synonymous and
nonsynonymous sites in the pherophorin I gene is the highest in the data set. The points
representing the pherophorin gene in both the ds vs. CAI and dy vs. CAI plots lie
conspicuously well above the regression lines, suggesting that the expression level had
little cause for the high evolutionary rates of this gene. Relaxed purifying selection or
positive selection on this gene cannot be invoked to explain the high dy values unless a
substantial overestimation of ds is assumed, as the dx/ds ratio is not exceptionally high.
Alternatively, these pherophorin I sequences may have existed as ancient alleles or
paralogs prior to the C. incerta and C. reinhardtii speciation event and therefore had
more time to diverge. In this connection, the pherophorin I genes used in this study are
the most closely related pherophorin-like genes currently in the databases of the two taxa
on the basis of both phylogenetic affiliation (data not shown) and sequence similarity (the
BLAST E-value was at least 100 orders of magnitude smaller for this pair of genes than

for other hits).
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SUPPLEMENTARY MATERIAL

Table S1. Gene sequences employed for molecular evolutionary analysis

C. reinhardtii C. incerta
Gene product description Gene  Source *° Source ° No
(localization) Name ESTs

/Cluster

14-3-3-like protein erbl4  20021010.3760.1* DQ122864 7
14-3-3-like protein related 20021010.322.1% DQ122865 3
16kDa membrane protein (p) 20021010.683.1% DQ122866 17
40S ribosomal protein S15 rps15  20021010.8662.1*  DQ122867 30
40S ribosomal protein S3 rps3a 20021010.6021.1*  DQ122868 22
40S ribosomal protein S8 rps8a  20021010.8174.1*  DQ122869 110
60S ribosomal protein L.11 rpll]  20021010.9108.1* DQ122870 39
608 ribosomal protein L.31 rpl3]  20021010.8247.2* DQ122871 15
ADP/ATP translocator (m) Ant 20021010.1312.4* DQ122872 9
alternative oxidase 1 (m) Aox]  20021010.8476.1* DQ122873 1
apocytochrome ¢ (m) Cyc 20021010.8047.1° DQ122874 2
apoplastocyanin (p) PetE  20021010.5927.1° DQ122875 42
apospory associated C protein  apoC  20021010.2010.1*  DQ122876 6
asparagine synthetase related 20021010.2839.1* DQ122877 1
ATP synthase FO subunit 9 A9  20021010.6793.1° DQ122878 6
Aig;nzynthase delta subunit (p) AtpD  20021010.6167.1*  DQ122879 12
ATP synthase gamma subunit  AfpC  20021010.8211.1*  DQ122880 4
AT(g)synthase subunit II (p) AtpG  20021010.302.1° DQ122881 13
calmodulin 20021010.7619.1* DQ122882 4
carotenoid binding protein (p)  Cbr 20021010.6282.1° DQ122883 1

(continued)
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CRO57 mitochondrial carrier
protein (m)

cytochrome b6f 4.6 kDa
subunit (p)

cytochrome b6f /Rieske Fe-S
protein (p)

cytochrome c oxidase subunit
IIa (m)

cytochrome ¢ oxidase subunit
IIb (m)

dynein light chain outer arm 8
kDa

elongation factor alpha-like

extracellular polypeptide
Ecp88
expressed protein

ferredoxin (p)

G-strand binding protein 1
/telomere binding

glyceraldehyde-3-phosphate
dehydrogenase (p)

glyceraldehyde-3-phosphate
dehydrogenase

glycine decarboxylase
complex H (m)

GTP-binding YPTC1 protein

guanine nucleotide-binding
beta subunit-like protein

hydroxyproline-rich
glycoprotein VSP-3

inorganic pyrophosphatase (p)

light harvesting complex I
protein (p)

light-harvesting chlorophyli-
a/b binding protein (p)

mago nashi-like protein

mating type protein Mat3p/
retinoblastoma-like protein
minus dominance mating type

PetM
PetC
Cox2a
Cox2b

flal4

PetF
ghpl
GapA
gapC
GevH

yptCl
cblP

vsp-3

Ppal
LhcA

Lhcell-
1.3

mat3

mid

20021010.3328.1°
20021010.9358.1%
20021010.5600.1°
20021010.8491.1°
20021010.7853.1*
20021010.5682.1%

20021010.7498.1*
20021010.6280.1°

20021010.2916.1*
20021010.1713.1°
20021010.7660.1°

20021010.2014.1*
20021010.1974.1%
20021010.1228.1°

U13168°
20021010.6103.1°

1.29029°

20021010.8323.1°
20021010.2886.1°

20021010.1951.2%

20021010.3752.1%
AY781411°

U92071°

DQ122884
DQ122885
DQ122916
DQ122886
DQ122887
DQ122888

DQ122889
DQ122890

DQ122891
DQ122892
DQ122893

DQ122894
DQ122895
DQ122896

DQ222936
DQ122897

AY795084

DQ122898
DQ122899

DQ122900

DQ122901
AF375824

AF002710

11

14
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microtubule-associated protein 20021010.82.1° DQ122902
putative

NADH:ubiquinone 86.14.1.0° DQ122903
oxidoreductase 13kDa-like
subunit (m)

NADH:ubiquinone Nad7  20021010.2671.1* DQ122904
oxidoreductase 49kDa
subunit (m)

nucleic acid binding protein nabl ~ AY157846° DQ122905
putative

nucleolar RNA-binding 20021010.8625.1*  DQ122906
Nop10p-like

oxygen-evolving PsbP  20021010.3944.1* DQ122907
complex/thylakoid lumenal
25.6kDa (p)

oxygen-evolving enhancer Psbl 20021010.3356.2*  DQ122908
protein 1/OEE1 (p)

oxygen-evolving enhancer Psb3 20021010.5978.1>  DQ122909
protein 3/OEE3 (p)

peptidylprolyl 20021010.344.1° DQ122910
isomerase/cyclophilin-like

pherophorin I 20021010.8425.1* DQI122911

phosphoenolpyruvate pepCK  20021010.5947.2°  DQ122912

carboxykinase related
photosystem I subunit F (p) PsaF  20021010.1029.1* DQ122913

photosystem I polypeptide 28 ~ PsaH  20021010.6118.1° DQ122914
®)

photosystem I subunit N (p) PsaN  20021010.3360.1° DQ122915

Pr 46b Pr46b 20021010.3538.1°  AY825028

pyruvate dehydrogenase pdk AY781412° AF387365
kinase-like

S-adenosyl-L-homocystein sahH  20021010.2773.1* DQ122917
hydrolase

S-adenosyl-L-methionine samS  20021010.4325.1° DQ122918
synthetase

striated fiber assemblin sfa AJ344366° DQ122926

succinoglycan biosynthesis 20021010.4076.1* DQ122919
protein related (m)

thioredoxin peroxidase (p) Tpx 20021010.9242.1* DQ122920

translation initiation factor elF44 20021010.6321.1*  DQ122921

(continued)
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Table S1 (continued)

ubiquinol-cytochrome ¢ RisP 20021010.3115.1* DQ122922 2
oxidoreductase /Rieske Fe-S
protein (m)

unknown lumenal polypeptide 20021010.5100.1*  DQ122923 13
()

m, mitochondrial located. p, plastid located. * C. reinhardtii EST database at

http://www.chlamy.org. ® GenBank database at http://www4.ncbi.nlm.nih.gov.
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Table S2. Codon usage table of C. incerta and C. reinhardtii concatenated nuclear genes

from the datasets

C. incerta C. reinhardtii

Codon AA ObsFreq RSCU* Codon AA ObsFreq RSCU*
GCA Ala 55 0.134 GCA Ala 65 0.158
GCU Ala 342 0.831 GCU Ala 381 0.929
GCG Ala 400 0.971 GCG Ala 362 0.882
GCC Ala 850 2.064 GCC Ala 833 2.03
UGC Cys 205 1.934 UGC Cys 198 1913
UGU Cys 7 0.066 UGU Cys 9 0.087
GAU Asp 104 0.284 GAU Asp 93 0.257
GAC Asp 629 1.716 GAC Asp 630 1.743
GAG Glu 843 1925 GAG Glu 840 1.916
GAA Glu 33 0.075 GAA Glu 37 0.084
UUU Phe 46 0.174 UUU Phe 54 0.204
UUC Phe 484 1.826 UUC Phe 475 1.796
GGA Gly 24 0.079 GGA Gly 29 0.096
GGU Gly 169 0.556 GGU Gly 178 0.586
GGG Gly 65 0.214 GGG Gly 63 0.208
GGC Gly 958 3.151 GGC Gly 944 3.11
CAC His 231 1.878 CAC His 228 1.824
CAU His 15 0.122 CAU His 22 0.176
AUC Ile 436 2.141 AUC Ile 423 2.091
AUU Ile 162  0.795 AUU Ile 176  0.87
AUA le 13 0.064 AUA Ile 8 0.04
AAG Lys 917 1941 AAG Lys 917 1.949
AAA Lys 28 0.059 AAA Lys 24 0.051
UUA Leu 5 0.024 UUA Leu 2 0.009
UUG Leu 34 0.161 UUG Leu 28 0.133
CUA Leu 22 0.104 CUA Leu 16 0.076
CUC Leu 156 0.741 CUC Leu 149 0.707
CUG Leu 1002 4.756 CUG Leu 1011 4.799
CUU Leu 45 0.214 CUU Leu 58 0.275
AUG Met 312 1 AUG Met 298 1
AAU Asn 23 0.103 AAU Asn 23 0.102
AAC Asn 423 1.897 AAC Asn 430 1.898

continued
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CCG Pro 135 0.821 CCG Pro 145 0.864
CCU Pro 73 0.444 CCU Pro 80 0.477
CCA Pro 33 0.201 CCA Pro 34 0.203
CCC Pro 417 2535 CCC Pro 412 2456
CAG GIn 484 1.883 CAG GIn 489 1.895
CAA Gln 30 0.117 CAA Gln 27 0.105
CGG Arg 104 0.766 CGG Arg 96 0.714
CGC Arg 595 438 CGC Arg 577 4.29
CGA Arg 16 0.118 CGA Arg 14 0.104
AGA Arg 7 0.052 AGA Arg 7 0.052
AGG Arg 23 0.169 AGG Arg 22 0.164
CGU Arg 70 0.515 CGU Arg 091 0.677
AGU Ser 14 0.087 AGU Ser 15 0.092
AGC Ser 265 1.655 AGC Ser 277 1.696
UCU Ser 60 0.375 UCU Ser 85 0.52
UCG Ser 329 2.054 UCG Ser 311 1.904
UCA Ser 22 0.137 UCA Ser 31 0.19
UCC Ser 271 1.692 UCC Ser 261 1.598
ACA Thr 23 0.112 ACA Thr 23 0.113
ACC Thr 577 2.822 ACC Thr 559 2.744
ACG Thr 138 0.675 ACG Thr 145 0.712
ACU Thr 80 0.391 ACU Thr 88 0432
GUG Val 663 2364 GUG Val 688 2435
GUC Vval 346 1234 GUC Vval 333 1.179
GUA Val 20 0.071 GUA Val 15 0.053
GUU Val 93 0.332 GUU Val 94 0.333
UGG Trp 164 1 UGG Trp 165 1
UAU Tyr 27 0.128 UAU Tyr 25 0.119
UAC Tyr 394 1.872 UAC Tyr 395 1.88

RSCU values between C. incerta and C. reinhardtii are highly correlated (r = 0.999)
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Table S3. Substitution level estimates between C. reinhardtii and C. incerta for several

intron sequences

Genes with low CAI  #of dgS.E. Genes with high CAI  # of dtS.E.
sites sites
striated Intron 3 98  0.37+0.08 guanine Intron1 225  0.34+0.05
fiber Intron4 164 0.71+£0.11 nucleotide Intron2 232  0.76+0.10
assemblin Intron5 252  0.50+0.06 -binding Intron3 149 0.61+0.10
(sfa) Intron6 156 0.62+0.10 protein
Intron7 193  0.56+£0.08 beta
Intron8 242  0.58+0.07 subunit-
like
(chlP)
Minus Intronl 57  0.71£0.17 glyceralde Intron2 168  0.31+0.05
dominance Intron2 54  0.68+0.17 hyde-3- Intron3 180 0.52+0.07
mating type Intron3 39  0.41+0.13 phosphate Intron4 174  0.67+0.10
(mid) dehydroge Intron5 170  0.70+0.10
nase
(GapA)
pyruvate  Intron1 314 0.70+0.08 thioredoxin Intron1 105  0.22+0.05
dehydrogen Intron2 232  0.60+0.08 peroxidase Intron2 400  0.50+0.05
ase kinase- Intron3 137 0.86+0.15 (7Tpx)
like pdk  Intron4 370 0.69+0.08
Intron5 257 0.69+0.08
Intron6 201  0.59+0.08
Intron7 201  0.69+0.09
Intron 8 267  0.68+0.08
Intron9 197 0.52+0.08
Averaged (sd) 0.62(0.12) Averaged (sd) 0.51(0.19)

dixS.E., number of substitutions per site using the HKY85 model (Hasegawa et al., 1985)

£standard error. sd, standard deviation.
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Table S4. Likelihood ratio tests for variable rates among intron sites

Model

HKY85 with  HKY85 with
equal rates variable rates
among sites among sites

model =4,  model =4, fix
fix alpha=1, alpha =0,
alpha =0 alpha = 0.5

Log Log Likelihood Degrees of
Dataset  likelihood (£) likelihood (£)  ratio (2A¢) freedom (d.f.) P-value

Total data -12833.1428 -12833.0131 0.26 1 0.61
High

expression  -4321.1220 -4319.8256 2.59 1 0.11
introns

Low

expression  -8482.5915 -8482.5915 0.00 1 0.92

introns

Above results were obtained after gaps and ambiguities were excluded from the data.
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INTRODUCTION

Rates of nucleotide changes in the mitochondrial genome relative to the nuclear
genome vary considerably across taxonomic groups and the causes and biological
significance of this variation continues to be debated (Berg and Kurland 2000; Adams
and Palmer 2003; Hellberg 2006; Lynch, Koskella, and Schaack 2006). In land plants,
synonymous substitution rates are considerably lower in the mitochondrial genetic
compartment compared to the nuclear compartment (Wolfe, Li, and Sharp 1987; Gaut
1998; Muse 2000; Lynch, Koskella, and Schaack 2006) although dramatic reversals of
this trend were reported for two distinct groups of angiosperms (Palmer et al. 2000; Cho
et al. 2004; Parkinson et al. 2005). In mammals and many other metazoan groups, the
synonymous substitution rate is considerably higher in mitochondrial genes than in
nuclear ones (Brown et al. 1982; Moriyama and Powell 1997; Pesole et al. 1999;
Crawford 2003; Lynch, Koskella, and Schaack 2006). However, in some metazoans,
synonymous rates may be rather equal between the two genetic compartments (Lynch
1997; Moriyama and Powell 1997; Lynch and Blanchard 1998; Lynch, Koskella, and
Schaack 2006) or much lower in the mitochondrial compartment compared to the nuclear
one (Shearer et al. 2002). For some unicellular eukaryotes, i.e., fungi, ciliates,
apicomplexans, and trypanosomes, there is data supporting similar rates of synonymous
substitution in the mitochondrial and nuclear protein-coding genes (Lynch, Koskella, and
Schaack 2006). Differences in the synonymous substitution rates between the

mitochondrial and nuclear genes are generally explained by factors that cause differences
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in the mutation rate between the two compartments (Gray 1989; Lynch, Koskella, and
Schaack 2006).

