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Abstract. We studied variation of GC contents
among plastid (Pt) genomes of green plants. In the
green plants, the GC contents of the whole Pt ge-
nomes range from 42.14 to 28.81%. These values are
similar to those observed in the mitochondrial (Mt)
genomes of the green plants, however, the GC con-
tents in the Pt genomes are not related to those in the
Mt genomes or the nuclear (Nc) genomes. In addi-
tion, some compositional properties of the three types
of genomes are different. Thus, it is suggested that the
GC contents of the Pt genomes are maintained
independently of the other genomes within a cell. We
found that the compositional bias toward AT is
strong at the third codon position and in intergenic
spacer (IGS) regions in the Pt genomes, and the GC
contents (GC3 and GCIGS) at these sites are gener-
ally similar within each genome. Additionally, the
GC3 and GCIGS are strongly related to the whole-
genome GC content. Therefore, the interspecific
variation of the GC contents in the Pt genomes is
suggested to be mainly caused by the variation of the
GC3 and GCIGS, both of which are considered to be
under weak selective constraints. Using a maximum
likelihood approach, we estimated equilibrium GC3
(eqGC3) of 12 genes in the land-plant Pt genomes.
We found an increase in eqGC3 after the divergence
of liverworts. These results suggest that genome-wide
factors such as GC mutational bias are important for
the biased base composition in the Pt genomes.
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Introduction

At present, there is information on 38 complete plastid
(Pt) genome sequences, which represent all of the ma-
jor lineages of the plant kingdom. These genomes vary
in size and gene contents despite a probable single
primary endosymbiosis, but one of the common fea-
tures of the Pt genome is its low GC content (Howe et
al. 2003). This might be explained by assuming that the
plastid originated from a bacterial species with an AT-
rich genome. However, this tendency is also observed
in themitochondrial genomes (Mt genome) (Lang et al.
1999) and some obligate pathogenic bacterial genomes
(Moran 2002), suggesting that Pt genomes have be-
come AT-rich after the endosymbiosis. Currently, it is
not well understood what factors caused the low GC
contents in Pt genomes.

One candidate factor influencing GC contents is
the mutational pressure. The GC content of bacterial
DNA is known to vary extensively among species
(25–75%) (Belozersky and Spirin 1958), with narrow
intraspecific heterogeneity (Sueoka et al. 1959), and
this was interpreted to be results of differences in the
bidirectional mutation rates between A/T and G/C
pairs (the GC mutational pressure) (Sueoka 1962). In
bacteria genomes, variation of GC contents increases
in regions where selective pressures are weak. For
example, the range of the GC content is wider at the
third codon positions, covering almost the entire
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range (4–98%) (Muto and Osawa 1987; Sueoka 1988;
Sueoka 1999). Also in low-GC genomes of obligate
pathogenic bacteria, compositional skews are stron-
ger in noncoding spacers and at third codon positions
(Moran 2002). Thus it would be interesting to
investigate whether the mutational pressure generates
the AT-rich tendency of the Pt genome as shown in
the obligate pathogenic bacteria genome.

On the other hand, selection is considered a sig-
nificant factor of biased base composition. Nonran-
dom usage of synonymous codons is observed in
many organisms. Synonymous codon usage is gen-
erally biased toward a set of ‘‘major’’ codons that
generally correspond to abundant tRNAs of each
organism, and in some organisms, it appears that
there is positive correlation between the codon usage
bias and the level of gene expression (Duret and
Mouchiroud 1999; Grantham et al. 1981; Ikemura
1985; Moriyama and Powell 1997; Shields et al. 1988;
Stenico et al. 1994). One explanation for this phe-
nomenon is selection to improve translational effi-
ciency (Akashi 1994; Akashi and Eyre-Walker 1998;
Bennetzen and Hall 1982; Bulmer 1991; Ikemura
1985). Likewise, several highly expressed Pt genes,
such as psbA and rbcL, have a bias toward ‘‘major’’
codons, and selection for translational efficiency has
been suspected (Morton 1993, 1998). However,
additional factors seem to be involved in the codon
usage of Pt genes. A recent analysis showed that
mutation dynamics of the Pt genomes in the flowering
plants have been influenced by context (the compo-
sition of two flanking nucleotides) in a complex
manner (Morton 2003). When context effects were
accounted for in low-expression genes, codon usage
was very similar to what was predicted by the sub-
stitution dynamics of noncoding Pt DNA in most
codon groups (Morton 2003). However, certain co-
don groups showed significant deviations suggesting
some form of weak selection other than translational
efficiency. Thus, some extent of selection may play a
role in generating compositional bias also in low-
expression genes of the Pt genomes.

