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Abstract The chloroplast genome has experienced
many architectural changes during the evolution of chlo-
rophyte green algae, with the class Chlorophyceae dis-
playing the lowest degree of ancestral traits. We have
previously shown that the completely sequenced chloro-
plast DNAs (cpDNAs) of Chamydomonas reinhardtii
(Chlamydomonadales) and Scenedesmus obliquus (Sph-
aeropleales) are highly scrambled in gene order relative
to one another. Here, we report the complete cpDNA
sequence of Stigeoclonium helveticum (Chaetophorales),
a member of a third chlorophycean lineage. This
genome, which encodes 97 genes and contains 21 introns
(including four putatively trans-spliced group II introns
inserted at novel sites), is remarkably rich in derived fea-
tures and extremely rearranged relative to its chlorophy-
cean counterparts. At 223,902 bp, Stigeoclonium
cpDNA is the largest chloroplast genome sequenced
thus far, and in contrast to those of Chlamydomonas and
Scenedesmus, features no large inverted repeat. Interest-
ingly, the pattern of gene distribution between the DNA

strands and the bias in base composition along each
strand suggest that the Stigeoclonium genome replicates
bidirectionally from a single origin. Unlike most known
trans-spliced group II introns, those of Stigeoclonium
exhibit breaks in domains I and II. By placing our com-
parative genome analyses in a phylogenetic framework,
we inferred an evolutionary scenario of the mutational
events that led to changes in genome architecture in the
Chlorophyceae.
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Introduction

As revealed by the complete chloroplast DNA
(cpDNA) sequences that have been reported so far for
green plants, the chloroplast genome has evolved much
less conservatively in the phylum Chlorophyta than in
the Streptophyta. The Chlorophyta (Sluiman 1985)
comprises the majority of extant green algae and is
divided into four classes: the Prasinophyceae, Ulvo-
phyceae, Trebouxiophyceae and Chlorophyceae. The
Prasinophyceae represent the most basal divergence of
the Chlorophyta (Friedl 1997; Lewis and McCourt
2004) and, although the branching order of the Ulvo-
phyceae, Trebouxiophyceae and Chlorophyceae
(UTC) remains uncertain (Friedl and O’Kelly 2002),
analyses of chloroplast genomic features and phyloge-
netic data derived from mitochondrial genome
sequences suggest that the Trebouxiophyceae emerged
before the Ulvophyceae and Chlorophyceae (Pombert
et al. 2004, 2005, 2006). Complete chloroplast genome
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sequences have been reported for only six chloro-
phytes: the prasinophyte Nephroselmis olivacea (Tur-
mel et al. 1999b), the trebouxiophyte Chlorella vulgaris
(Wakasugi et al. 1997), two green algae representing
distinct basal lineages of the Ulvophyceae, Oltmannsi-
ellopsis viridis (Pombert et al. 2006) and Pseudendoclo-
nium akinetum (Pombert et al. 2005), and also
representatives of two diVerent lineages of the Chloro-
phyceae, Chlamydomonas reinhardtii (Maul et al.
2002) and Scenedesmus obliquus (de Cambiaire et al.
2006). The Streptophyta (Bremer 1985), on the other
hand, unites all embryophytes (land plants) and their
closest green algal relatives, the members of the class
Charophyceae sensu Mattox and Stewart (1984). The
currently available chloroplast genome sequences of
about 35 photosynthetic land plants and seven charo-
phycean green algae disclosed a high degree of conser-
vation in overall structure and overall gene
arrangement (Palmer 1991; Turmel et al. 2002, 2005,
2006). The vast majority of these genomes harbour the
same quadripartite structure and gene partitioning pat-
tern, their genes (106–137) are tightly packed, and
most of them are grouped into multicistronic operons,
several of which are evolutionarily related to those
found in cyanobacteria, the progenitors of chloroplasts.