For a diverse collection of taxonomic groups it has been argued that the fixation
probability of mildly-deleterious mutations in protein-, tRNA-, and rRNA-coding genes
is greater in the mitochondrial compartment than in the nuclear compartment, although
supporting evidence from the protein-coding genes of vertebrates may contract this idea
but perhaps not convincingly (Lynch 1996; Lynch 1997; Lynch and Blanchard 1998). A
higher fixation probability for newly-arising mildly-deleterious mutations in
mitochondrial genes compared to nuclear genes has been explained by more relaxed
functional constraints on the mitochondrial genes (Brown et al. 1982; Cann, Brown, and
Wilson 1984; Kumazawa and Nishida 1993). This has also been explained by the
typically uniparental transmission and effectively haploid nature of organelle genomes,
which can reduce the efficacy of purifying selection and increase opportunities for
fixation through genetic drift (Kurland 1992; Lynch, Koskella, and Schaack 2006).

Mitochondrial genome sequence data from the major phylogenetic lineages of the
green algae has expanded considerably in recent years (Bullerwell and Gray 2004; Gray,
Lang, and Burger 2004), however, knowledge across these lineages of relative rates of
nucleotide substitution in mitochondrial versus nuclear genes is conspicuously
incomplete. This deficiency results from the absence of sufficient sequence information
from both mitochondrial and nuclear genomes for species that are separated by an
evolutionary distance appropriate for comparative studies. Green plants belong to two
distinct lineages: the Chlorophyta (Sluiman 1985), which contains most of the green

algae (i.e., chlorophyceans, ulvophyceans, trebouxiophyceans, and prasinophyceans),
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and the Streptophyta (Bremer 1985), composed of charophycean green algae and land
plants. Although there has been no quantitative study of the rates of nucleotide
substitution in mitochondrial versus nuclear genes in the Chlorophyta, the mtDNA in the
chlorophycean Chlamydomonas reinhardtii is thought to evolve more rapidly than
nuclear DNA (nDNA), similar to the situation described in mammals but opposite from
what is typically understood for land plants. This view is based on phylogenic analysis
that supports in C. reinhardtii an accelerated rate of substitution in the small and large
rRNA coding regions from the mitochondrial compartment relative to those from the
nuclear compartment (Gray et al. 1989).

Estimates of substitution rates in a broad sample of nuclear protein-coding genes
between C. reinhardtii and its close non-interfertile relative Chlamydomonas incerta
have been recently reported (Popescu et al. 2006), however, there is no parallel study on
the mitochondrial genes from these taxa. The mitochondrial genome of C. reinhardtii has
been completely sequenced (Gray and Boer 1988; Michaelis, Vahrenholz, and Pratje
1990). This approximately 16 kbp linear DNA molecule, which is flanked on both ends
by long inverted repeat sequences, contains 12 standard genes and one non-standard
gene. The standard genes include coding regions for seven respiratory chain proteins,
three tRNAs, and two ribosomal RNA (rRNA) genes broken into several pieces (eight for
the large-subunit [LSU] and four for the small-subunit [SSU]) scrambled and interspersed
with other coding or non-coding sequences (Boer and Gray 1988a). The non-standard gene
in C. reinhardtii mtDNA has been described as a reverse transcriptase-like (7¢/) coding
sequence whose function and evolutionary origin remains uncertain (Boer and Gray

1988b). Finally, both strands of C. reinhardtii mtDNA encode genetic information and
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genes may be organized into two transcriptional units (Gray and Boer 1988). We have
undertaken the sequencing of the C. incerta mtDNA in order to estimate rates of
nucleotide substitution between C. reinhardtii and C. incerta mitochondrial genes and to

compare these rates with those reported for the nuclear genes from the same taxa.

MATERIALS AND METHODS

C. incerta strain and culture conditions

C. incerta was obtained from the Sammlung von Algenkulturen, Gottingen
(SAG), Germany, where it is listed as SAG 7.73 under the name C. reinhardtii based on
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 (2002).

Generation of the C. incerta 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) was used to amplify initially seven mtDNA segments larger than 2 kbp. The
sets of primers were designed primarily from C. reinhardtii mtDNA (GenBank accession
number NC 001638). Annealing temperatures were from 55 to 60°C. PCR products were

gel-purified and recovered with a Gel Extraction Kit (Qiagen). Cloned mtDNA segments
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and in some cases directly the PCR products were sequenced commercially (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 sequenced directly to resolve any ambiguities or to obtain full
coverage of the mtDNA fragment. The annotation of C. incerta mitochondrial regions 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 confirmed
by sequencing independent PCR products. The nuclear LSU rRNA coding sequence of C.
incerta was obtained by sequencing both strands of several overlapping PCR products.
Moreover, authentication of the C. incerta IDNA 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 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, Tamura, and Nei 2004)
and DAMBE (Xia and Xie 2001) software packages were used to compute the Effective
Number of Codons (Nc) (Wright 1990), base composition and Relative Synonymous
Codon Usage (RSCU) values, 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 (ds) and the number of nonsynonymous

substitutions per nonsynonymous site (dy) in the mitochondrial protein-coding regions
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were estimated using the ML 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 lead to the same conclusions and are, therefore, not presented. The number of
substitutions per site (d) in the mitochondrial and nuclear rRNA genes was calculated
using the Hasegawa-Kishino-Yano (HKY85) model (Hasegawa, Kishino, and Yano
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
rRNAs were defined based on the highly conserved blocks of the rRNA sequences as
characterized at 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
nuclear rRNAs and the alignments of the homologous rRNA genes are presented as as
Supplementary Figure(s) S4-S13. 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
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RESULTS

Mitochondrial genome structure

An internal 15,760 bp segment of the C. incerta mtDNA was sequenced. This
region is estimated to represent about 87% of the complete size of the C. incerta mtDNA,
predicted by Southern blot analyses to be approximately 18,000 bp (unpublished data).
All coding regions previously identified in C. reinhardii mtDNA were identified in the
partially sequenced mtDNA of C. incerta (Figure 3). In C. incerta, these coding regions,
like in its C. reinhardtii counterpart, are densely packed and the intergenic regions in both
mitochondrial genomes are either nonexistent or as long as 189 bp in C. incerta and 276 bp
in C. reinhardtii. 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 3’ end of cob, and the right terminal repeat sequence and 113 bp of the 3' end of
rrnL2b (Figure 3). Otherwise, the C. incerta mtDNA is co-linear with its C. reinhardtii
homolog, and its ~2,000 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 ¢ oxidase (cox!). 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. incerta this module corresponds to only the 3" half of its C. reinhardtii counterpart.
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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 (N¢) varies only
slightly among mitochondrial genes in the two species and these values are positively and
strongly correlated among orthologous gene pairs (r = 0.97). The mean Nc values across
all mitochondrial genes are not significantly different between the two species (t = 1.16,
P =0.28) (Table 3). In C. incerta, as reported earlier for C. reinhardtii, the standard
mitochondrial protein-coding genes exhibit strong synonymous codon usage bias (low
Nc), while the non-standard gene r#/ shows less codon bias (high Nc). In the standard
mitochondrial protein-coding genes five out of eight four-fold degenerate codon families
favor T- followed by C-ending codons, while three families favor A- followed by T- or
G-ending ones; 7t/ uses the synonymous codons more randomly than the standard genes
(Supplementary Table S5). In terms of Nc¢ or RSCU values, we found no obvious
difference between the group of standard mitochondrial genes located on one strand (cob,
nad4, and nad5) and the group located on the other strand (cox!, nad2, nad6, and nadl).

The base composition of protein-coding genes at four-fold degenerate sites was
compared to that of non-coding regions (intergenic sequences and introns). Among all
protein-coding genes, T and A, in that order, are the preferred nucleotides at four-fold
sites and this bias appears less evident in r#/ and even less but still evident in the non-

coding regions (Table 4).
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Table 3. The effective number of codons (Nc¢) of mitochondrial protein-coding genes in

C. incerta and C. reinhardtii.

Nc
Genes C.incerta  C. reinhardtii
Standard
cob’ 31.05 32.15
coxl 31.34 30.29
nadl 36.03 36.49
nad2 39.87 38.09
nad4 36.65 34.22
nad5 35.88 36.48
nad6 33.78 31.74
Average® 34.94 (3.13) 34.21(2.92)
Non-standard
rtl 46.68 4721

2 partial sequence; ° the average is the arithmetic mean and values in parentheses are the

standard deviations computed over all genes.
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Table 4. Base composition (%) at four-fold degenerate sites in mitochondrial protein-

coding genes (A) and non-coding regions (B) in C. incerta and C. reinhardtii.

A
Species Genes A T G C
(# of silent sites)
C. incerta Standard® (1222) 27.5 52.9 3.7 15.9
rtl (155) 25.2 42.6 14.2 18.1
C. reinhardtii Standard® (1290) 26.3 52.3 2.2 19.1
rtl (160) 24.4 40 15 20.6

? concatenated sequences.

B
Species " Non-coding regions A T G C
(# of sites)
C. incerta Intron cob (1078) 28.9 29.9 20.3 20.9
Intron coxI (1035) 27.2 29.2 23.8 19.8
Intergenic® (916) 29.1 29.7 18.1 23.1
C. reinhardtii Intergenic® (1214) 28.6 30.4 19.9 21.1

? concatenated sequences not including the region between nad5 and coxI where a switch

in the template strands occurs.
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Rates of nucleotide substitution in mitochondrial genes

The relative nucleotide substitution rates for the different mitochondrial genes are
reported in Tables 5 and 6. Among the standard mitochondrial protein-coding genes,
estimates of ds vary only slightly, whereas, dy estimates show 30-fold variation with
nad?2 having the lowest and nad4 the highest values. The non-standard coding region, 7,
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 = 0.36, P = 0.39). The dx/ds ratios for the individual standard
mitochondrial genes as well as the non-standard ¢/ are all considerably below 1, but
among these, r#/ has the highest ratio. The nucleotide substitution rates for the
mitochondrial SSU and LSU rRNA genes were estimated separately for the conserved
core and the variable regions (Table 6). The conserved regions of each gene evolve at less
than half the rate of the variable regions in the same gene and estimates of d 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 averaged 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.
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Table 5. Nucleotide substitution rates (+ standard error) between C. reinhardtii and C.

incerta mitochondrial protein-coding genes

Genes ds dn dnlds
standard

cob’® 0.22+0.04  0.004 £0.003  0.018
coxl 0.32+0.04 0.011£0.003 0.034
nadl 0.25+0.04  0.002 +£0.002 0.006
nad2 0.31+0.04 0.001 £0.001 0.004
nad4 0.26 +£0.03 0.036 £0.007  0.137
nad5 0.38 £0.04  0.012+0.003 0.032
nad6 0.28 £0.06  0.012+0.006 0.044

Average®  0.29(0.05) 0.011(0.011)  0.039(0.046)

non-standard
rtl 0.6 £0.07 0.17 £0.017 0.28

ds, number of synonymous substitutions/synonymous site; dn, number of
nonsynonymous substitutions/nonsynonymous site; * partial sequence; ® the average is
the arithmetic mean and values in parentheses are the standard deviations computed over

all genes.

Rates of nucleotide substitution in nuclear genes

For the nuclear compartment, data on the sequence divergence in the protein-
coding genes between C. reinhardtii and C. incerta were reported previously (Popescu et
al. 2006), while estimates of the sequence divergence for the SSU and LSU rRNA genes
between the same taxa are estimated here (Table 6). The nuclear SSU and LSU 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 noticed in the variable regions of the
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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 dj.