Structural changes of organelle genomes may also
affect GC contents. The land plants (embryophytes)
and green algal groups, the Charophyta, form the
Streptophyta. Comparative analyses of the Pt ge-
nomes between Charophyta and the land plants, and
of the Mt genomes between the Charophyta and the
land plants, revealed that the Pt genome and Mt
genome have undergone substantial changes in their
architecture (intron insertions, gene losses, scram-
bling in gene order, and genome expansion in the Mt
genome) during evolution of streptophytes (Turmel et
al. 1999a, b, 2002a, b). Gene content, intron com-
position, and gene order of the Pt genome of
Chaetosphaeridium globosum (the closest living rela-
tive of the land plants analyzed here) are remarkably

similar to those of the land plants, but its Mt genome
differs substantially from its land-plant counterparts
at various levels (Turmel et al. 2002a).

In the present work, we first compared the GC
contents of the Pt, Mt, and nuclear (Nc) genomes
among the green plants. Next we analyzed the com-
positional properties of the Pt genomes in detail. We
found that the GC content at third codon positions of
coding sequences (GC3) generally corresponds to
that in the intergenic spacers (GCIGS) in each of the
Pt genomes. In addition, interspecific variation of the
GC contents among the Pt genomes is large in GC3
and GCIGS and these are significantly correlated
with the whole-genome GC contents.

Materials and Methods

Complete plastid and mitochondrial genome sequences of green

plants, 12 and 7 species each, were used for analysis (NCBI

accession numbers are listed in Table 1). For each of these ge-

nomes, we calculated GC contents of the whole genome, coding

regions, intergenic spacer (IGS) regions, and RNA genes. We

identified each IGS region, which lies between two neighboring

genes, from the information in the GenBank files. In nuclear ge-

nomes, data on Arabidopsis thaliana and Oryza sativa (chromo-

somes 1, 4) have already been analyzed (Feng et al. 2002;

Arabidopsis Genome Initiative 2000; Sasaki et al. 2002), so we used

their results. For Chlamydomonas reinhardtii, GC contents of the

nuclear coding sequences were obtained from the CUTG (Codon

Usage Tabulated from Genebank) database (http://www.ka-

zusa.or.jp/codon/) (Nakamura et al. 2000). In the CUTG database,

422 nuclear coding sequences of C. reinhardtii are registered. In

Marchantia polymorpha, since the number of nuclear coding se-

quences registered in the CUTG database was not sufficient (only

32 entries), we estimated the average GC content of 1415 EST

nuclear sequences downloaded from PlantGDB (Plant Genome

Database; http://www.plantgdb.org/).

We analyzed equilibrium GC contents at the third codon po-

sition of the Pt genomes of the land-plant lineages. We used 12

genes, atpA, psaA, psaB, psbA, psbB, psbD, rbcL, clpP, rpoB,

rpoC1, rpl2, and rps2, for which alignments were possible among

the seven species of the land plants. For the analysis, C. globosum

was used as an outgroup. We first aligned these 12 genes separately

using Clustal X (Thompson et al. 1997) and refined the alignments

manually. Then we assembled only the sites at the third codon

position of all alignments and made up the combined aligned se-

quence. From the combined aligned sequence, we estimated equi-

librium GC contents of the third codon position (eqGC3) in each

branch and GC contents of the third codon position at each node

(ndGC3) with the eval_nh program packaged in nhml (Galtier and

Gouy 1998). The eval_nh program computes the likelihood using a

given tree. Therefore, we obtained a maximum-likelihood tree by

the dnaml program packaged in PHYLIP (Felsenstein 2004) and

baseml program (Yang 1997) based on the combined sequence of

the 12 genes. We calculated the GC3 of all Pt genes in each Pt

genome to obtain their distribution.