In the Chlorophyta, the chloroplast genome appears
to have been progressively remodelled and to have
gradually lost the many ancestral features observed in
the Streptophyta, with the Prasinophyceae and Chloro-
phyceae exhibiting the highest and lowest levels,
respectively. The gene-rich (128 genes) and compact
cpDNA of the prasinophyte Nephroselmis displays the
characteristic quadripartite structure and gene parti-
tioning pattern found in streptophyte genomes as well
as the great majority of their ancestral operons (Tur-
mel et al. 1999b). This quadripartite structure is char-
acterized by the presence of two copies of a large
inverted repeat sequence (IR) separating a small sin-
gle-copy (SSC) and a large single-copy region (LSC).
The chloroplast genome of the trebouxiophyte Chlo-
rella, which encodes 112 genes, has lost the IR, (Waka-
sugi et al. 1997) but the genes usually found in the IR
and each of the single-copy regions have remained
clustered together (Pombert et al. 2006). The chloro-
plast genomes of the two ulvophytes and of the two
chlorophycean green algae feature an atypical quadri-
partite structure. In each ulvophyte genome, one of the
single-copy regions features genes characteristic of
both the ancestral SSC and LSC regions, whereas the
opposite single-copy region contains exclusively genes
that are characteristic of the ancestral LSC region
(Pombert et al. 2005, 2006). Moreover, the rRNA
genes in the IR are transcribed toward the latter

region, instead of the SSC region as in the usual quad-
ripartite architecture. From their observations, Pom-
bert et al. (2006) concluded that a dozen genes were
transferred from the LSC to the SSC region before or
soon after the emergence of the Ulvophyceae and that
the transcription direction of the rRNA genes changed.
In the chloroplast genomes of the chlorophycean green
algae Scenedesmus and Chlamydomonas, single-copy
regions of similar sizes harbour sets of genes that are
very diVerent from those seen in other green algal
genomes, indicating that genes were extensively
shuZed between the two ancestral single-copy regions
(Maul et al. 2002; de Cambiaire et al. 2006). Although
the two chlorophycean genomes diVer dramatically in
their gene partitioning patterns, they share nearly iden-
tical gene repertoires and 11 derived gene clusters con-
taining a total of 32 genes (de Cambiaire et al. 2006).
Some of their genes, notably rps3, clpP and rpoB, dis-
play novelties (insertion sequences or discontinuities)
in their structure. Unlike all other completely
sequenced UTC algal cpDNAs that are characterized
by the lower density of their genes relative to their
Nephroselmis and streptophyte counterparts, the
Scenedesmus genome is almost as compact as the
Nephroselmis genome (de Cambiaire et al. 2006). Of
all the UTC algal cpDNAs examined thus far, Scene-
desmus cpDNA features the lowest proportion of short
dispersed repeats in intergenic regions (only 8.7%);
moreover, another singularity of this genome is the
strong tendency of adjacent genes to occur on the same
DNA strand (de Cambiaire et al. 2006). Given that
Scenedesmus and Chlamydomonas have extremely
rearranged genomes and do not represent basal lin-
eages in the phylogeny of the Chlorophyceae (Buch-
heim et al. 2001; Shoup and Lewis 2003), the ancestral
condition of the chloroplast genome could not be
inferred for this class.

Phylogenetic analyses of the nuclear-encoded small
subunit and large subunit rRNA genes indicate that the
Chlorophyceae comprise at least Wve major groups that
generally correspond to currently recognized orders of
families (Buchheim et al. 2001; Shoup and Lewis 2003).
The Chlamydomonadales and Sphaeropleales [also
designated as the clockwise (CW) and directly opposed
(DO) Xagellar apparatus clades], which are repre-
sented by Chlamydomonas and Scenedesmus respec-
tively, apparently share a sister-relationship. The
Chaetophorales, Oedogoniales and Chaetopeltidales
are basal relative to the Chlamydomonadales and Sph-
aeropleales; however, the precise divergence order of
these three monophyletic groups remains unknown
(Buchheim et al. 2001; Shoup and Lewis 2003). To
identify some of the forces and major events that
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shaped the chloroplast genome during the evolution of
chlorophyceans, we have determined the complete
cpDNA sequence of Stigeoclonium helveticum, a mem-
ber of the Chaetophorales. Motile cells in this group
are quadriXagellated and polymorphic for Xagellar ori-
entation (DO + CW) (Watanabe and Floyd 1989). We
found that the Stigeoclonium genome is extremely
rearranged relative to its Scenedesmus and Chlamydo-
monas homologues and harbours the fewest ancestral
features among all completely sequenced cpDNAs.
This IR-lacking genome, which represents the largest
chloroplast genome ever sequenced, displays a number
of distinctive traits, including a strong bias in gene con-
tent and base composition of the DNA strands that is
consistent with bidirectional replication from a single
origin.