Rates of nucleotide substitution in mitochondrion versus nucleus

Estimates of the relative nucleotide substitution rates between the mitochondrial-
and nuclear-encoded protein-coding genes and between the rRNA-coding regions in the
two compartments are summarized in Table 6. On average, there is no statistically
significant difference between the standard mitochondrial- and nuclear-encoded protein-
coding genes in terms of synonymous (t = 0.73, P = 0.47) and nonsynonymous (t = 0.83,
P =0.41) rates. Similar results were obtained when r#/ 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
with the particular genes compared (Table 6). 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 6).
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Table 6. Comparison of nucleotide substitution rates (+ standard errors) between C.

reinhardtii and C. incerta mitochondrial and nuclear genes

Type of site mtDNA nDNA Ratio
mtDNA/
nDNA

Synonymous®

Average® 0.29 (0.05) 0.37 (0.29) 0.78

Min 0.22 £0.04 0.025 £0.018 6.66

Max 0.38 +£0.04 1.68 +0.48 0.23
Nonsynonymous®

Averageb 0.011 (0.01) 0.018 (0.02) 0.61

Min 0.001 £0.001 0.0 -

Max 0.036 £0.007 0.120 £0.015 0.30
Nonsynonymous/Synonymous®

Average® 0.039 (0.046)  0.056 (0.04) 0.70

Min 0.0045 - -

Max 0.095 0.071 0.75
SSU rRNA

Overall 0.036 £0.007  0.002 +0.001 18

Conserved core 0.021 £0.005 0 -

Variable regions 0.076 £0.017  0.0044 +0.002 17
LSU rRNA

Overall 0.075+0.008  0.0004 +0.0003 188

Conserved core 0.040+0.004 O -

Variable regions 0.120 +0.008  0.0006 £0.0006 200

® standard mitochondrial and nuclear protein-coding genes; ° the average is the arithmetic

mean and values in parentheses are the standard deviations computed over all genes.
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DISCUSSION

Comparative genome organization of the C. reinhardtii and C. incerta mtDNA

Based on the large segment of the C. incerta mtDNA sequenced in this study, the
C. reinhardtii and C. incerta mitochondrial genomes have similar gene contents and
genomic organizations. The only notable differences identified are the presence of two
group I introns and the absence of the 5' half of the coding module rrnL3a in the C.
incerta mtDNA compared to the C. reinhardtii counterpart. 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 (Denovan-Wright and Lee
1994; Fan, Schnare, and Lee 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 E. coli or other LSU rRNAs. In C. reinhardtii, rrnL3a is a 114 bp sequence
that contains a short palindromic motif and is co-transcribed with rrrnL3b, which encodes a
core fragment of the LSU rRNA; the L3a/L3b co-transcript is separated by post
transcriptional processing (Boer and Gray 1988a). In C. incerta, the rrnL3a fragment is
only 65 bp long, located upstream of rrnL3b and flanked at its 5' end by an A-rich, 11-

nucleotide sequence that can form a stable hairpin structure with a sequence near the 3’ end



77

of this coding region. Boer and Gray (1991) proposed that palindromic repeats in the
mtDNA of C. reinhardtii may play a role in the processing of mitochondrial transcripts.
The results of this study suggest that both rrnL3a in C. reinhardtii and its truncated
homolog in C. incerta are retained for this function, and do not encode a constituent of the

mitochondrial ribosome.

Comparative analysis of the mitochondrial codon usage of C. incerta and
C. reinhardtii

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
(cf., (Rocha 2004), which attempts to explain the co-evolution 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 mitochondrial-encoded tRNAs, namely,
tRNAM tRNAT™, and tRNA®™, 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 tRNAs™!

are used (Boer and Gray 1988¢). However, nothing is currently
known about the actual number or sequence structure of the tRNAs imported into the C.
reinhardtii and C. incerta mitochondria. The standard mitochondrial protein-coding
genes in both species use as preferred codons in four-fold degenerate codon families
those ending in T or A. 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
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thereby limit the number of tRNAs needed (Xia 2005). In C. reinhardtii and C. incerta
mitochondria such anticodon nucleotide choices may in turn influence codon evolution
and explain the following features of their mitochondrial codon usage: (i) in four-fold
degenerate codon families where T-ending codons are the most preferred, the second
most used codons are C- rather than A-ending, and (ii) in one four-fold degenerate codon
family where A-ending codons are the most preferred, G- rather than T-ending codons
are the second most preferred.

The analysis of 7/ codon usage in C. incerta, as shown earlier for C. reinhardtii
(Boer and Gray 1988b; Boer and Gray 1988c), revealed the absence of the strong codon
bias 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). In addition, for both Chlamydomonas
taxa, we found that the base composition at four-fold degenerate sites in r#/ is
intermediate between the base composition in the non-coding regions and at four-fold
sites in the standard protein-coding genes. All these data suggest that codon usage in 7/ is

under little or no translational selection in contrast to the standard protein-coding genes.

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 probably experience

a similar mutation rate and have comparable selective constrains at synonymous sites; the
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differences in the nonsynonymous rates are due to differences in the strength of purifying
selection as a result of variation in functional constraints. A similar range of variation in
both synonymous and nonsynonymous rates was reported for mammalian (Pesole et al.
1999) and plant (Laroche et al. 1997) mitochondrial genes.

Our analyses uncovered the rt/ locus as more rapidly evolving at both
synonymous and nonsynonymous sites than standard mitochondrial protein-coding genes.
The observations that r#/ has the highest ds value in the mitochondrial data set and shows
very little codon bias indicate that the synonymous sites in this gene are under weak (if
any) selective constraints. Because the neutral substitution rate is commonly used as a
rough measure of the mutation rate (Kimura 1968; King and Jukes 1969), the
synonymous substitution rate in this gene might reflect the mutation rate in the
mitochondrial compartment of C. reinhardtii/C. incerta. The higher dn/ds ratio for rt
compared to those for standard mitochondrial protein-coding genes suggests that
nonsynonymous sites in this gene are also under less functional selective constraints, so
that nonsynonymous changes are not selected against and accumulate. All these data on
C. reinhardtii and C. incerta rtl prompted return attention to the unexplained presence
and usefulness of this gene in Chlamydomonas. Interestingly, with the exception of C.
reinhardtii and C. incerta, rtl has not been identified in the three completely- (Denovan-
Wright, Nedelcu, and Lee 1998; Kroymann and Zetsche 1998; Kuck, Jekosch, and
Holzamer 2000; Nedelcu et al. 2000) and one nearly completely-sequenced (Fan and Lee
2002) chlorophycean mitochondrial genomes. Nevertheless, there is evidence that r# is
transcribed in C. reinhardtii (Boer and Gray 1988b), and as observed in this study, there

are no frame-shifting changes in the C. reinhardtii and C. incerta rtl sequences, in spite
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of the presence of seven additional codons at two different locations in the 5’end of the
C. incerta sequence relative to the C. reinhardtii homolog and of numerous point
substitution differences. These results suggest that r#/ is functional and not a pseudogene.
In C. reinhardtii it has been proposed that r#/ may encode a reverse-transcriptase-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 r#/ in these
green algal mtDNAs might be answered 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 mitochondrion versus nucleus

The average synonymous substitution rate estimates in the mitochondrial and
nuclear compartments are not statistically different, and the same is true for the
nonsynonymous substitution rates. If the synonymous rate is considered a proxy for the
mutation rate according to the neutral theory of molecular evolution (Kimura 1977), it
can be concluded that in Chlamydomonas, the average mutation rate is similar in the
mitochondrial and nuclear genomes. Additional support for this conclusion comes from
the observation that the estimate of the synonymous substitution rate in r¢/, the non-
standard coding region of the mtDNA, is very close to the substitution rate estimates in
the spliceosomal introns of nuclear genes (Liss et al. 1997; Popescu et al. 2006). The
synonymous sites in r#/ and most of the sites in these introns appear to be neutrally

evolving, so that the substitution rate at these sites may represent the best measure of the
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relative mutation rate in the two compartments. The conclusion that there are similar
mutation rates in the mitochondrial and nuclear compartments of Chlamydomonas agrees
with estimates described for some other unicellular eukaryotes (Lynch, Koskella, and
Schaack 2006). From the present study, data on the ratio of nonsynonymous and
synonymous substitution rates suggest no difference in the power of selection against
slightly deleterious mutations in mitochondrial protein-coding genes compared to those in
the nucleus. According to the reduced-efficacy-of-selection model applied to
uniparentally inherited and effectively haploid genomes, such as mitochondrial and
chloroplast genomes (Lynch 1996; Lynch 1997; Lynch and Blanchard 1998), a higher
fixation probability of slightly deleterious mutations in the mitochondrial protein-coding
genes compared to the nuclear ones might be expected. Although most of the data
available for invertebrates, fungi, and land plants support this hypothesis, results more
similar to those described here for Chlamydomonas have been observed in the vertebrate
lineage (Lynch and Blanchard 1998). Nevertheless, the functional non equivalence of the
protein-coding genes compared from the two compartments in this and other studies
could introduce biases.

Interestingly, while a difference in the average evolutionary rates of protein-
coding genes between the two compartments was not observed, 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
phyologenetic analysis indicated 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), but as the results of this present study show, the rRNA
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coding regions are poor indicators of the overall relative trends of evolutionary change in
the mitochondrial and nuclear compartment of Chlamydomonas. Rates of substitution in
the conserved core SSU and LSU rRNA sequences, normalized against estimates of the
mutation rate in the same genetic compartment, are typically higher in the mitochondria
than the nucleus, sometimes by a factor of 10 or more as in the fungi (Lynch and
Blanchard 1998). Chlamydomonas may be even more biased in this regard because no
differences were observed between the conserved core of nuclear SSU and LSU
sequences. The large difference in the evolutionary rates of the rRNA-coding regions in
the mitochondria versus the nucleus in Chlamydomonas could in theory be explained by
differences in their mutation rate and/or by differences in the probability that mutations in
these genes are fixed. The former possibility seems unlikely because the mutation rate
seems to be similar in the mitochondrial- and nuclear-compartments, as discussed above.
Hence, the rate differrence in C. reinhardtii and C. incerta comparison seems to be
explained by an elevated fixation probability of mutations in mitochondrial rRNA genes
compared to the nuclear counterparts, and this could by the result of differences in the
strength of purifying selection acting on these genes in the two compartments. It has been
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 translated in the mitochondrion is small, and if none or only few of these
proteins are involved in the mitochondrial information-transfer processes (Brown et al.
1982; Cann, Brown, and Wilson 1984; Kumazawa and Nishida 1993). Indeed the
mitochondrial genome of C. incerta and C. reinhardtii contains only seven standard

protein-coding genes and no protein-coding genes involved in information transfer.
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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. On the other hand, the low evolutionary rates of the nuclear SSU
and LSU rRNA coding regions, like counterparts in other eukaryotic taxa, might best be
explained by strong purifying selection rather than concerted evolution of this multicopy

gene family (Nei and Rooney 2005).



SUPPLEMENTARY MATERIAL

Table S5. Codon usage tables and RSCU values for standard mitochondrial protein-

coding genes (A) and r#l (B) of C. incerta and C. reinhardtii

A
standard mitochondrial genes®

C. incerta C. reinhardtii
Codon AA RSCU Codon AA RSCU
UGA * 0 UGA * 0
UAG * 0 UAG * 0.429
UAA  * 3 UAA * 2.571
GCA Ala 0 GCA Ala 0.047

GCU Ala 2747 GCU Ala 2.708
GCG Ala 0241 GCG Ala 0.031
GCC Ala 1.012 GCC Ala 1.214
UGC Cys 1.122 UGC Cys 1.256
UGU Cys 0.878 UGU Cys 0.744
GAU Asp 1.019 GAU Asp 1.107
GAC Asp 0981 GAC Asp 0.893
GAG Glu 2 GAG Glu 2
GAA Glu 0 GAA Glu O
UUU Phe 0.827 UUU Phe 0.709
UUC Phe 1.173 UUC Phe 1.291
GGA Gly 0302 GGA Gly 0.178
GGU Gly 317 GGU Gly 3.111
GGG Gly 0019 GGG Gly 0
GGC Gly 0509 GGC Gly 0.711
CAC His 1433 CAC His 1425
CAU His 0.567 CAU His 0.575
AUC lle 0.949 AUC e 0.977
AUU 1le 2.032 AUU Ile 2.023
AUA e 0.019 AUA e 0
AAG Lys 0263 AAG Lys 0.2
AAA Lys 1737 AAA Lys 1.8
UUA Leu O UUA Leu O
UUG Leu 357 UUG Leu 3.521
CUA Leu 1837 CUA Leu 1.803
CUC Leu O CUC Leu 0.014
CUG Leu 0326 CUG Leu 0.239
CUU Leu 0267 CUU Leu 0.423
AUG Met 1 AUG Met 1




AAU
AAC
CCG
CCU
CCA
CCC
CAG
CAA
CcGU
CGG
CGC
CGA
AGA
AGG
AGU
AGC
UCU
UCG
UCA
UCC
ACA
ACC
ACG
ACU
GUG
GUC
GUA
GUU
UGG
UAU
UAC

0.525
1.475
0.084
1.011
2.905
0
0.56
1.44
3.508
0
2.215
0.277
0

0
2.103
1.701
1.732
0

0
0.464
0
1.056
0
2.944
0.09
0.486
2.234
1.189
1
0.689
1.311

AAU
AAC
CCG
CCU
CCA
CCC
CAG
CAA
CGU
CGG
CGC
CGA
AGA
AGG
AGU
AGC
UCu
UCG
UCA
ucc
ACA
ACC
ACG
ACU
GUG
GUC
GUA
GUU
UGG
UAU
UAC

Ser
Thr
Thr
Thr
Thr
Val
Val
Val
Val
Trp
Tyr
Tyr

0.281
1.719
0.152
0.724
3.01
0.114
0.519
1.481
4

0
1.739
0.261
0

0
2.061
1.727
1.788
0

0
0.424
0
1.396
0
2.604
0.102
0.661
1.966
1271
1
0.694
1.306
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? concatenated sequences; the preferred codon in each synonymous family is underlined.

B
rtl

C. incerta C. reinhardtii
Codon AA RSCU Codon AA RSCU
UGA  * 0 UGA * 0
UAG * 3 UAG * 3
UAA % 0 UAA % 0
GCA A 0.571 GCA A 0.552
GCU A 2286 GCU A 1.655
GCG A 0.143 GCG A 0.552
GCC A 1 GCC A 1.241



UGC
UGU
GAU
GAC
GAG
GAA
UuU
uuC
GGA
GGU
GGG
GGC
CAC
CAU
AUC
AUU
AUA
AAG

UuA
UuG
CUA
CuC
CUG
CUU
AUG
AAU
AAC
CCG
CCU
CCA
CcC
CAG
CAA
CGU
CGG
CGC
CGA
AGA
AGG
AGU
AGC
UCU
UCG
UCA
ucc

NUNNNURITIIPIREAIOOT IV UV ZZZO OO O R A"~ I IQQQAQTIOIIOIT OO0

0.75
1.25
1.125
0.875

1.222
0.778
1.333

0.222
0.444
1.1
0.9
1.043
1.957

0.444
1.556

1.535
1.814
0.14

1.395
1.116

1.143
1.143
1.143
0.571
0.462
1.538
2.308

2.769
0.923

1.143
1.714
2.571

0.571

UGC
UGU
GAU
GAC
GAG
GAA
81818
UucC
GGA
GGU
GGG
GGC
CAC
CAU
AUC
AUU
AUA
AAG

UUA
UuG
CUA
cuc

CUG

CUU

AUG
AAU
AAC

CCG

CCU

CCA

CCC

CAG
CAA
CGU
CGG
CGC
CGA
AGA
AGG
AGU
AGC
ucu
UCG
UCA
ucc

VI IIIIOOT TV VZZZICOOOCOOCORARRTTTOnnooQTETmEHmOOO0

1.2
0.8
1.385
0.615

0.889
1.111
0.706
1.882
0.706
0.706
1.333
0.667
1.059
1.765
0.176
0.545
1.455

1.529
2.118
0.235
1.176
0.941

0.333
2.333
0.667
0.667
0.667
1.333
2.769

2.308
0.923

1.125
1.5
1.5

1.875
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ACA
ACC
ACG
ACU
GUG
GUC
GUA
GUU
UGG
UAU
UAC

gl dd <

0.571
1.429
0

2
0.96
0.48
1.28
1.28
1
0.769
1.231

ACA
ACC
ACG
ACU
GUG
GUC
GUA
GUU
UGG
UAU
UAC

gL << <A

0.421
0.842
0

2.737
1.043
0.522
1.391
1.043
1

0.833
1.167

The preferred codon in each synonymous family is underlined.
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Figure S10. Alignment of mitochondrial-encoded SSU rRNA genes of C. reinhardtii

(Cr) and C. incerta (Ci)

Notes:

Highlighted are the regions corresponding to the highly conserved core sequence of
SSU rRNAs as defined at www.rna.icmb.utexas.edu.