Results and Discussion

Low GC Content of Organelle Genomes

Table 1 lists the GC contents of the whole plastid (Pt)
and mitochondrial (Mt) genomes and of their coding
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regions in green plants. Among the whole Pt ge-
nomes, Nephroselmis olivacea has the highest GC
content (42.14%). In the other green algae, the GC
contents are similar, and range from 29.62 to 31.56%.
In the land plants, Adiantum cupillus–veneris has the
highest GC content (42.01%), and it is comparable to
that of N. olivacea. The lowest GC content is found in
Marchantia polymorpha (28.81%), and the value is
similar to those of the green algae rather than those
of the other land plants. Anthoceros formosae, one of
the basal lineages of land plants, is also of a relatively
lower value (32.90%). At present, it is considered that
the first plastid evolved from free-living cyanobacte-

rium that was endocytosed. The whole-genome GC
content of Synechocystis is 47.72%, which is higher
than any Pt genomes analyzed here. Lower GC
contents are also seen in the Pt genomes of other
photosynthetic algae that use different pigment types.
For example, eight species of complete Pt genome
sequences of such photosynthetic algae have been
determined (accession numbers NC002652, 001840,
001675, 001603, 000926, 001713, 000925, and 00479),
and their whole-genome GC contents are estimated
to range from 22.41 to 37.63%

Among the seven Mt genomes, Chlamydomonas
reinhardtii has the highest GC content (45.2%), and

Table l. GC properties of plastid (Pt), mitochondrial (Mt), and nuclear (Nc) genomes in green plants

Including IR

region

Excluding IR

region

Whole

genome

Coding (GC %) IGSa Coding (GC %) IGSa

Species name Abbreviation (GC%) Total GC3 (GC %) Total GC3 (GC %) Accession No.

Cyanobacteria

Synechocystis sp. PCC 6803 47.72 48.56 49.78 42.49 NC 000911

Pt

Green algae

Nephroselmis olivacea NEPH 42.14 43.24 35.35 37.72 42.80 33.29 39.73 NC 000927

Chlorella vulgaris CHLO 31.56 36.07 21.83 24.57 35.86 21.83 24.55 NC 001865

Chlamydomonas reinhardtii CHLA 34.59 32.27 17.06 34.13 31.96 16.49 33.22 Maul et al. 2002

Mesostigma viride MESO 31.15 31.33 13.92 18.63 31.19 13.92 18.10 NC 002186

Chaetosphaeridium globosum CHAE 29.62 31.01 16.52 19.88 31.11 15.72 18.17 NC 004115

Land plants

Marchantia polymorpha MARCH 28.81 28.57 12.35 19.83 28.57 12.35 15.24 NC 001319

Anthoceros formosae ANTHO 32.90 34.55 22.32 26.46 34.59 22.23 24.55 NC 004543

Psilotum nudum PSILO 36.03 36.24 26.30 29.85 35.65 25.14 26.26 NC 003386

Adiantum capillus-veneris ADIAN 42.01 41.69 36.70 38.70 41.67 35.73 35.69 NC 004766

Pinus thunbergii PINUS 38.49 38.91 30.09 35.69 38.91 30.09 35.00 NC 001631

Arabidopsis thaliana ARABI 36.29 37.11 28.68 30.40 37.94 27.47 26.84 NC 000932

Oryza sativa ORYZA 38.99 39.76 31.65 34.55 39.34 30.84 32.51 NC 001320

Mt

Green algae

Chlamydomonas reinhardtii 45.20 45.14 46.32 49.31 NC 001638

Nephroselmis olivacea 32.80 31.95 16.65 29.26 AF 110138

Mesostigma viride 32.21 31.43 16.30 27.84 AF 353999

Chaetosphaeridium globosum 34.41 31.93 17.71 35.06 NC 004118

Land plants

Marchantia polymorpha 42.41 40.64 37.10 43.66 NC 001660

Arabidopsis thaliana 44.77 44.27 42.04 44.95 NC 001284

Oryza sativa 43.85 44.15 44.80 43.66 AB 076665, 6

Nc

Green algae

Chlamydomonas reinhardtii — 65.67b 86.27b

Land plants

Marchantia polymorpha — 47.26c —

Arabidopsis thaliana 33.4–35.5d 44.0–44.3d 42.32b 32.4–33.0d

Oryza sativa(Chr.1,4) 43.8, 44.2e 58.2, 53.0e 62.91b 40.7, 42.3e

aIntergenic spacer.
bData from CUTG database (Nakamura et al. 2000).
cGC content was calculated from ESTs.
dThe range of GC contents of five chromosomes (Arabidopsis Genome Initiative 2000).
eThe GC contents of chromosomes 1 and 4 (Sasaki et al. 2002; Feng et al. 2002).
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the lowest is found in Mesostigma viride (32.21%).
Except for C. reinhardtii, the GC contents of the Mt
genomes are similar within the green algae or within
the land plants, but there is about a 10% difference
between the two groups. In contrast, there is no clear
difference in GC content of the Pt genome between
the two groups.