Materials and methods

Strain and culture conditions

Stigeoclonium helveticum was obtained from the Cul-
ture Collection of Algae at the University of Texas at
Austin (UTEX 441) and grown in modiWed Volvox
medium (McCracken et al. 1980) under 12 h light/dark
cycles.

Isolation and sequencing of cpDNA

A + T-rich organelle DNA was separated from nuclear
DNA by CsCl-bisbenzimide isopycnic centrifugation
(Turmel et al. 1999a). Both the chloroplast and mito-
chondrial genomes were completely sequenced as
described previously (Pombert et al. 2004), using as
templates plasmid clones originating from the orga-
nelle DNA fraction as well as PCR fragments spanning
uncloned regions. Sequences were edited and assem-
bled with SEQUENCER 4.2.1 (GeneCodes, Ann
Arbor, MI, USA). To ensure that the sequence assem-
bly of each genome is correct, we ascertained that the
sizes of overlapping regions encompassing the whole
genome sequence matched perfectly those of the corre-
sponding regions ampliWed by PCR.

Analyses of genome sequence

Gene content was determined by BLAST homology
searches (Altschul et al. 1990) against the nonredun-
dant database of the National Center for Biotechnol-
ogy and Information (NCBI) server. Protein-coding
genes and open reading frames (ORFs) were localized
precisely using ORFFINDER at NCBI, various pro-

grams of the Wisconsin package version 10.3 (Accelrys,
San Diego, CA, USA) and other applications from the
EMBOSS version 2.9.0 package (Rice et al. 2000).
Genes coding for tRNAs were localized using tRNA-
scan-SE 1.23 (Lowe and Eddy 1997). Intron bound-
aries were determined by modelling intron secondary
structures (Michel et al. 1989; Michel and Westhof
1990) and by comparing intron-containing genes with
intronless homologues using FRAMEALIGN of the
Wisconsin package. Homologous introns were
detected by BLASTN searches (Altschul et al. 1990)
against the non-redundant database of NCBI.

Repeated sequences were mapped with PipMaker
(Schwartz et al. 2000). Repeats were identiWed with
REPuter 2.74 (Kurtz et al. 2001) using the ¡f (for-
ward), –p (palindromic) and –allmax options at mini-
mum lengths (¡l) of 30 and 45 bp and were classiWed
with REPEATFINDER (Volfovsky et al. 2001). Num-
ber of copies of each repeat unit was determined with
FINDPATTERNS of the Wisconsin package. Stem-
loop structures and direct repeats were identiWed using
PALINDROME and ETANDEM in EMBOSS 2.9.0
(Rice et al. 2000), respectively. Genomic regions
containing non-overlapping repeated elements were
identiWed with RepeatMasker (http://www.repeatmas-
ker.org) running under the WU-BLAST 2.0 (http://
www.blast.wustl.edu) search engine.

The sidedness index (Cs) was determined as
described by Cui et al. (2006) using the formula
Cs = (n ¡ nSB)/(n ¡ 1), where n is the total number of
genes in the genome and nSB is the number of sided
blocks, i.e. the number of blocks including adjacent
genes on the same strand. The strand bias in base com-
position was calculated for the whole genome and for
intergenic regions. For the entire genome sequence
(GenBank accession number DQ630521), the sum of
values (G ¡ C)/(G + C), where C and G represent the
number of occurrences of these two nucleotides, was
calculated for windows of length 5,000, starting with
nucleotides 50,000 to 55,000 and continuing by shifting
500 nucleotides downstream along the strand for each
new window. For intergenic regions, the value
(G ¡ C)/(G + C) was calculated separately for each
region.