Pink letters represent the nucleotide positions specific to C. reinhardtii and C.
incerta SSU rRNAs without counterpart in the highly conserved core
sequence.

CLUSTAL X (1.8) multiple sequence alignment

Cr AAATTAGAGTTTGGTGCTGGCTCAGCTTTCATGCGCCGAGCGGTGGTTTATACATGCGAG
Ci -—ATTAGAGTTTGGTGCTGGCTCAGCTTTCATGCGCCGAGCGGTGGTTTATACATGCGAG

dhkokdkkhkkhhkhkhkhdhhbhkhbkrhhhbhhkdkkhkhdhddhhkhbhhhhrhihhhhkhhkhkdhhhhhhdkhdid
Cr CTTAAAAGATTAAGGCCACGAGTGCGTAATACGCGAGTTTAAATTTATTATACAAAAGTT
Ci CTTAAAAGATTAAGCGCACGAGTGCGTAATACGCGAGTTTTTATTTATTATACAACAGTT

Je ek kK ko kok deokokk dkkdkdhkhhkhkhkdkhdkhhdhkhhkhkhkhk Khkkkkdkhkikhkdkhkdk Fkkk

Cr GCTAGGTGACCCAATACGGGCATCGGGCAAAACTCGCGTAGGATTAGCGAGCTGGGTCGC
Ci GCTAGGTGACCCAATACGGGCATCAGGCARAACTCGCGTAGGATTAGCGAGCTGGGTCGC

dhkhkhkdAdkddhhkhdh b hhkhbdbhhbhd dhkdhhkhhdb kbbb ddkd bbb dddkhdhhddrhkddrhbhddd

Cr GACGCCAATACAGCGGCCCATGGCTTATCCTTAGCCTGTCTTAACGGTACTAGGCCACGG
Ci GACGCAAATACAGCGGCCCATGGCTTATCCTTAGCCTGTCTCAACGGTACTAGGCCACGG

R L e e e A I T I T ™
Cr TGGCACTGAAAAGGGGCCACGGTTCTTATGAACCCAGCAGTGTTGAATTTTGGACRATCG
Ci TGGCACTGARAAGGGGCCACGGTTCTTATGAACCCAGCAGTGTTGAATTTTGGACAATCG

ok ke ok ke ke de ke ke ke ke ke e ke o ke ke s e ok A b ok ke ke ok ke e A ok e ke ok ok A ok ke ok S ok b b R e ok e ok ok o ke ok ok ok ok ok

Cr CTTGAACGGCGEATCCAGATGCTGCTTACAARATTGTTTGTGAACACCCCCCAAGCACGT
Ci CTAGARAGGCGGATCCAGATGCTGCTTACAAACTTGTTTGTGAACACCGTCCAAGCACGT

Kk hkk hhkhkhkhhhkhkkkhkokhkk A kA kb hhhk hhkhkhkhkhkdkhkhkhkhkhkhkhk e Je Je ok Kk koS kKoK

Cr GCCAGAAGGGTCGGTAAAACGTGCGGTGTCAGTATAAAGCGTCTTGACTAGGCAGGCAGC
ci GCCAGCAGACGCGGTARAACGTGCGGTGTCAGTATARAGCGTCTTAACTAGGCAGGCAGC

Kk k kA Kk dkkkdhkkkkkkkhkhk Ak hkkhkkhhkhhhkkkhkhkdhd dkdhhkhkhkhkhkhhhdht
cr GCGTCTGAGCGTTAATGGTGAACACTTTAAACGTTGGGTAATATTCGGAGGATCGGTCAA
ci GCGTCTGAGCGTTAATGGTGAATACTTTARACGT TGGGTAATATTCGGAGGATCGGTCAA

khkhkhkAhkhkhhhkdhhrhbhhhhhdd dhhkdhdbbhddrdbhdr bbb hbbdddbddrd b ddrddhd
Cr ATGAGAATATTCCGGATGGAAAGCCGAAGGCGAAAGCACCARCATCAGAGTCACTARAGC

Ci ATGAGAATATTCCGGATGGAAAGCCGAAGGCGAAAGCACCAACATCAGGGTCACTAAAGC

hhhhkhkhkhkhkdhdhkhdbhbbhk bk hbkbhrhhbhbhbhbbhkhdkdhdkdhhdhbrhhhd Fhkhkhkhhkdhdhdki



Cr
Ci

Cr
Ci

Cr

Cr
Ci

Cr
Ci

Cr
Ci

Cr
Ci

Cr
Ci

Cr
Ci

Cr
Ci

Cr
Ci

TTCAACGCGTAAGTTTGGGTAGCGAACCGGATTAGAGACCCGCAGTAGTCCAAACCGTCA
TTCAACGCGTAAGTTTGGGTAGCGAACCGGATTAGAGACCCGTAGTAGTCCAAACCGTCA

dhkhhkdkhhkhdhhdkhhkhkhhkhkhhkhhkhhkhhkhkhkhkhhhkhhkhkkhkhhhhkdhh dhkkhhhkhhhhkdhkhhkhhkn

ACACATTATAGTTTTCARAATCTATAACGCCTGGTGATACGGTGGCAACACTATAAATCAA
ATACATTATAGTTTTCAAATCTATAACGCCTGGTGATACGGTGGCAACACTATARATCAA

d hohkhkhkhhkhkohdhhkdkhdk kA ok hdkddbh bk bbbk dhkhdh kbbb bbb rbkb b dkdbdkkkkhk

AGCAATTGGCAGCGATAGAGATGCGCGGTGGAATATGCTGTTTAAATCGAATTTACGCGC
AGCAATTGGCAGCGATAGAGATGCGCGGTGGAATATGCTGTTTAAACCGAATTTACGCGC

hhkkhhkdkhh bk kb hdkhkhkdhkhhbhdkhhkhkhhkdhhkhkbhbrhhhhhhhhhkhkhhh Hdkhkhkhhhkkhkhkkkk

AARAATCTTACCACTTTTTATTAAAATAGCTCTTGCATTGCTGAARAGTTCGAGCGGGACC
AAAATCTTACCACTTTTTATTAACATAGCTCTTGCATGGCTGAALAAGTTCGAGCGGGACC

hhkkhhkhhhkhhhkhkhdkhhkhkhhkhkhhhr dhdkhkhkdkdkhhhhbhkhk Shkdkhkdkhkhdkhhkhkhkhkrhhkhhhhkiih

TCGCCCTTAGTGCCGGTCTTTGCCACGTTTTCTGAACGGTCGAGCAAGTCATCATGGGGC
TCGCCCTTAGCGCCGGTCTTTGCCACGTTTTCTGAACGGTCGAGCAAGTCATCATGGGGC

dook gk gk dek ok kok dk ok e ok ke sk gk o de Sk 3k ok ok ok dk o ok dk gk ok dk Tk 3k ok Jk Jk ke 3k dk dk J ok ok Sk Ik dk 3k Sk dk ke dk Sk ok ok ok ok ok

TTATAGAGTGGGCTACAGGCGTATTACATTGGACACCCACAAGTTGGATACCAAAACTGT

TTATAGAGTGGGCTACAGGCGTATTACATTGGACACCTACAAGTTGG-TACCAAAARCTGT
T 2 2 2 22 e R  E 2 AR T E TR T T T T A T 2 T R

CCGAATATACGGATTGGAGTAGCAAAACGAGAGAACTATACAGTTCGTTTGCATCGTTAT
CCGAATATACGGATTGGAGTAGCAGAACGAAAGAACTTTAGAGTTCGCTTGCATCGTAAT

*hhkhkhkhkdkhkkhhrkkkhkhkdkhkkhdr dhkkkh kkhkhkhkk *k khkkhkrk *hkhkdkhkdhddr ok

GCCTTGCTGAAACTAGCCTCCATGAAGAAGGAATCGCGAGTAATCGTAGATCATTAGCGC
GCCTTGCTGARAC-GGCCTCCATGAAGAAGGAATCGCGAGTAATCGTAGATCATTAGCGC

K de K koK ke ok ok kokok hkdkhdhhhhhhdkdhkdkhkhkhkhhhkhhhkhhhdhkhhkhkhhhhhkhhhhhhhid

TACGGTGAAGGTAACCTCTATTGTGCACACATTGCCCGTCACCTCCGATAATAGTATTGT
TACGGTGAAGGTAACCTCTATTGTGCACACATTGCCCGTCACCTCCGATAATAGTATTGT

e ok e ke ok Sk ke ke ke de ke ke ke ke ke ek ke ke ke sk ek gk ke ke sk ok ok ke ok e ok ok ok ke ok R g S sk g ke e ke ok ok ok S sk sk ok e ok e ke ok ke ok

ACAGGAAGAACTATGGCTACACTTAAGTCGCGGCCTAGGAACGTATGCGTGATATTAGAG
ACAGGAAGAACTATGGCTACACTTATGTCGCGGCCAAAGAACGTATGCGTGATATTAGAA

dhkddkkdkkdkhkkhkdkhkbkhkhkhkhhkhhhdhkd Fhhkhkdkddddd b ok sk doddedk e de s do bk ok e e e

TTGGAGTAAGTCGTAACAGGTTGGGGTAGGGGAACCTGCTCCAGAGTCAAATTTATATAA
TTGGAGTAAGTCGTAACAGGTTGGGGTAGGGGAACCTGCTCCAGAGTCAAATTTATATAA

hhkhhhhkhkhhkhkhhhrAARkAhhrhkdhhb kbbb rd b b d bk h bbb bbb dk bbb hdhh b ddhdid
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Figure S11. Alignment of nuclear-encoded SSU rRNA genes of C. reinhardtii (Cr) and

C. incerta (Ci)

Notes:

Highlighted are the regions corresponding to the highly conserved core sequence of SSU
rRNAs as defined at www.rna.icmb.utexas.edu.

Pink letters represent the nucleotide positions specific to C. reinhardtii and C. incerta
SSU rRNAs without counterpart in the highly conserved core sequence.

Blue letters represent the nucleotide positions corresponding to the ITS region.

CLUSTAL X (1.8) multiple sequence alignment

Cr TACCTGGTTGATCCTGCCAGTAGTCATATGCTTGTCTCAAAGATTAAGCCATGCATGTCT
Ci W mmmmmmmmmmmm e GTAGTCATATGCTTGTCTCAARAGATTAAGCCATGCATGTCT

Fe %k d ke de Kk ke K ko ke gk g ek de ke ke e ko ok gk e e g e e e ke e e e ek ok ke
Cr AAGTATAAACTGCTTATACTGTGAAACTGCGAATGGCTCATTAAATCAGTTATAGTTTAT
Ci AAGTATAAACTGCTTATACTGTGAAACTGCGAATGGCTCATTAAATCAGTTATACGTTTAT

*khkkhhhkhbhkdbhhddhhbhkdbdbhkhrhkhhhdbddbhkdhhbhhhhbhdhdbhhhhhdhhbdohhrdhhrdrhdhdhk

Cr TTGATGGTACCTACTACTCGGATAACCGTAGTAATTCTAGAGCTAATACGTGCGCACAAC
Ci TTGATGGTACCTACTACTCGGATAACCGTAGTAATTCTAGAGCTAATACGTGCGCACAAC

R R L L R R R R R R R R R R R e 2 ]
Cr CCGACTTCTGGAAGGGTCGTATTTATTAGATAAAAGGCCAGCCGGGCTCTGCCCGACCTG
Ci CCGACTTCTGGAAGGGTCGTATTTATTAGATAAAAGGCCAGCCGGGCTCTGCCCGACCTG

e e g ek e ok e ek ok ok ok ok ek ke ok ok ok ok ok ok ke Sk sk ok ok ok ok ok ok ok ok ok ok ok ek ok ke ok e ok ke ok ok ok ok ok ok
Cr CGGTGAATCATGATAACTTCACGAATCGTATGGGCTCGTCCCGACGATGTTTCATTCAAA
Ci CGGTGAATCATGATAACTTCACGAATCGTACGGCCTCGCGCCGACGATGTTTCATTCAAA

ddohkdkdhkkhhdkhhdkhkhkddhkhhhhhdddddhde ddk &ddkd de e g de e ke ke de g ke e e e ke e g e ke ke

Cr TTTCTGCCCTATCAACTT TCGATGGTAGGATAGAGGCCTACCATGGTGGTAACGGGTGAC
Ci TTTCTGCCCTATCAACTT TCGATGGTAGGATAGAGGCCTACCATGGTGGTAACGGGTCAC

e ke e e e ke ke e ok e ke ke e ok ok e sk e ke ok sk o ke ok ok o ek o ok e ke ok ok ok ok ok Sk e ke ok ok ke ke ok ok ek ok ok
Cr GGAGGATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAGATGGCTACCACATCCAAGGAA
Ci GGAGGATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAGATGGCTACCACATCCAAGGAA

R R R R R I I I T T Y
Cr GGCAGCAGGCGCGCAAATTACCCAATCCCGACACGGGGAGGTAGTGACAATAAATAACAA
Ci GGCAGCAGGCGCGCAAATTACCCAATCCCGACACGGGGAGGTAGTGACAATAAATAACAA

ook ok ok e ok ek ke ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ke ok ok ok ok ok ok ok ok ok ok ok ok ok o ok ke
Cr TACCGGGCGCTTCGCGTCTGGTAATTGGARTGAGTACAATCTAAATCCCTTAACGAGGAT