Sequence data for complete nuclear (Nc) genomes
of plants are available for only Arabidopsis thaliana
and Oryza sativa (Feng et al. 2002; Arabidopsis
Genome Initiative 2000; Sasaki et al. 2002). If we
compare all chromosome pairs between A. thaliana
(five chromosomes) and O. sativa (two chromo-
somes), the maximum difference in GC contents of
the chromosomes becomes 10.8%, which is larger
than the differences in the GC contents observed in
the organelle genomes (3% in Pt and 0.9 % in Mt) (see
Table 1). The distributions of GC contents of the
three types of genomes in green plants are shown in
Fig. 1A. We added nuclear data obtained by mea-
suring the DNA buoyant density (Sueoka 1964). The
GC contents of green-plant Nc genomes range from

34 to 68%. The variation is larger than that among
the organelle genomes analyzed here. On average, the
Pt genomes have the lowest GC contents among the
three types of genomes.

The GC content of the total coding region is
similar to that of the whole genome in each orga-
nelle genome (Table 1). More than a half of the
organelle genome consists of coding sequences, so it
is natural that the GC content of the coding regions
reflects that of the whole genome. On the other
hand, the GC contents of the whole Nc genomes
are different from those of the coding regions in A.
thaliana and O. sativa. In these species, the GC
content of the whole Nc genome is rather similar to
the GC content in the intergenic spacer regions
(GCIGS). In addition, the difference in the GC
contents of coding regions between the Pt and the
Nc genomes is more apparent than that observed in
the whole genome. Especially in C. reinhardtii and
O. sativa, differences between the Pt and the Nc
coding regions reach more than 20% (Table 1).
Most of those differences are attributed to higher

Fig. 1. Distributions of the GC content in green-plant Pt, Mt, and
Nc genomes. A Distribution of the whole-genome GC content. In
addition to the whole-Nc-genome sequence data (A. thaliana andO.
sativa), we used the data obtained by measuring the DNA buoyant
density (Sueoka 1964). Arrows indicate the average of the whole-
genome GC in each genome. Total numbers of species used here for

the Pt, Mt, and Nc genomes are 19, 7, and 28, respectively. B

Distribution of GC3. In addition to data on the complete genome
sequences, we used data obtained from the Codon Usage Database
(Nakamura et al. 2000). Arrows indicate the average of GC3 in
each genome. Total numbers of species used here for the Pt, Mt,
and Nc genomes are 28, 17, and 30, respectively.
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GC contents at the third codon position (GC3).
Figure 1B shows the distribution of GC3 of the
three types of genomes in green plants. Data ob-
tained from the Codon Usage Database (Nakamura
et al. 2000) are also included. In each type of ge-
nomes, the variation of GC3 is generally larger than
that observed in the whole-genome GC. We also
note that the distribution of the GC3 is shifted
toward lower values than that of the whole-genome
GC in the Pt genomes. In green plants, the GC
contents of Pt genomes are generally lower than
those of nuclear genomes, and this tendency is
stronger in GC3.

Lack of Correlation Between Pt and Mt Genome GC

Figure 2 shows relationships between the Pt and the
Mt genomes of the whole-genome GC, GC3, and
GCIGS, separately. In the whole-genome GC, C.
reinhardtii has the highest GC content in the Mt
genome, although its Pt genome has a lower GC
content (Table 1, Fig. 2). On the other hand, N.
olivacea shows a high GC content in the Pt genome,
but a low GC content in the Mt genome. We could
not detect any correlation between the GC contents
of these genomes (whole-genome GC, r2 = 0.0100,
p = 0.8413; GC3, r2 = 0.0122, p = 0.8245; GCIGS,
r2 = 0.0091, p = 0.8481).

Since there are only a few data on Nc genomes, we
could not estimate correlation coefficients. However,
an examination of data on a few species suggests a lack
of correlation between the GC contents of the Nc
genome and the two other genomes. For example, the
GC contents of the organelle genomes in
C. reinhardtii are similar to those in the land plants, but
its Nc genome has a high GC content (63.1%) com-
pared with the land plants (Scala et al. 2002) (Table 1).
These results suggest that the GC contents of the three
types of genomes in green plants have no correlation.