All conserved gene pairs exhibiting identical gene
polarities in green algal cpDNAs were identiWed using
a custom-built program. The GRIMM web server
(Tesler 2002) was used to infer the minimal number of
gene permutations by inversions in pairwise compari-
sons of chloroplast genomes. Because GRIMM cannot
deal with duplicated genes and requires that the com-
pared genomes have the same gene content, genes
within one of the two copies of the IR were excluded
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and only the genes common to all the compared
genomes were analysed. The data set used in the com-
parative analyses reported in Supplementary Table S3
contained 89 genes; pieces of rpoB and all exons of the
genes containing trans-spliced introns were coded as
distinct fragments (for a total of 96 gene loci).

Results

General features

The Stigeoclonium chloroplast genome sequence maps
as a circular molecule of 223,902 bp containing a total
of 97 genes, each present in single copy (Fig. 1). No
remnant of an IR sequence was identiWed in Stigeoclo-
nium cpDNA. Table 1 compares the general features
of Stigeoclonium cpDNA with other completely
sequenced chlorophyte cpDNAs. With an A + T con-
tent of 71.1%, Stigeoclonium cpDNA ranks at the sec-
ond position, after its Scenesdesmus homologue, with
respect to the abundance of these bases. The 97 con-
served genes, 21 introns, and the two free standing
ORFs of more than 100 codons (orf101 and orf107)
account for 55.8% of the total genome sequence of

Stigeoclonium, with the introns representing 11% of
the sequence. Sixteen group I introns and Wve group II
introns, four of which are likely trans-spliced at the
RNA level, are present in the Stigeoclonium genome.
Intergenic spacers vary from 46 to 3,612 bp for an aver-
age size of 950 bp, a value that is comparable to that
observed for Chlamydomonas cpDNA (average size of
941 bp). The Stigeoclonium genome is rich in dispersed
repeated sequences, these elements accounting for
40.3% of the intergenic regions.

Gene content and gene structure

Relative to Scenedesmus and Chlamydomonas cpDNAs,
Stigeoclonium cpDNA encodes four additional genes
[rpl32, psaM, trnL(caa) and trnS(gga)] but lacks petA,
a gene present in all previously sequenced chlorophyte
cpDNAs (Supplementary Table S1). Like Chlamydo-
monas cpDNA, it is missing the infA and rpl12 genes
that are present in Scenedesmus and other chlorophyte
cpDNAs. All three chlorophycean cpDNAs lack six
genes (accD, chlI, minD, psaI, rpl19 and ycf20) that
have been retained in the genomes of the three other
UTC algae examined thus far. Moreover, like their two
ulvophyte homologues, they are missing four genes

Fig. 1 Gene map of Stigeoc-
lonium cpDNA. Genes (Wlled 
boxes) on the outside of the 
map are transcribed in a 
clockwise direction. Genes 
shown in yellow, cyan and 
magenta map to the IR, LSC 
and SSC regions of Mesostig-
ma cpDNA. Genes and ORFs 
absent from Mesostigma
cpDNA are shown in grey. 
Introns are represented by 
open boxes and intron ORFs 
are denoted by narrow, Wlled 
boxes. Arrows mark the puta-
tive origin (ori) and terminus 
(ter) of replication. tRNA 
genes are indicated by the 
one-letter amino acid code 
followed by the anticodon in 
parentheses (Me, elongator 
methionine; Mf, initiator 
methionine)
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[cysA, cysT, trnL(gag) and trnT(ggu)] relative to the
chloroplast genome of the trebouxiophyte Chlorella.