Ci TACCGGGCGCTTCGCGTCTGGTAATTGGAATGAGTACAATCTAAATCCCTTAACGAGGAT

hhkhkhkhkhhkkhhhhhhhhdhhhhddhhhhhhrrdhhdhhddhhdhhdhhddhdhhdhddhhdhih
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CCATTGGAGGGCARAGTCTGGTGCCAGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATAT
CCATTGGAGGGCAAGTCTGGTGCCAGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATAT

e Jr Jede e de K de Je de Fede ke de A do e Je dede e e e ke e Je e e e do de de de ke de e de e e e sk ke v e de ke e e ek ke ke ke ke ke ok ke

TTAAGTTGTTGCAGTTAAAAAGCTCGTAGTTGGATTTCGGGTGGGGTGGTGCGGTCCGCC
TTAAGTTGTTGCAGTTAAAAAGCTCGTAGTTGGATTTCGGGTGGGGTGGTGCGGTCCGCC

2SS SRS RS RSl lslRitssRt Rttt st Rttt sl R ERE SRS

TCTGGTGTGCACTGCTCTGCTCCACCTTCCTGCCGGGGACGGGCTCCTGGGCTTCACTGT
TCTGGTGTGCACTGCTCTGCTCCACCTTCCTGCCGGGGACGGGCTCCTGGGCTTCACTGT

Fhhkhhh kA hkhkhhkdhh kA hhdhhkhhhhhhhhkhhrkhrhhdd b hhhhhddrdhddhdhddkddkhd

CTGGGACTCGGAGTCGGCGAGGTTACTTTGAGTARATTAGAGTGTTCAAAGCAGGCCTAC
CTGGGACTCGGAGTCGGCGAGGTTACTTTGAGTAAATTAGAGTGTTCAAAGCAGGCCTAC

dhkhkhkhkhhhkhkhhhhkhkhkhkhkddkdkddhhkddrddFbdrrrkrrbkrdhkhbhrbddrddddkdddhddhhkhkhdddhhhd ik

GCTCTGAATACATTAGCATGGAATAACACGATAGGACTCTGGCCTATCTGTTGGTCTGTG

GCTCTGAATACATTAGCATGGAATAACACGATAGGACTCTGGCCTATCTGTTGGTCTGTG
T R e S e R TR I T 2T T TR L

GGACCGGAGTAATGATTAAGAGGGGTAGTCGGGGGCATTCGTATTCCGTTGTCAGAGGTG
GGACCGGAGTAATGATTAAGAGGGGTAGTCGGGGGCATTCGTATTCCGTTGTCAGAGGTG

hkhkkhkkhhkhkhhkkhhkhkkkhhkkhkhkrkhkhkkhkhkhhkkhhkrdhkkhrhkhkhhkhkhhkhkhthkhkhkikrkhkhkkhktxk

AAATTCTTGGATTTACGGAAGACGAACATCTGCGAARGCATTTGCCAAGGATACTTTCAT

AAATTCTTGGATTTACGGAAGACGAACATCTGCGAAAGCATTTGCCAAGGATACTTTCAT
e de e ok sk e e ok e ok ek de ok ket e ek ok e ek ke ek ke kb kb ok kb k ok ke k ko

TGATCAAGAACGAAAGTTGGGGGCTCGAAGACGATTAGATACCGTCGTAGTCTCAACCAT
TGATCAARGAACGAAAGTTGGGGGCTCGAAGACGATTAGATACCGTCGTAGTCTCAACCAT

e e e K ok de g ok kK e e e de e K de e H K gk o Sk d e ke ke e ok e d e Sk e S e ke U e ke e e ke o ke ke o ok e ke K ok ke

AAACGATGCCGACTAGGGATTGGCAGATGTTCTTTTGATGACTCTGCCAGCACCTTATGA
ARACGATGCCGACTAGGGATTGGCAGATGTTCTTTTGATGACTCTGCCAGCACCTTATGA

e e Je de e dodede o de heode dede de dr de ot e de e e e de de e de e e ke e e K e de e e de e e e e e e de e e ke de e e ke ok e ke ok ek

GARATCAAAGTT I TTGGGTTCCGGGGGGAGTATGGTCGCAAGGCTGAAACTTAAAGGAAT
GAAATCAAAGTT T TTGGGTTCCGGGGGGAGTATGGTCGCAAGGCTGAAACTTAAAGGAAT

F kKo g ek e e ke ok ke kg ok ke ke K ok %k ke ko ke ke ke ke ke e e ok sk dk s e e e ke ok ke ok ke ok ke ke ke ke ok ke ko ok ke e ke ok

TGACGGAAGGGCACCACCAGGCGTGGAGCCTGCGGCTTAATTTGACTCAACACGGGGARA
TGACGGAAGGGCACCACCAGGCGTGGAGCCTGCGGCTTAATTTGACTCAARCACGGGGARAA

hhkkkdhhkdhkdkhdhdhddrddhbhkhbhbdhhkhrhdhbddhbdhdddhbbhdhkdhhhhhdkhkddhdhdhkdhhd

CTTACCAGGTCCAGACACGGGAAGGATTGACAGATTGAGAGCTCTTTCTTGATTCTGTGG
CTTACCAGGTCCAGACACGGGAAGGATTGACAGATTGAGAGCTCTTTCTTGATTCTGTGG

Je Kk koK ok kok ek ke deode g deok de g ke kg ek ok ke ke ke kok ke de e e g de e de de ke gk e ke e de de e ke ek e ke ok ke ke ke ok ok ok

GTGGTGGTGCATGGCCGTTCTTAGTTGGTGGGTTGCCTTGTCAGGTTGATTCCGGTARCG

GTGGTGGTGCATGGCCGTTCTTAGTTGGTGGGTTGCCTTGTCAGGTTGATTCCGGTAACG
ok ok sk ko kk kA AR A ARk ok kkkhkhkdkhkdh ok ko kA kA hkhkhhh ok hd kA Ak Rk khh ko

AACGAGACCTCAGCCTGCTAAATAGTCAGCATCGCACCTGCGGTGCGCCGACTTCTTAGA
AACGAGACCTCAGCCTGCTARATAGTCAGCATCGCACCTGCGGTGCGCCGACTTCTTAGA

Tk hkhkhhkhkhkhkhh bk kb bhhkhhkhdkdhhhkhkhkdhdhhdhkddhkrdhbhhhhkhhdhhhhkkhhdhhdh
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GGGACTATTGGCGTTTAGCCAATGGAAGTATGAGGCGATAACAGGTCTGTCATGCCCTTA
GGGACTATTGGCGTTTAGCCAATGGAAGTATGAGGCGATAACAGGTCTGTGATGCCCTTA

dhdkkhkdhkddhkhrhhhkhhhkhkdhdhhkhhhhhhkhhhkhhkhdhhkhhhkhhhhhhhhhkhdhhhhhdih

GATGTTCTGGGCCGCACGCGCGCTACACTGACGCGACCAACGAGCCTATCCTTGGCCGAG
GATGTTCTGGGCCGCACGCGCGCTACACTGACGCGACCARCGAGCCTATCCTTGGCCGAG

e J ke de e ke ke de v de de d de de e de e de e Kok e e e ke ke S de e ke ke ke sk gk gk ok e e e e e e ke ke s ke ok e ke ok e e ok e ko ke

AGGCCCGGGTAATCTTGTARACCGCGTCGTGATGGGGATAGATTATTGCAATTATTAGTC
AGGCCCGGGTAATCTTGTARACCGCGTCGTGATGGGGATAGATTATTGCARTTATTAGTC

Fhkkhkkhkhkhkhkh kb hhhhhhhdd bbb dk bk d kb kbbb bk r bk d bbbk bbbk kdddht

TTCAACGAGGAATGCCTAGTAAGCGCGAGTCATCAGCTCGCGTTGATTACGTCCCTGCCC
TTCAACGAGGAATGCCTAGTAAGCGCGAGTCATCAGCTCGCGTTGATTACGTCCCTGCCC

dhkkhkkhkhkhdbddkdkhdkdbdkdhdkhhdhbhdkokdkbkhdkdhhkhkhhdkdhdhkhkdhdhkdrhhhkhkhhh

TTTGTACACACCGCCCGTCGCTCCTACCGATTGGGTGTGCTGGTGAAGTGTTCGGATTGA
TTTGTACACACCGCCCGTCGCTCCTACCGATTGGGTGTGCTGGTGAAGTGTTCGGATTGA

He e e e Ak e Ao T de e sk e A e Sk e e e e e ke e e e ke e e ke e ok e e e oA e e A ok e e e e e e e e e e e dhe e e e R de e e e

GCTTGGCTGGGGCAACCTGGCCTTGCTTGAGAAGT TCATTARACCCTCCCACCTAGAGGA
GCTTGGCTGGGGCAARCCTGGCCTTGCTTGAGAAGTTCATTAAACCCTCCCACCTAGAGGA

ek de ok gk ok e Sk e e Sk ok dk sk e dke sk dhe T e dhe ok e ok ok 3k Sk sk Tk sk g Sk dke e ok gk S g Tk 3k Sk ke e ke ok dke gk S Sk ok ok Sk e ok Sk ok ke ok ok ke

AGGAGAAGTCGTAACAAGGTTTCCGTAGGTGAACCTGCGGAAGGATCATTGAATCTATCA
AGGAGAAGTCGTAACAAGGTTTCCGTAGGTGAACCTGCGGAAGGATCATTGAAT I TATCA

Hhkhkkhkdkddhdhbdbdbhbdhdhdhddkhbhdbhhddbhkhhhrddbhhbhkdhkhbhbddhdhkddrbddhbhhirhbdid

*h hkhkk e Je de g dede gk kodeokohok ke ok dhkhkdhkdkhhkdkhhhhkdhhkhkhhkhhhkhhhhkddki *

[ alnkil Nalaboh Nalel A Vel
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Figure S12. Alignment of mitochondrial-encoded LSU rRNA genes of C. reinhardtii

(Cr) and C. incerta (Ci)

Notes:

Highlighted are the regions corresponding to the highly conserved core sequence of
LSU rRNAs as defined at www.ma.icmb.utexas.edu.

Strikethroughed are the highly conserved core regions ambiguously defined; these
regions were not considered in estimating the number of substitutions per site.

Pink letters represent the nucleotide positions specific to C. reinhardtii and C. incerta
LSU rRNAs without counterpart in the highly conserved core sequence.

The segment encoding L2b of C. incerta LSU rRNA is sequenced partially.

CLUSTAL X (1.8) multiple sequence alignment

Cr AAGGGATTGCTGACTGATAGTGCAAACAGTACTGTGAAGGAACTAATGAAACTGGGCTAA
Ci AA-GGATTGCTGACTGATAGTGCACAAAGTACTGTGAAGGAACTAATGARACTGGGCGAA

Fde WhkhkAhhhkhhhhhhdhdhhhhh * HhhdhhdrIAdr N AN rhh I hhhhrh Sk

Cr AACACTATAAACACTARGTGCGCATTCCACCAATACGTGAGCATTCGCGCATTACCATTC
ci AATACTAACTAAACTAAGTGCGCATTCCACACAAATGTGAGCATTAGCGCATAACCATTC
* ok kkkd PR T EETE R E R SRR * Kk dkhkhkhkkdkhkdk Fdkdkhkdkk dkAkkokk
Cr TCCAGAGGATTTAAATGCACAAACCTATTTATGCCTTTTGGCATATGATTACACTTCGTT
ci TCCAGGGAATTTAAACGCACAAACCTATTAR ——————=———===mm——m— ACTTCGTA
*hkhkhkk K hhkkhkhkhkdk FhdhAhkrkkhkrkhkhkhkk K * ok &k Kk k ok
Cr ATATATCACTCGTTCAACATTTTTACAAACAGCTATAATTTAGCGTACCTTTTGCATTAT
ci ATATATTACACGTTCAACATTTTTACAAACAGCTATAATTTAGCGTACCTTTTGCATTAT

*hkdkhkhkhk hk khkkhkhkkhhhkhkhhkhhhkddhhhbddbhhbhrhkkhhhhbhdhddhdhhdhhkdhhkhhk

Cr GGGTTAGCTACTCAATAGACGTGAGTTAAGCAGAAAGCTTACTGAGATTTTTTTATARCG

Ci GGGTTAGCAACTCAATAGACGTAAGTTAAGCGGAAAGCTTACTGAGATTATTTTATACAG
Idkkkkhhk hhkkdkrrhkkkhh hhkhkhhk Kk kkkkhhhhhhhdhrr *rkkrkhkkx *

Cr AGAGGGGCCATCACAGAGATGCCCTCTCTGGGTTCCTTTAAATGTTACTAGGACCCCAAC
Ci GGAGGAGCCATCACAGAGATGCCCTCCTTGGGTTCCTTTAAATGTTACTAGGACCCCA~T

dk ek ok kok ok de ko ko ok ok kok ok ke ok ok ke etk e ke Kk ke ek ok ok ok ok ke T e e b e ok ke e ok bk ke ke ok ke ke

Cr GCGTGCAACAACACACTAAAGGGGTGGGCTGCCTAAAAAAGCCCGAGAGCTGCTGGTTCA

Ci GCGTGCTAAAACACACAAAAGGGGTAGGCAAAGTARAAAAGCC—~—~~————m————————
hkhhkdk Kk kkkhkhkhkh hkkkkkhk Akok ok e ke ok

Cr ACCCACACTCTCACAAGCCCCACATCGGTATTTTTAGGCTAAAATCTATCAGCCCTTGTA

Ci e e e
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Cr
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Cr
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Cr
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Cr
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CGTAACGATTGCGACTACGCATGCCTAAGTGCGCAAATGAGTGCCTAAGCACTCAATTTC

GGTGCTCGGTGAAACCGAGCATCCAATACTAAAGAAACTTTACTGGCTTAGTACTGGGAC

————————————————————————— ATACTAAAAAAACTTTACTGGCTTAGCACTGGGAC
Fkkkkdkhh kkkkkkhhkdkhhhkkdk  kokkhok ko ok