One explanation for the difference in GC among
the three types of genomes is that independent rep-
lication machineries are used in respective types of
genome DNA. Recently, two genes, Atpolc1 and
Atpolc2, homologous to the DNA polymerase I gene
of E. coli were identified in A. thaliana (Elo et al.
2003). Experimental data suggested that the product
from Atpolc1 gene was targeted to the plastid, and the
Atpolc2 gene product was dually targeted to the
mitochondria and the plastid. Likewise, a plastid-
localized DNA polymerase homologous to the DNA
polymerase I of E. coli was found in O. sativa
(Kimura et al. 2002). For the replication of the Nc
genome, the catalytic subunits of DNA polymerase a
and d have been identified in higher plants. Thus,
these genomes seem to use distinct enzymes at least
for replication.

Correspondence of GC3 and GCIGS in Green-Plant Pt
Genomes

Except in the Pt genome of C. reinhardtii, the differ-
ence between GC3 and GCIGS in the Pt genome
ranges from 1.7 to 7.5% and averages 3.5% (Table 1).
If we exclude large inverted repeat (IR) regions from
the analysis, the difference between GC3 and GCIGS
generally decreases. Especially in the land plants,
GCIGS become much closer to GC3 (Table 1). This
is because the GC contents of the IR regions of the Pt
genomes are generally higher than that of the single-
copy (SC) region even in non-coding sequences. After
exclusion of the IR regions, the difference between
GC3 and GCIGS ranges from 0.04 to 6.5% and
averages 2.5%. Thus we conclude that GC3 in the
green-plant Pt genomes is generally similar to
GCIGS.

As for C. reinhardtii, a recent report revealed that
a majority of IGS regions contain numerous classes
of short dispersed repeats (SDRs) in the Pt genome
and some SDRs are highly conserved (Maul et al.
2002). Of these SDRs in the Pt genomes of
C. reinhardtii, three types of SDRs, SDR1, SDR6.2,
and SDR8, have high GC contents (65, 70, and 59%
each). When we reanalyzed the GCIGS excluding the
regions that include the SDR1, SDR6.2, and SDR8,
the GCIGS of the Pt genomes of C. reinhardtii de-
creased to 27.08% from its original estimate of
33.22% (Table 1). The difference between GC3 and
GCIGS is about 10% and still large but this may be

Fig. 2. Relationships between the Pt and the Mt genomes of
whole-genome GC, GC3, and GCIGS. Open triangles represent
whole-genome GC. Filled circles represent GC3 and open circles
represent GCIGS. Arrows indicate examples discussed in the text.
Abbreviations of species names are listed in Table 1.
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due to unaccounted SDRs or some form of selection
such as that at the third codon position.

Significant Correlation of Whole-Genome GC with
GC3 and GCIGS in Pt Genomes

We next analyzed the correlation of the GC content
of the whole genome to those of the coding region,
rRNAs, and the IGS region in the Pt genomes
(Fig. 3). At the third codon position and in the IGS
region, which are thought to be under weak selective
constraints, the GC contents are strongly correlated
with the whole-genome GC content and both slopes
are larger than 1. At the first and second codon
positions and in rRNAs, which are expected to be
under strong selective constraints, the slopes are
moderate. This result shows that the variation in the
GC content observed among the whole Pt genomes
and coding regions is caused mainly by variation in
the GC3 and GCIGS. Similar observations have been
made in bacteria genomes (Moran 2002; Muto and
Osawa 1987). Although it is unclear whether or not
the low GC content is a product of selection, our
results at least suggest that some genome-wide factors
determine the GC content of whole Pt genomes.

Equilibrium GC Content Analysis

Next we performed a maximum likelihood analysis
with a nonhomogeneous model of DNA sequence

evolution allowing varying equilibrium GC contents
among lineages (Galtier and Gouy 1998). We used
the sites at the third codon position of 12 genes of Pt
genomes, for which alignments were possible in the
seven land-plant species (see Materials and Methods).
Estimated equilibrium GC content of the third codon
position (eqGC3) in each branch and estimated GC3
at each node or taxon (ndGC3) are shown in Fig. 4.
The eqGC3 in the branch from node 1 to
M. polymorpha and those from node 1 to node 2 and
to node 3 are 10.85, 13.87, and 15.36%, respectively,
and the eqGC3 in each branch is similar to the
ndGC3 at its terminal end. On the other hand, the
rest of the branches show a higher eqGC3 content
(more than 29%), each of which is higher than the
ndGC3 at its terminal end (Fig. 4). Therefore, there is
a tendency toward an increase in GC3 after node 3 in
the land plants for these 12 genes. Although the
ndGC3s of the extant species in Fig. 4 are estimated
only from the 12 genes, these are roughly equal to the
GC3 in all coding regions in the respective species
(Table 1, Fig. 4). In addition, when we look at the
GC3 distribution of all genes in each of the Pt ge-
nomes, the tendency toward an increase in GC3 is
also found (Fig. 5). Thus, the results from the equi-
librium GC content analysis based on the 12 genes

Fig. 3. Correlation of GC contents of the whole Pt genomes to
those of the first (GC1), second (GC2), and third (GC3) codon
positions, intergenic spacer (GCIGS), and rRNA genes (GCRNA).
The protein-coding region and noncoding region located in the IR
regions are excluded from the analysis (see text). The slope of the
dashed line is 1.