Numerous genes in the Stigeoclonium genome
(cemA, clpP, ftsH, rpoA, rpoB, rpoC1, rpoC2, rps18,
rps3, rps4 and ycf1) have expanded coding regions rel-
ative to their Mesostigma and Nephroselmis homo-
logues. Most of these genes have been previously
identiWed in other UTC algae (Pombert et al. 2005,
2006; de Cambiaire et al. 2006). Three genes (clpP,
rps3 and rps4) display enlarged coding regions only in
members of the Chlorophyceae (Supplementary
Table S2). The Stigeoclonium rps4 gene is unusual in
carrying an insertion sequence that is about 12-fold
larger than those present in Scenedesmus and Chla-
mydomonas cpDNAs. Owing to its considerable size
(340 kDa), the full-length protein sequence predicted
from Stigeoclonium rps4 is not likely to represent a
functional ribosomal protein. On the other hand, our
Wndings that the 5� and 3� termini of this gene share
sequence homology with virtually the entire Escheri-
chia coli rpsD gene and that its reading frame is main-
tained over more than 8 kb argue against the idea that
Stigeoclonium rps4 is a pseudogene. If this green algal
gene is functional, then the sequence of its large expan-
sion element would be expected to be excised at the
RNA or protein level. Obviously, in the absence of evi-
dence for a putative intron or intein element in Stigeoc-
lonium rps4, no Wrm conclusion can be drawn
regarding the functional status of this gene.

Like its Scenedesmus and Chlamydomonas counter-
parts, the rpoB gene in Stigeoclonium cpDNA consists
of two separate ORFs that are not associated with
sequences typical of group I or group II introns;
however, instead of being contiguous, these ORFs are
distant from one another in the Stigeoclonium genome

(Fig. 1). In contrast to the Scenedesmus and Chlamydo-
monas rps2 genes and the Chlamydomonas rpoC1,
which also consist of distinct ORFs bordered by
sequences unrelated to conventional introns, the corre-
sponding genes in Stigeoclonium display a continuous
structure. In addition to rpoB, the petD, psaC and rbcL
genes occur as dispersed pieces in Stigeoclonium
cpDNA (Fig. 1); in all three cases, each gene piece con-
sists of an exon bordered by the 5� or 3� portion of a
putatively trans-spliced group II intron.

Bias in gene coding regions and base composition
of the two DNA strands

Like their Scenedesmus homologues, genes in Stigeoc-
lonium cpDNA show a remarkably strong bias in their
distribution between the two DNA strands (Fig. 1).
The 59 consecutive genes in the 113.6 kb segment
extending from tufA to trnS(gga), with the exception of
trnL(uag) and trnMf(cau), are located on one strand,
whereas all the other genes reside on the other strand.
The sidedness index (Cs), i.e. the propensity of adja-
cent genes to be located on the same strand (Cui et al.
2006), is signiWcantly higher in Stigeoclonium cpDNA
(Cs = 0.9479) than that reported for Scenedesmus
cpDNA (Cs = 0.8842).

The coding strand bias in the Stigeoclonium genome
is closely associated with a strand bias in base composi-
tion. The cumulative GC skew diagram shown in
Fig. 2a has a V-shape, with the minimum and maxi-
mum separated by half of the genome length and coin-
ciding with the loci displaying a switch in coding strand.
Starting from the minimum, i.e. a point in the region
separating trnS(gga) and rrs, genes on each half of the
genome are encoded on the strand displaying more G

Table 1 General features of Stigeoclonium and other UTC algal cpDNAs

a Because Chlorella and Stigeoclonium cpDNAs lack an IR, only the total sizes of theses genomes are given
b This region was designated as SSC1 in the study of de Cambiaire et al. (2006)
c This region was designated as SSC2 in the study of de Cambiaire et al. (2006)
d Conserved genes, unique ORFs and introns were considered as coding sequences
e Genes present in the IR were counted only once. Unique ORFs and intron ORFs were not taken into account

Feature Chlorella Oltmannsiellopsis Pseudendoclonium Stigeoclonium Scenedesmus Chlamydomonas

Size (bp)
Total 150,613 151,933 195,867 223,902 161,452 203,827
IR –a 18,510 6,039 –a 12,022 22,211
LSC –a 33,610 140,914 –a 72,440b 81,307b