CCCATTTTTAGTATACCTACATTATATACAACGTCTATTGGACCCGAAACCGATCGATCT
CCCTTTTTTAGTATACCAATATTATATARARCGTCTATTGGACCCGAARAACCGATCGATCT

hhdk Kkhkkhdkdhkhkhkhkhhhk * hhhhhhhd Fhrdhddhhddhhrohhddhhdhhhkdhhhdrhiih

AGCGACGTGCAGGTCTGACTTTAATCAGGACCGAACCCGTGTCTGTTGCAAGAGACTGGG

AGCGACGTGCAGGTCTGACATGAATCAGGACCGAACCCGTGTCTGTTGCAAGAGACTGGG
e ek ok e e ek ke dede ek e sk gk e ko e ok e ok ok e e e ok o ke e ok ok e ok e e e e ok ok e ok o ok ke e ok ok ok e ek

ATGACACGTGGCTAGGGGTGAAAGGCCAATCAAGTTCGGTAATAGCTGGTTTTCTGCGAA
ATGACGCGTGGCTAGGGGTGAAAGGCCAATCAAGTTCGGTAATAGCTGGGTTTCTGCGAA

*hkhkkk hhkkhkhkhkhkkhkkkkhkkhkhkkkkhkhkhhkhhdhkhkhkkhkhkhkhkhkhkhkhkhkhkhkdhhk *hkkhkhkkkhkkhkkhkk

ATCTATTCAGGTAAAGAGTGTGTACTAAGACCATTAATTATAATACCGGTAGCGCAAGCG

ATCTATTCAGGTGRAGAGTGTGTACTAAGACCATTAATTATAATACCGGTAGCGCAAGCG
dededkdddkkdhkd hdkhkhhkdkhhkk ok kk ek k ke hkkde ke hkkhhkkk ke ko hkkox

AATGGTAATGGATCTAATACAACACATTCAGACAATCGGCGGTAAGGTCAATTGTCAAGA
AATGGTAATGGATCTAATACAACACATTCAGACAATGGGCGGTAAGGTCCATTGTCAAGA

ok h Rk KA RI I EE I IR IhFRFEI R R rhkrhd Fhdkhk bbb rkd FhkhhFhhkdhd

GGAGAACAGTCCAGAGGCGAGGCTAAGGTGCCTAACAATTATTATATACAAGGTAGAGTC
GGAGAACAGTCCAGAGGCGAGGCTAAGGTGCCTAACAATTATTATATACAAGGTAGAGTC

Je de e de e Je e e de de he de deFe Je e Je g e Je e e de b e e e dede de de e Jede e deode Je e e g ede e e Je e e Je e e de e e e e ke ke

TGCGTTGAACACCAGAACATAGGCTTGGAAGCAGCCACTGTGCTTGGAAAGCGTAATAGC
TGCGTTGAACACCAGAACATAGGCCCGGAAGCAGCCCCTGTGCTTGGRARAGCGTAATAGC

Khkkkkkhkrhkhkhhkhkhkkkdhhdhkhx khk Ak hkkkhkhk  dokodkok gk Ik ok ok Sk s ok ok kb sk ok b gk ok ok ok ok

TCACTGGTCTAGCAGTACTCCGCTTATATATGTCCGGCACTCCAAATTGCCGAAGCCCGC
TCACTGGTCTAGCAGTACTCCGCTTATATATGTCCGGCACTACARATTGCCGAAGCCCGC

hhkkkddkhhdhkhddbdddd bbb dhdhbddddbbbrbbhbhdbdbddbdd ddkddbd bbb ddddddhhdd

CTATGACAARAGTCATAGGTAGCAGAACGTTCTGGAACAATTACGCTGAARAACAGTACCA
CTATGACAARATGTCATAGGTAGCAGAACGTTCTGGAAATATAACGCTGAAAACAGTACCA

dhkkdkhkhkhkhkh FhkdkIkhkhhkhkkhkdhkhkhkhkhkkhkdkhhhkhhkx Fk g de dede e de e de e de de ke de e kKKK

GAATTGAAGCTGCTAACATAAGTAACACTAAATGGATAACATGGCCGTAAGCCCAAGGTT

GAATTGATGCTGCTAACATAAGTAACACTAAATGGATARCATGGCCGTAAGCCCAAGGTT
L R R R R I R T e

TTGCATAACAAACAGTGAATACGGTTTTTAATTAAAATTATATA--TACATACCGTACTG
TTGCACAACAAACAGTGAATACGGTTTTTACAATAATTTATATACATACATACCGTACTG

khkhkhkk hhkhhhkhhkhkdkhkhkdkdrrdrrhhhrhhk Jek hok Kok deokk J e e A kok kh ok ke oh ok ke

CARACCGACTCAGGTGGGCTAGTATATATACTCAGGCCATAGAATCAACCATGTTARAGG
CAARCCGAAACTGGTGGGCTAGTATATATACTCAGGCCATAGAATCAACCATGTTARAGT

* ke ok k ok ok ok d* kkhkkhhkohhdokhd ok hkokohkhohkohdokhhokhhkk ok ok dohddokkkohok ok ok okkhh
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ARCTCGGCARAATGCACGCGTGACCTCGGAGGAAGCGTGGCTAARAAGACTCAGCAAATA
ARCTCGGCARAATGCACGCGTGACCTCGGAGGAAGCGTGGCTAARAAGACTCAGCAAATA

e e Ak de e de de g dede de de de d Je de g de de dede e e de ke de e de de de e e de Fede de Fede de e Fe de e de Fe de ok de ek Kk ke Kok Kok

GCCGACAGCGACTGTTTACCAARAACACAGGATAGTGCTAACAGACGTAAATTAAGCTGC
GCCGACAGCGACTGTTTACCARARACACAGGATAGTGCTAACAGAAGTAAATTAGATTGT

ok ke ke ke de de ke de ke ke de e e dedke e e K e de ek ke e ke e e ke de g ke ke de de ke de e de ek ke ke ok ke oke ko e Rk K > &

ABRAAAGCGGTTTTATTTTTGGATGTATACTATCCGACGCCTGCCCARAAGGTGAAGARARAA
CARAAGCGGTTTAATTTTTGGATGTATACTATCCGACGCCTGCCCAAAGCGTGAATACAAA

Ahhkhkbdhhhhk dhkdhhhhdrhhkhdhhhhhhbdhhhhhhhhhhhhhdhhhhhhhhk * dhi

CGGCGGCAGTAACTCTAACTGTCCTAAGGTAGCGAAATTCCTTGACGTTTAATTGGCGTC
CGGCGGCAGTAACTCTAACTGTCCTAAGGTAGCGAAATTCCTTGACGTTTAATTGGCGTC

ddhkhkhkhkdhkhkddkddhkbdbdbkdbdbhdbdbddhhdbddhdbdbhbdbdrhhbdbhhdbddhhhkdkbdrdkdkkddkihdh

CTTGCATGAATGGCTGAACGACTGTCGGGCTGTCTCTAACATGGAATCTGTGAATTTGAA
CTTGCATGAATGGCTGAACGACTGTCGGGCTGTCTCTAACATGGAATCTGTGAATTTGAA

dhkdhkkdkhhh bk khkdhhrhhhdkhdhhdh b hhk bk hkhhbhhkrbhkhk bk kb kb dhhkrhkhhdk

ATCTTCGTGCAGATGCGAAGGCGCTGGCAAGGGACGAAGAGACCCTATGCAGCTTCGCTG
ATCTTCGTGCAGATGCGAAGGCGCTGGCAAGGGACGAAGAGACCCTATGCAGCTTCGCTG

e ok keode ok e e e e e o A ok W e e e ok e ok o e e ok b e ok A ke ke R ok e ok ok e o ok e e R o ok e e b ek R ok ok e e ok e e b e ok

GGTGCTAAGAGTTGGTCGTGAATTGTTGTAGTGGGTTGGAAACTGACAGGTTCAATACCT
GGTGCTAAGAGTTGGTCGTGAATTGCTGTAGTGGATTGGARACTAACAGATTARACCCCT

dhkkhkkdkkkhkkkokokdhobkdkkdkhkdhkhd dhkhhkdokk hhddkhkhkhhk ddhk *k Fok * ok ok

GATTACCACGTACTTCTAGACATTTACTCTTATCCTCAAGCTTTTCTGGGACGGATGCTT
GATTACCACATACTTCTAGACATTTACTCTTATCCTCARGCTTTTCTGGGACGGATGCTT

*kkkkk Rk ok Idek e de e Tk T e Fe b A e ke ok S o sk 3k ke d ok S e dke e e e e vk ke S o gk ok ok ko Sb ok A ok ke kb ok

CCTGRAATAGTAACGGGAGTGATCAATGGTACTGCTAACGACTTAARATAGAAAGCAGTGCT
CCTGAATAGTAACGGGAGTGATCAATGGTACTGCTAACAACTTAAATAGRAAGCAGTGCT

FhFh kK ko kTR ARk R A I I hkhkhhkkkr Rk hhhkkk ko ok k ok ok ok ok & Kk ok ok ok ok ke ek kok

TGACTGTAAGAACCACAGTTCGAGCAGGGACGCAAGTCGGCATTAATGACCCAGGGTAAC
TGACTGCAAGARACCACAGTTCGAGCAGGGACGCAAGTCGGCATTAATGACCCAGGGTARC

ddkohkkok hhkkkhkkkddhdkddkhdkbdbdbdbhhbbhbdbdkhbhbdbbbdbdbbddbbdkdbbddddbddddisd

ATTTTATCARATAGGTCGATAAAACTGCTTTTCTAAAGAGAGAGAGCACAAACGA-————
ATTTTATAACACGGGTTGATAAAACCGCTTT-CTAAAGAGAAAGAACAAATACCACACTT

*khkhkkhk K K dkkhk hhkhhhkhkkh hhkhdhkhk dhhkkhkkhkhkhkhk Fhkhk Ak Kk Kk K

ATTATACACAGTTACCCTGATCAACGGACAAAAGCTACGCTAGGGATAACAGGCTTATCC
ATTATAAACAGTTACCCTGATCAACGGACAAARGCTACGCTAGGGATAACAGGCTARCAC

dhkkhkk hhkhkhkhkhkhkhkhkhkhkhhdkhhbhbrhkrhhhhhkrhhhhhhbhhhdhrdrhkdkdiid * *

GCCTTTAGAGTTCCTATCGATGGGCGGGTTTGGCACCTCGATGTTGGATCATCGCGTCCT
GCCCTTAGAGTTCCTATCGATGGGCGTACGAGGCACCTCGATGTTGGATCATCGCGTCCT

dodk e dede e ke de ke de de K e de e e e e e ok e Kk kg e de % de e e de e Wk de ke ke v kok ek ke e ok ke ke ke g ok ke ke

GTGGCTGAAGGAGGTCGCAAGGGTTGGATTGTTCGTCCATTAAAGCGGTACGTGATCTGA
GTAGCTGAAGGAGGTTACAAGGGTTGGATTGTTCGTCCATTARAGCGGTACGTGATCTGA

*k  hdkedkdokdek ok Kdkkk dkdhdhkhkhkhkhkhkkdhkdkhkhkhkhkhkhkhhdhhkhkhhkhkhkhkhhkhkhkkkkkkhkd
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GTTCAGACCGTCGTGAGACAGGTCGGTTTCTATCTTTGTCAGCGAAAGGCTTGTTTTCTA
GTTCAGAACGLCCGTGAGGCAGTTCGGTTTCTATCTTTGTCAGCGTTAGGCTAAARAGG-A

dhkkkkhk hk kkkkdkhk hohkk  kk ok ok kk ok ko okkk ok ok dkok ok ke ok H e ek K *

GTGAGTTTGACACTCACGCCGAAACGCCTATGCACAGTTAGCCGCTGGGGGCGAGTACGA
GTTTGTTTCAGATARACTACGAAATGCCGATGCARAATTAGCCGCTGGGGGCGAGTACGA

* ok *kkk Kk K * & Kkdkkk Khkk hkkkk ok kkokkodkok ok ke k Rk ok kA ok kb ko ok ok ke ok

BAGGACCAGACCCCTATAAACCTCTGGTACACTTGTTGTCATTTACACGGCATAGCAAGA
AAGGACCAGACCCCTATGAACCTCTGGTGCACTTGTTGTCATTTTTACGGCATAGCAAGA

kkhkkkhkkhkhkhkkkhkhkhhkk hhkhkkhkhhkhkhdk hddkhkhkdkkdokkkokkhk e de de de Fe ke deodede Kok ek K

AAGCTAAGTTTTAAAAGGCTAGATTGCCTACARPTCAATARCACCCAREGACCCCGACTTA
AAGCTAAGTTCTAAAAGGCTAGATTGCCTCTARFCEATARCACCGAATGACCCCAACTGG

LA RS LR E R EELEEEE SRS EEEEEE S dkkd Ahhkhkdkhhkdkkhkdkdkkkdkkdk kkk

CARAAGTTTAGGACTAAAT TTTATGA = —— === === === == e e
TAACAGTTAAGGATTTTTATTATATACTTTATARAACTCCATGGTCTTTACCTATAGATA

*hk kkkk hkkhk K * K *

CAATTCAAAAACCATTTATTATACAR
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Figure S13. Alignment of nuclear-encoded LSU rRNA genes of C. reinhardtii (Cr) and

C. incerta (Ci)

Notes:

Highlighted are the regions corresponding to the highly conserved core sequence of LSU
rRNAs as defined at www.rna.icmb.utexas.edu.

Pink letters represent the nucleotide positions specific to C. reinhardtii and C. incerta
LSU rRNAs without counterpart in the highly conserved core sequence.