Fig. 4. Phylogenetic distribution of the equilibrium GC content at
the third codon position (eqGC3) in land plants. We estimated the
eqGC3 and the GC3 at each node and taxa (ndGC3) from the
combined sequences of 12 Pt genes (see Materials and Methods).
The eqGC3s are given above branches and the ndGC3s are shown
next to node numbers and taxon names. The GC3 of all coding
regions in each Pt genome, which is also listed in Table 1, is given
in parentheses. The maximum likelihood tree is based on combined
sequences of the 12 Pt genes.
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seem to reflect a tendency of all Pt genes. Incidentally,
correspondence of the ndGC3 with the eqGC3 in
M. polymorpha suggests that the GC3 in this species
may be at equilibrium.

We need to consider the possibility of the effect of
selection on the GC3. A bias toward major codons
that correspond to the abundant tRNA has been
observed in several highly expressed genes, such as
psbA and rbcL genes (Morton 1998; Morton and
Clegg 1993). When we estimated the eqGC3 in each
of the selected 12 genes separately, the eqGC3 of the
psbA gene is different from those of the other genes in
some land plants. Except for this gene, the separately
estimated eqGC3s are similar across all selected genes
(including the rbcL gene) from any given species
(data not shown). In addition, we found that the GC3
of all Pt genes has the tendency to increase after the
divergence of liverwort, which is consistent with the
result obtained from the analysis of eqGC3s (Figs. 4
and 5). Although we could not estimate the eqGC3s
of all Pt genes, it seems likely that most of the Pt
genes have changed their GC3 according to the spe-
cies-specific compositional skews. So, if estimated
eqGC3s depend mainly on the selection on codon
usage bias to improve translational efficiency, our
data suggest that most of genes in the Pt genomes
should be constrained by the selection independent of
the expression levels. However, such selection usually
operates only on genes with high levels of expression
(Ikemura 1985). Thus, it seems unlikely that the
estimated eqGC3s and consequently GC3 are the
result of the selection to improve translational effi-
ciency.

Besides, we need to consider the context depen-
dency of mutations reported in the flower-plant Pt
genomes (Morton 2003). Because noncoding se-
quence data on closely related species are necessary to
predict context-dependent equilibrium GC contents,

the analysis has been limited to grass species thus far.
However, it is important for further studies to
determine whether or not the GC contents of green
algae and other land plants are influenced by context-
dependent mutations. Then we may be able to con-
sider the possibility of weak selection suggested to
account for biases found in several codon groups of
lowly expressed Pt genes (Morton 2003).

GC Content and Architectural Change in Pt Genomes

A recent analysis revealed that the Pt genome of
C. globosum has the features characteristic of land-
plant lineages at various levels (Turmel et al. 2002a).
We thought that such architectural changes might be
related to the GC content of organelle genomes. In
fact, the base compositional feature of the Pt genome
in C. globosum resembles that in M. polymorpha
(Table 1). However, the GC contents of Pt genomes
in these two species are relatively similar to those of
the other green algae. In addition, the above analysis
indicated that a change of the substitution pattern
might have occurred after the divergence of
M. polymorpha (Fig. 4). Therefore, architectural
changes do not seem to be related to the whole-gen-
ome GC content directly.

Conclusion

From the analyses we found the following: (a) The
GC contents of the Pt genomes are generally lower
than that of the Nc genome and this tendency is
stronger in the coding region. (b) The GC contents of
the three types of genomes have no correlation, sug-
gesting different replication machineries for respec-
tive genomes. (c) GC3 is similar to GCIGS in Pt
genomes and these are strongly correlated with the
whole-genome GC content. This result shows that the
variation in GC content observed among whole Pt
genomes is caused mainly by variation in GC3 and
GCIGS. (d) Estimated eqGC3s in 12 genes and pos-
sibly in all Pt genes increased after the divergence of
liverwort. Our results suggest that some genome-wide
factors such as mutational pressure determine the GC
content of whole Pt genomes.
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