SSC –a 81,303 42,875 –a 64,968c 78,088c

A + T (%) 68.4 59.5 68.5 71.1 73.1 65.5
Coding sequences (%)d 60.9 59.2 62.3 55.8 67.2 50.1
Genes (no.)e 112 105 105 97 96 94
Introns (no.)
Group I 3 5 27 16 7 5
Group II 0 0 0 5 2 2
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than C residues. The GC skew is readily detectable in
intergenic regions (Fig. 2b); as observed for the overall
genome, the skew switches polarity in the vicinity of
the two sites showing a switch in coding strand, with
the coding strand manifesting a positive skew.

The cumulative GC skew analyses of prokaryotic
genomes display the same proWle as that reported here
for the Stigeoclonium chloroplast genome (Grigoriev
1998). For prokaryotic genomes, it has been shown that

the minimum and maximum coincides with the origin
and terminus of replication (Grigoriev 1998) and that a
majority of genes are encoded on the leading strand
and are therefore transcribed in the same direction as
the genome replication, a property termed the coorien-
tation rule. The leading strand is richer in G than in C
relative to the opposite strand most probably because
it is subject to more frequent C deaminations during
the time it remains temporarily single-stranded during
gene transcription and chromosome replication (Guy
and Roten 2004). Given the striking similarity between
the plots of cumulative GC skew obtained for the Sti-
geoclonium and prokaryotic genome sequences, it is
likely that the Stigeoclonium genome replicates bidi-
rectionally from a single origin situated in the
trnS(gga)-rrs spacer. It should be noted that our analy-
sis of the cumulative GC skew for the IR-containing
cpDNAs of Scenedesmus and Chlamydomonas did not
disclose any putative origin and terminus of replication
that are consistent with a bidirectional mode of replica-
tion, although adjacent genes tend to be encoded on
the same DNA strand (Cui et al. 2006; de Cambiaire
et al. 2006). The high level of strandedness in the latter
chlorophycean chloroplast genomes has probably been
generated by selection to regulate gene expression by
favouring the formation of long, multicistronic tran-
scripts.

Disruptions of linearity, detected as local minima
and maxima, are visible in the plot of cumulative GC
skew of the Stigeoclonium genome (Fig. 2a). Interest-
ingly, these distortions correspond to expanded regions
in the ftsH, rpoC1, rpoC2, rps4 and ycf1 genes. As
demonstrated for two E. coli strains (Grigoriev 1998),
they possibly represent recent genome rearrangements
such as inversions or horizontally acquired sequences.

Gene order

As observed previously for Scenedesmus and Chla-
mydomonas cpDNAs (Maul et al. 2002; de Cambiaire
et al. 2006), the chloroplast genome of Stigeoclonium
does not reveal any remnant of the ancestral gene par-
titioning pattern displayed by Mesostigma, Nephrosel-
mis and streptophyte cpDNAs. In Fig. 1, it can be seen
that homologues of the genes residing in the SSC and
LSC regions of the Mesostigma genome are widely dis-
persed throughout the Stigeoclonium genome. In con-
trast, most of these genes in Chlorella and
Pseudendoclonium cpDNAs have remained clustered
together despite signiWcant changes in genome archi-
tecture (Pombert et al. 2006).

The Stigeoclonium chloroplast genome is poor in
ancestral gene clusters and its gene organization diVers