CLUSTAL X (1.8) multiple sequence alignment

Cr TCGACCTGAGCTCAGGCAAGATTACCCGCTGAACTTAAGCATATCAATARGCGGAGGAAA
Ci e e
Ccr AGARACTARCAAGGATTCCCCTAGTAACGGCGAGCGARCCGGGARTAGCCCAACTTGARR
Ci e
Cr ATCTCCCTTTGGAGAATTGTAGTCTAGAGAAGCGCTTTCTAGGGCTGGCGGAACTCAAGT
Ci e e
Cr CGGATCGAATGCCGCGTCAGAGAGGGTGATAACCCCGTCGGTTCCTGCCTAGTCCTTCCA
Ci e ACCCCGTCGGTTCCTGCCTAGTCCTTCCA

d gk F de Kk ok Kk ke ok ke ok ke ke e e ke e ke ok sk ok ke e K

Cr CGAAGTGCTTTCCACGAGTCGGGTTGTTTGGGAATGCAGCCCTAATTTGGAGGTAAATCC
Ci CGAAGTGCTTTCCACGAGTCGGGTTGTTTGGGAATGCAGCCCTAATTTGGAGGTARATCC

hhhkhkhkhkhhkhkhhhhhhhdhrhhkhkhrhhbhbhhhhkhkhhkhkhhrhhhkhhkdkhhkdhhkddhhhddddkdhdhkikih
Cr CTTCTAAGGCTAAATACTGCCGAGAGACCGATAGCGAACAAGTACCGTGAGGGARAGATG
Ci CTTCTAAGGCTAAATACTGCCGAGAGACCGATAGCGAACAAGTACCGTGAGGGAARAGATG

e e s e e o e e e e ke e o e e ke ke e e ok o e ok ek ok ok ok ok ok ok ke ok e ke ok ok o ok ok ok ook ok o ok ok o ok ok ek o
Cr ARAAGAACTTTGAAAAGAGAGTTAAAAGTGCTTGAAATTGTTGAGAGGGAAGCGATTGGC
Ci AAAAGAACTTTGAAAAGAGAGTTAAAAGTGCTTGAARATTGTTGAGAGGGAAGCGATTGGC

e e e e e o S e e e e Fe Fe o e ok ok ek ke ek ok ok o ek ok ek ok ok ok e ok ek ok ek ek ek ok ok ek e
Cr GCTCGTAGGTGCGCCCAGGCTTAAGCGGTCCTAACGGCCCGTTGAATGTGCTGGGTGCTG
Ci GCTCGTAGGTGCGCCCAGGCTTAAGCGGTCCTAACGGCCCGTTGAATGTGCTGGGTGCTG

hhkdhhkhkdhhhhhhkdhhhhhhdhhrdhhhhhhhdhhhhhdhhdhhdhbdbhbbdhrdrddh b hdhhdh*d

Cr GTCAGAATGGGTTGAGTTGGCGGGACAAAAGCTGGGTCCACCCAGGTAACCCGGCCGATG
Ci GTCAGAATGGGTTGAGTTGGCGGGACAAARAGCTGGGTCCACCCAGGTAACCCGGCCGATG

Je ke Fe kK deFed deode Fode g deode g Feode e e e g e e g ke e ok de e e de de e e e dek e ke ek de ek de e ke e e e de e ke ke ke ke
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Cr
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CCGCCGACTCGACCAAGGCGTAAAGAGTACCTTGTCCTTCGGGATCTGTGCTCTAAAGAT
CCGCCGACTCGACCAAGGCGTARAGAGTACTTTGTCCTTCGGGATCTGTGCTCTAAAGAT

dhkdkdkhhdhhkhdrhhhhkhhhhhhhhkhdhhdddd gk dddhdhddhhdkddddd dodk dddodeododededededke ok

TCTGGCAGAAGAGCGTCAATCGACCCGTCTTGAAARCACGGACCAAGGAGTCTAACATGTA
TCTGGCAGAAGAGCGTCAATCGACCCGTCTTGAAACACGGACCAAGGAGTCTAACATGTA

dhhkhkhkhkhkhhhkhkhhkddhhdhkdhdhhkdhdrhhkrrddbhhhhhbhbhhbhrhkdhhdhhkhhhhkhhdhhhhhk

TGCGAGTTGGCGGGTGGAAARCCCGTAAGCGCAAGTAACCTGACTGGTGGGATGGGGTAA
TGCGAGTTGGCGGGTGGAAAACCCGTAAGCGCAAGTAACCTGACTGGTGGGATGGGGTAA

Ahhhhkhhhkhkhhhhhkdhhkhhhhdhdhkhkhkhhdkdrdrhbrdhbhbhrhhbhhdhhhhdhbddhbdhdddhhhddhdh

AACCCTGCACCATCGACCGACCATGTTGTTTCTACGRAAGGTTTGAGTGCGAGCATACCT
AACCCTGCACCATCGACCGACCATGTTGTTTCTACGAAAGGTTTGAGTGCGAGCATACCT

Je ke d dek R e dedk ok g de ko gk e e de gk ek ko e gk e g ke e ke e ek e e ok ek e ok g e e gk ok ke ke ke ko ok

GTTGGGACCCGAAAGATGGTGAACTATGCCTGAGCAGGGTGAAGCCAGAGGAAACTCTGG
GTTGGGACCCGAAAGATGGTGAACTATGCCTGAGCAGGGTGAAGCCAGAGGAAACTCTGG

hkhkhdkhkhdkhkdhdddhhdhhhhhhhhbdhdhbhhhhhhdrbhdhddhhdrdhddhdbbhhrddhi

TGGAGGCTCGTAGATGTGC TGACGTGCAAATCGCTTTTCAGACTTGGGTATAGGGGCGAR

TGGAGGCTCGTAGATGTGC TGACGTGCAAATCGCTTTTCAGACTTGGGTATAGGGGCGAA
B R R s e R R R 2

AGACTAATCGAACCATCTAGTAGCTGGTTCCCTCCGAAG T TTCCCCCAGGATAGCTGGAG
AGACTAATCGAACCATCTAGTAGCTGGTTCCCTCCGAAG T TTCCCCCAGGATAGCTGGAG

e e e e e o Pe e e e de e o e de de de e de de ode deodeode g K de de ke e e e ke e de e e R Je de de de de g de B Je de de de b de ode K de do ke de b K

CTTGATCAGTTTTATCGGGTAAAGCGAATGATTAGAGGTTCGGGGGATGARACATCCTT
CTTGATCAGTTTTATCGGGTARAGCGAATGATTAGAGGTTCGGGGGATGAAACATCCTT

J ek e dk de ok Sk sk ok ok sk ok sk Je ok ke sk Sk ke sk ke ke Sk ok e gk ke ok ke ke vk ke sk Sk ok o Sk ok S ok S Sk sk S sk ok T ok ok ok ok Sk Sk ok Sk ok

CACCTATTCTCAAACTTTAAATAGGTAAGACGTGTCGGTTGCTTAATTGAACCGGCACAT
CACCTATTCTCAAACTTTARAATAGGTAAGACGTGTCGGTTGCTTAATTGAACCGGCACAT

ek de Kk ko de de ko ke ke ke ko ok e de ek e de ke de e ke de e e T e e de e kg T Je e g e ke e ok e gk e e e ke S e ke ke ok ke e ke ok

TCARTGTGAGCTCCAAGTGGGCCATTTTTGGTAAGCAGAACTGGCGATGCGGGATGAACC
TCAATGTGAGCTCCAAGTGGGCCATTTTTGGTAAGCAGAACTGGCGATGCGGGATGAACC

T & e de ke de de e de ek ek K ke ke gk de ek ke e ok gk e ke e e e de e e ke sk ok ke e de e e ke ok g e e e e e e ke ok e e ek ok ke ke ok

GATAGTCGAGTTAAGGTGCCAAACTACGCGCTAACCTAGATCCCACAAAGGGTGTTGATT
GATAGTCGAGTTAAGGTGCCAAACTACGCGCTAACCTAGATCCCACAAAGGGTGTTGATT

K K kA ok Kk ke ok ek ok ke ke e sk ke ke e e e ke e e e ke e ok ke Sk e ek ke e e ke ke ke ke e ke e ok s ke e e e ok ke ok e ke e ok ke

GATATAAACAGCAGGACGGTGGTCATGGAAGTCGAAATCCGCTAAGGAGTGTGTAACAAC

GATATARACAGCAGGACGGTGGTCATGGAAGTCGARATCCGCTAAGGAGTGTGTAACAAC
e e e Sk ok e e e e Je Je ok e e de ke ok ok ok ok ok ok ok ok o ek e g g e e ok ok ok gk ke ek e g ek ke ke ok ok ok ke ok

TCACCTGCCGAATCAATTAGCCCCGAAAATGGATGGCGCTTAAGCGCGTGACCTATACTC
TCACCTGCCGAATCAATTAGCCCCGARAATGGATGGCGCTTAAGCGCGTGACCTATACTC

ek e ke deodk ek e R e ok e de etk ke ok e ok sk o g gk o e ke ok b b gk S b 9 d e e e e e v sk ke b ke e g ok e e g ok g ke ke ok e e ke o

GGCCATGGAAGCAAGTGCGACGCTTCCATGAGTAGGAGGGCGTGEGGTGTCGAGACTAAGC

GGCCATGGAAGCARGTGCGACGCTTCCATGAGTAGGAGGGCGTGGGTGTCGAGACTARGC
dhkhddkhhdkkhhkdhhkddddhhhdkhhdkhdhhddhhdhhhhdddhhhdhhdhhhdkhdhhs
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CTCTGGCGTGAGCCTGGGTGARATCGGCATCTAGTGCAGATCTTGGTGGTAGTAGCAAATA
CTCTGGCGTGAGCCTGGGTGAATCGGCATCTAGTGCAGATCTTGGTGGTAGTAGCAAATA

Feok ke ok k ok ke ok ok ek ok ke ok ek ke ke ke ok e ok ek ok ke ke ok s e ok gk e ok e e ok ok e Ak ok ek ke ke ok ok ke ke ok ok ok

TTCARATGAGAACTTTGAAGACTGAAGTGGAGAAAGGTTCCATGTGAACAGCAATTGGAC
TTCAAATGAGAACTTTGAAGACTGAAGTGGAGAAAGGTTCCATGTGAACAGCAATTGGAC

K de v Ak ok sk ok sk sk ok ok ok ok ke e ke ke ok ek e ke ek e e e sk ke sk sk sk sk sk e ok e ok sk sk e o ke e ke ke ke sk Sk ke ke sk ke ke ke ke ok

ATGGGTTAGTCGATCCTAAGAGATGGGGTAATCCTGTGTGAAGAGCGCGATTCGCGCTGC
ATGGGTTAGTCGATCCTAAGAGATGGGGTAATCCTGTGTGAAGAGCGCGATTCGCGCTGC

sk e g K ok Pk ke sk R ek ke ek ke sk ok ke ok ke A ok ek ok e ok ok R ek R sk e e ok e sk ke ke ok ok ok ok R ok ok ke ok ok ok ke ok ok ke ke

CCATCGAARAGGGAAAAGGGTTAAGATTCCCTTACTTGGACAAGGCGGCTGGCGGTAACGC
CCATCGAAAGGGARAAGGGTTAAGATTCCCTTACTTGGACAAGGCGGCTGGCGGTAACGC

H e Fe Kk ke deok ke de ke de ke de sk ok e sk ke ke gk ke ke ke ok ok e ke e ok de ke ke ke ke ke sk ke sk ke ok gk ke ok ke ke R vk ke ke ok e e ke e ok Sk ek ok

AAGCGAGCCCGGAGACATCGGCATCGGCCCTGGGAAGAGTTCTCTTTTCTTTTTAACAAC
AAGCGAGCCCGGAGACATCGGCATCGGCCCTGGGAAGAGTTCTCTTTTCTTTTTAACAAC

e de e de ok e e ok ook ok A ok gk ok ok gk o ok T ok gk ok Tk ok ok ke ok ek ke e ok ke e ke ke ok g e ok ok ke e gk ok ke ko ok kR R ek ok ke ke

GCGAAGGCCCTGGAATCGAATCATTCGGAGATAGGGCTCAGACGTTGGTARAGCACCGCA
GCGAAGGCCCTGGAATCGAATCATTCGGAGATAGGGCTCAGACGTTGGTAARAGCACCGCA

hhkhkhkhkhhkhhkhhkdhhhhhkkhhdhbddhhhhhbhbhrhbhrhhhhdhhhrhbhhbrrrhhhbhhkhhhhkhkdhhdhk

CTTCTCGCGGTGTCCGGCGCGCCGTTGACGGTCCTTGAAAATCCGGGGGAGCATTCCCGA
CTTCTCGCGGTGTCCGGCGCGCCGTTGACGGTCCTTGAAAATCCGGGGGAGCATTCCCGA

Ihkhkdhkhhkddrhhhhdhdhddkdhdhddrhdddrhhkdhhhhkddhdhdhhhkdhddhddhdhddkdhhkhdhhihdhkihiihi

TCTTGCCAAGTCGTACTCATAACCGCATCAGGTCTCCAAGGTGAACAGCCTCTAGTCGAT
TCTTGCCAAGTCGTACTCATAACCGCATCAGGTCTCCAAGGTGAACAGCCTCTAGTCGAT

khkhhhkhkhhkhhkhdhhkhhdhhkdkhhhhbhhbhhbhbhhhhkdhhhhhkhkhhhhhhdhdhdhhddhkddhkdkddkdhh

AGAACAATGTAGATAAGGGAAGTCGGCARAATGGATCCGTAACTTCGGGAAAAGGATTGG
AGAACAATGTAGATAAGGGAAGTCGGCAAAATGGATCCGTAACTTCGGGAAAAGGATTGG

e d e ek sk Fe s e ke de ke Sk gk ke Je ok Sk o e e b Sk gk ok ok b Sk e Sk sk Sk Sk kb ok v S b ok Je e ok dk b Sk ok ke Sk ok ok Sk S ok Sk ok e ke ok

CTCTGAGGGCTGGGCCTAGGGGTCTGCAGCTGCGAAGCTCGGGACTGCGGTGGTCTACCC
CTCTGAGGGCTGGGCCTAGGGGTCTGCAGCTGCGAAGCTCGGGACTGCGGTGGTCTACCC

e ke ke S ke kg ke ok ok ok sk ke Sk gk gk Tk Sk ke ok e ok gk e e ok ok Sk ok sk Sk ok de ke ok Sk sk ok ok ok Sk sk ok ok e ok ok ok Sk sk ok b sk ok b ok ok ke ok

AGCTGGARAACGGCTGGGCGGACTGCTGCGTGTCCTGGGTGGACGGCTGTAGARGCTTCGG
AGCTGGAAACGGCTGGGCGGACTGCTGCGTGTCCTGGGTGGACGGCTGTAGAAGCTTCGG

Fhhkhkhkhkhkhkdhhrhdbhbhhrhkhrhkhkrbhkhrrhkhbhrdrdrrhbhdhrhdhbhkhbdhhdhhhdkhkihhhhdkhkhhh