Fig. 2 Analyses of GC skew in Stigeoclonium cpDNA. a Plot of
cumulative GC skew for the whole genome sequence (GenBank
accession number DQ630521). The cumulative GC skew was cal-
culated as indicated in the Materials and methods; base at posi-
tion 50,000 was arbitrarily selected to represent the starting point.
The putative origin and terminus of replication were located in
the trnS(gga)-rrs and psbD-tufA intergenic regions, respectively.
Boundaries of genes associated with local distortions are denoted
by vertical lines. Above the plot is a representation of the coding
strand, either the strand whose sequence is reported in GenBank
(the top strand) or the alternate strand (bottom strand). The num-
bers of known genes and gene pieces encoded in the Wlled boxes
are indicated. b GC skew diagram for the intergenic regions in the
genome sequence. The GC skew was calculated as indicated in
the Materials and methods, starting with the psbH-psaC intergen-
ic region located between positions 50,839 and 51,388. The inter-
genic regions are numbered from 1 to 102
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remarkably from those of its chlorophyte counterparts.
Figure 3 compares all gene pairs present in UTC algal
cpDNAs with those present in Mesostigma and Neph-
roselmis cpDNAs and clearly illustrates the erosion of
ancestral clusters that took place during the evolution
of chlorophytes. It should be noted that, in this analy-
sis, the unlinked exons of genes displaying putatively
trans-spliced group II introns as well as the two rpoB
gene pieces (rpoBa and rpoBb) were considered as
separate gene loci. The trebouxiophyte Chlorella has
retained almost all ancestral gene pairs shared by Mes-
ostigma and Neproselmis, the ulvophytes Oltmannsiell-
opsis and Pseudendoclonium have lost a number of
ancestral clusters present in Chlorella, and the chloro-
phycean green algae have retained only a few ancestral
clusters. Apart from the rRNA operon, the three chlo-
rophycean genomes share only three gene pairs that
represent remnants of distinct ancestral operons
(psbB-psbT, rpl16-rpl14 and rpl23-rpl2). Both Scene-
desmus and Chlamydomonas cpDNAs have retained
longer versions of the latter protein operons (psbB-
psbT-psbN-psbH, rpl14-rpl16-rpl5-rps8 and rpl23-rpl2-
rps19). In addition, these two algal cpDNAs display
two ancestrally inherited gene pairs (atpF-atpH and
psbF-psbL), whereas the Stigeoclonium genome has

retained two ancestral gene pairs that represent frag-
ments of separate operons (rpl12-rsp7 and psbL-psbJ ).
When the derived gene pairs, i.e. gene pairs that are
shared speciWcally by UTC algal cpDNAs, are taken
into account, we Wnd that ulvophyte cpDNAs share
more derived traits with Chlorella cpDNA than with
chlorophycean green algal cpDNAs and that the Sti-
geoclonium genome is highly rearranged relative to its
Scenedesmus and Chlamydomonas homologues, which
share 17 derived gene pairs accounting for 11 clusters
(de Cambiaire et al. 2006). None of these derived gene
pairs is present in Stigeoclonium cpDNA (Fig. 3). This
genome shares only two derived gene pairs [rps8-psbE
and trnS(gcu)-ycf1] with its Scenedesmus homologue,
one [psaAex3-trnL(caa)] with Pseudendoclonium
cpDNA and one (rbcLex3-rps14) with Chlorella
cpDNA.

An alternative approach for comparing the degrees
of similarity displayed by diVerent genomes with
respect to their gene order is to estimate the number of
gene permutations that would be required to convert
the gene order of a given genome to that of another
genome. The data obtained with this approach corrob-
orate the notion that the gene organization of Stigeoc-
lonium cpDNA diverges radically from those of

Fig. 3 Conservation of ancestral and derived gene pairs in Sti-
geoclonium and other UTC algal cpDNAs. Filled boxes indicate
the presence of gene pairs with the same relative polarities in two
or more genomes. Grey or open boxes indicate the absence of
gene pairs. A grey box indicates that the two genes associated
with a gene pair are found in the genome but are unlinked. An
open box indicates that one or both genes associated with a gene
pair are absent from the genome. For each gene pair, adjoining
termini of the genes are indicated. *, ancestral gene pairs lost in