CGTTCCCTAGGCGACGAACAGCCAACTCAGAACTGGTACGGACAAGGGGAATCCGACTGT
CGTTCCCTAGGCGACGAACAGCCAACTCAGAACTGGTACGGACAAGGGGAATCCGACTGT

hhkhkhkhkhhkdhkhkdkhhhhkhkhhrrrrhkhhhkrbdrhhbdhrhhhkhhkdrdhkdhhhkhhbdhdhhddkdddkddii

TTAATTAAAACAAAGCATTGTGATGGTCCTAAAGGATGTTGACACAATGTGATTTCTGCC
TTAATTAAAACAAAGCATTGTGATGGTCCTAAAGGATGTTGACACAATGTGATTTCTGCC

Ahkhkkkkhkhhkhkhkkhkhdhrhkhkkhkhkhkhkhrhkhbhbhkhhhhhhhhhhhrhrkrhhkhhhhhhkhhhkhkihk

CAGTGCTCTGAATGTCAAAGTGAAGAAATTCAACCAAGCGCGGGTAAACGGCGGGAGTA
CAGTGCTCTGAATGTCAAAGTGAAGAAATTCAACCAAGCGCGGGTARACGGCGGGAGTA

*hkkhkhkdkhhkhkhkhkdhhhdkhhhhhhhhdhhhhhhdhdhhhrbhhbbhdhddhbdhhbhdhhhhhhhd
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ACTATGACTCTCTTAAGGTAGCCAAATGCCTCGTCATCTAATTAGTGACGCGCATGAATG
ACTATGACTCTCTTAAGGTAGCCAAATGCCTCGTCATCTAATTAGTGACGCGCATGAATG

hhkhkhhhkhhkhkhhkhhhkhhkhdhhhddhhkhdrhkrdhbrhbrhhdrbhbhhhhkrkidrrhbrdrbbhbrkrhbhhhbhhhhkh

GATTAACGAGATTCCCACTGTCCCTATCTACTATCTAGCGAAACCACAGCCAAGGGAACG
GATTAACGAGATTCCCACTGTCCCTATCTACTATCTAGCGAAACCACAGCCAMAGGGAACG

de ke ok ok k ok ke ke ke ke ke e e ke ke e Sk ok e ke e ke sk ok ke ke e Tk sk o kb ok ke ke ek e e ke b ok bk e ok ok ok b ke ke ok ok ok ok ok

GGCTTGGAATAAACAGCGGGGAAAGAAGACCCTGTTGAGCTTGACTCTAGTCCGACTTTG
GGCTTGGAATAAACAGCGGGGAAAGAAGACCCTGTTGAGCTTGACTCTAGTCCGACTTTG

dhkkhkhkhkhhkhkhkhhkdhhhhkhbhkhhbhkbbbhkdhhdhbhkdhhrhdbhbdhbdhdhdhhdhhkdkdkdkdkhkdkdhkdhdhd

TGAAATAACTTAAGAGGTGTAGRAATAAGTGGGAGCTTCGGCGACGGTGAAATACCACTAC
TGAAATAACTTAAGAGGTGTAGAATAAGTGGGAGCTTCGGCGACGGTGAAATACCACTAC

hhkkhkkhkhdhhhdkkhdhkhhhkhkhhkhkdhkhhhhdhhhhhhhkrhhhhhhkhkhhkhhkhkhkkhhkdhkhkdhhkhx

TTTTAACGTTGTTTTACTTATTCCATTACTTGGAGGCGGGACTCTGTCCCTGCTTCTAGC
TTTTAACGTTGTTTTACTTATTCCATTACTTGGAGGCGGGACTCTGTCCCTGCTTCTAGC

e ke de e ke ke ok ke ek de sk e ke e ok sk Sk e ke S e de ke sk sk vk ke Sk ok e g e ke ke ke e e ke ke Sk e ke e e ke e ke ke gk ok e ke ke e ke ke ke ke ke

TCTAAGACGGCTTTTGCACGTCGATCCAGGTGGAAGACATTGTCAGGTGGGGAGTTTGGC
TCTAAGACGGCTTTTGCACGTCGATCCAGGTGGAAGACATTGTCAGGTGGGGAGTTTGGC

* de Kk de Kk ok gk ek ok gk ke ke ke ke gk ke ke ke ke ke sk ek ke ke ke ke ke b g sk ke ke ek ke ke b ok ek ke ke sk ok ke ke ko ok ok ke ke

TGGGGCGGCACATCTGTTAAAAGATAACGCAGGTGTCCTAAGATGAGCTCAACGAGAACA
TGGGGCGGCACATCTGTTAARAGATAACGCAGGTGTCCTAAGATGAGCTCAACGAGAACA

dhkkhkkhhkhkdhhhkdkhhhkhrhhhhkhhhkhhhhhhdbhkhhbhkrdhrhdiddhhdhdddhdhdddhdddkhhk

GAAATCTCGTGTAGAACAAAAGGGTAAAAGCTCATTTGATTTTGATTTTCAGTACGAATA
GAAATCTCGTGTAGAACAAAAGGGTAAAAGCTCATTTGATTTTGATTTTCAGTACGAATA

dhkhkhkhhkhkhhkkhddkhkhkhkhkhkdhbdkhbhbhkddhbhbdhdhbhbdhhkdrhddhbdhhbhkdhhbhbhhhdhbhhrhit

CAAACTGTGAAAGCATGGCCTATCGATCCTTTAGCCTTTCGGGATTTGAAGCTAGAGGTG
CAAACTGTGAAAGCATGGCCTATCGATCCTTTAGCCTTTCGGGATTTGAAGCTAGAGGTG

S e de de e de de e de de e e e e e e de ek dhe de e Sk e e ke e e de e sk dke e de gk e e e e e S e ok Sk e e sk e e e ke e e ke e ok e ke ke ok

TCAGAAAAGTTACCACAGGGATAACTGGCTTGTGGCAGCCAAGCGTTCATAGCGACGTTG
TCAGAAAAGTTACCACAGGGATAACTGGCTTGTGGCAGCCAAGCGTTCATAGCGACGTTG

Khkkhkkkhkhkhkhkkhkhhkhhkhhkkrhkkhhhkhbhhkhkhkdhdhhbrkrhhhkdhhdhkrhddhkdhhdhdhdkhr

CTTTTTGATCCTTCGATGTCGGCTCTTCCTATCATTGTGAAGCAGCATTCACCAAGCGTT
CTTTTTGATCCTTCGATGTCGGCTCTTCCTATCATTGTGAAGCAGCATTCACCAAGCGTT

s ke de kK de ke de g ok Je de ke ke ko ok ke sk ok ke ok ke ke sk sk ok Sk e sk vk ok e Je kg ok ok sk ke ok e sk ok ok ok Sk ok ke ke ok ok ke ok ke ke ok

GGATTGTTCACCCACTAATAGGGAACGTGAGCTGGGTTTAGACCGTCGTGAGACAGGTTA
GGATTGTTCACCCACTAATAGGGAACGTGAGCTGGGTTTAGACCGTCGTGAGACAGGTTA

KA A AT A KA AR KR IR AR AR A AR AAARAATAAARNARNRKIARN AR A ARKR AN AN N KN * AN hhohd

GTTTTACCCTACTGTTGGACCGATTCCGCCATAGTAATTCGGCTCAGTACGAGAGGAACC
GTTTTACCCTACTGTTGGACCGATTCCGCCATAGTAATTCGGCTCAGTACGAGAGGAACC

ok e e g e de ok e de ke e e ke ke ok ke ke ok e Sk e o Sk ke ke e ke e ke ke T e e ke e e e ke Sk e e ke ke e ke ke sk ok R ke ke ke ke ok e ok ok ke ke ok

GCCGAGTCAGATAATTGGTAATGCCCTTGTCTGAAAAGACAATGGGGCGAAGCTAACATC
GCCGAGTCAGATAATTGGTAATGCCCTTGTCTGARAAAGACAATGGGGCGAAGCTAACATC

ek ke Kk ke e ok e ek de ke ke ke ke ke e de ok ke e ok ke vk e ke ke e e ok sk g e ke e sk g e ok e b ok e b ke e ok ke ke ke ke ke b ok ke ke ok ok
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TGTAGTCTAATGACTGAACGCCTCTAAGTCAGAAGACGTGCTAGGTGCGGAGTCACTTAC
TGTAGTCTAATGACTGAACGCCTCTAAGTCAGAAGACGTGCTAGGTGCGGAGTCACTTAC

hhkhkhhhkhhhhhhhkhhdhkhkhkrdkhkrkrdrrddrkrdrdbrrkhkdhkhrhkdrhrhhkrdbrrkdkrkrrdrdkhdbhddkrdrrrrdrh

CCAATGATGTCACCCGACTAAGGATACATCCGCCTGTGCGGATGCTGGAGCATACCCGTT

CCAATGATGTCACCCGACTAAGGATACATCCGCCTGTGCGGATGCTGGAGCATACCCGTT
e e Je e ok e T e e e e e e ok e ek ok ok ek ok ok ke ok sk ko ok ok e ok ok ok ok ek ok ok ok ok ok K Ak ok ok K

GGTTCCCCTGTTAGGTCCACATGGCCGAAGCAGGCGCCAAGCATGACAATTCCACTCGTC
GGT-CCCCTGTTAGGTCCACATGGCCGAAGCAGGCGCCAAGCATGACAATTCCACTCGTC

kdk  dekkokhkokhohkokdkdk ok dhok ok ok ok ok ok ok ok k ok ok ok h ok ok ok dhok g gk g g ded de e ko de ke dedeke ke ke

ATTGGGGTAAATCCTCTGTAGACGACTTTGTTGCAACTGGGTATTGTARGTGG TAGAGTG
ATTGGGGTARATCCTCTGTAGACGA-———==== == === - ——mmmm oo

dhkhkkhkhkhkhkhhhkhhhkhhkhhhdhhkhkdhk

GCCTTGCTGCTACGATCCACTGAGATTCATCCCLTGTTGCTAAGATTTGT
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The study of different evolutionary parameters (nucleotide substitution rates,
codon usage bias and level of gene expression) in the nuclear-encoded protein-coding
genes of the chlorophyte C. reinhardtii and its close relative C. incerta, and the
comparative analysis of the relative substitution rates between the nuclear-and
mitochondrial-encoded genes (protein- and rRNA-coding genes) of the two taxa lead to
the following conclusions: (i) compositional and synonymous codon usage biases vary
among nuclear genes within each species but are highly correlated between the
orthologous genes of the two species, (ii) relative rates of synonymous and
nonsynonymous substitution across C. reinhardtii/C. incerta nuclear genes are very
heterogeneous and show a strong negative correlation with the level of gene expression
estimated by the codon adaptation index, (iii) comparative analysis of substitution rates in
introns of lowly and highly expressed nuclear genes suggests that natural selection has a
larger contribution than mutation to the observed correlatior.l between evolutionary rates
and gene expression level in Chlamydomonas, (iv) overall, both synonymous and
nonsynonymous substitution rates do not to differ significantly between the
mitochondrial and nuclear genes and it seems that the mutation rate is rather similar in
the two genetic compartments, (vi) the mitochondrial small and large subunit rRNA-
coding regions are much more rapidly evolving than their nuclear counterparts, and this
difference might be explained by the mitochondrial translational apparatus being under
relaxed functional constraints due to the small number of proteins translated in
Chlamydomonas mitochondria, and (vii) the non-standard mitochondrial gene, r#/, which
resembles a reverse transcriptase-like sequence, maintains an open reading frame in both

C. reinhardtii and C. incerta, consistent with functionality; the elevated substitution rate
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at both synonymous and nonsynonymous sites in r¢/, compared to the standard
mitochondrial protein-coding genes, however, suggests a relaxation of selective
constraints and possibly an ongoing loss of r#/ function in these taxa.

Although this study represents only the first step in addressing issues like: (1)
relative roles of translational selection and transcription-coupled repair processes in the
nuclear compartment of this model group of green algae, and (ii) relative roles of
mutation, genetic drift and selection in determining the codon usage and nucleotide
substitution rate in mitochondrial versus nuclear genes and in shaping the mitochondrial
genome structure in Chlamydomonas, the sequence data and the resuts of this study
should prove valuable in guiding future comparative and experimental work. For
example, by improving annotation of orthologous genes from these taxa and employing a
larger dataset of nuclear genes it should be possible to investigate attributes such as gene
age, gene length, and codon usage bias along the translational gradient that have been
shown in other systems to have fine scale effects in shaping the rates and patterns of
nucleotide sequence evolution. In addition, the hypothesis that the mitochondrial
translational apparatus in Chlamydomonas is under relaxed constraints relative to the
cytosolic one could be tested in future work. According to this hypothesis, genes for
ribosomal proteins that function in the mitochondria are expected to evolve faster than
those that function in the cytosol. In Chlamydomonas, no mitochondrial ribosomal
proteins are encoded in the mtDNA but rather are likely all encoded in the nucleus and
targeted to the mitochondrion. Although there is available sequence data for some nuclear
genes for putative mitochondrial-targeted ribosomal proteins in the case of C. reinhardtii

(EST and genomic data), the orthologous sequences for C. incerta have not been
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identified in our EST libraries. Another approach to testing the hypothesis that the
mitochondrial translational apparatus in Chlamydomonas is under relaxed constraints due
to the small number of genes encoded by its mtDNA could take advantage of fact that the
number of standard protein-coding genes in the mitochondrial genome of different
chlorophyte lineages ranges from a low of seven, such as in C. reinhardtii and C. incerta,
to 11-13, as seen in Pedinomonas minor and Scenedesmus obliquus, to 29-33, as seen in
trebouxiophycean, ulvophycean and prasinophycean taxa (see
http://gobase.bcm.umontreal.ca)(O'Brien et al. 2006). One could therefore compare the
evolutionary divergence of the mitochondrial rRNA genes, normalized against relative
mutation rate, in chlorophyte lineages with small, intermediate and large numbers of
protein-coding genes present in the mitochondrial genome, which also happen to have
high, low and no fragmentation of the mitochondrial SSU and LSU rRNA coding
regions, respectively. Interestingly, protein-coding genes involved in the mitochondrial
information transfer have been identified only in the mitochondrial genomes that contain

the largest set of protein-coding genes and intact SSU and LSU rRNA coding regions.
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