the lineages leading to the three chlorophycean taxa; 9, ancestral
gene pairs lost in the lineage leading to Stigeoclonium; ‡, ances-
tral gene pairs lost in the lineages leading to Chlamydomonas and
Scenedesmus; §, derived gene pairs gained in the Chlamydomonas
and Scenedesmus lineages. Note that the pairs of coding regions
that were lost following the acquisition of trans-spliced group II
introns (petDex1-petDex2, psaAex1-psaAex2, psaAex2-psaAex3,
psaCex1-psaCex2, rbcLex1-rbcLex2 and rbcLex2-rbcLex3) were
not scored as losses of ancestral gene pairs
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previously sequenced chlorophyte genomes (Supple-
mentary Table S3). We estimated that more than 80
inversions would be required to convert the gene order
of Stigeoclonium cpDNA into that of any other chloro-
phyte cpDNA. All the additional pairwise comparisons
we carried out yielded reduced numbers of inversions,
with the fewest (43 inversions) being obtained in the
comparison of the Mesostigma and Nephroselmis
genomes. With 58 inversions distinguishing the Scene-
desmus and Chlamydomonas cpDNAs, these chloro-
phycean genomes are clearly more similar to one
another than each of these genomes is to its Stigeoclo-
nium homologue.

Group I introns

The 16 group I introns in Stigeoclonium cpDNA inter-
rupt eight genes, range from 243 to 1,946 bp in size, and
fall within subgroups IA1, IA2, IA3, IB and IC3
according to the classiWcation system proposed by
Michel and Westhof (1990) (Supplementary Table S4).
The psbC, psbD, rrs, and trnL(uaa) genes each exhibit
one group I intron, whereas the remaining four genes
contain two (psaB), three (psaA and psbA) or four
introns (rrl). Ten of these introns carry internal ORFs,
eight of which code for putative homing endonucleases
of the HNH, GIY-YIG and LAGLIDADG families
(Stoddard 2005) (Supplementary Table S4). Eleven
introns are positionally and structurally homologous to
introns in other UTC algal chloroplast genomes
(Fig. 4). Among these introns, the rrl intron inserted at
site 2,593 exhibits the broadest distribution among
UTC green algae, being present in all completely
sequenced chloroplast genomes of these algae, except
in Stigeoclonium cpDNA. The remaining ten introns
have homologues in only one or two UTC algae. The
insertion sites of the psbD intron, of two introns in
psaA and of two others in psbA have not been previ-
ously documented and none of these introns shows
high structural similarity with an intron inserted at a
distinct site in the Stigeoclonium genome.

Group II introns

The Wve group II introns of Stigeoclonium vary from
654 to 1,918 bp in size and reside within psaC, psaJ,
petD and rbcL. Each of these genes is interrupted by
one intron, with the exception of rbcL. Positionally
homologous introns have not been identiWed in other
chloroplast genomes (Fig. 4); this is the Wrst report
indicating the presence of group II introns in psaC,
psaJ and rbcL. All Wve Stigeoclonium group II introns
lack an ORF ¸ 100 codons and all, except the psaJ

Fig. 4 Distribution of introns in Stigeoclonium and other UTC
algal cpDNAs. Circles denote the presence of group I introns and
squares denote the presence of group II introns. Divided squares
represent trans-spliced group II introns. Open symbols denote the
absence of intron ORFs, whereas Wlled symbols denote their pres-
ence. Intron insertion sites in genes coding for tRNAs and pro-
teins are given relative to the corresponding genes in Mesostigma
cpDNA; insertions sites in rrs and rrl are given relative to E. coli
16S and 23S rRNAs, respectively. For each insertion site, the po-
sition corresponding to the nucleotide immediately preceding the
intron is reported. The column at the extreme right indicates the
introns of Chlamydomonas species other than C. reinhardtii that
are known to have homologues in completely sequenced UTC al-
gal genomes. References for the latter introns are as follows: psaB
(Turmel et al. 1993b); psbA (Turmel et al. 1989); psbC (Turmel
et al. 1993b); rrs (Durocher et al. 1989); and rrl (Turmel et al.
1991; Côté et al. 1993; Turmel et al. 1993a, 1995b). An asterisk de-
notes the absence of the ORF in some Chlamydomonas species
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intron, are discontinuous. The second intron in rbcL is
split in domain II, whereas the sites of discontinuity of
the other introns map to various locations within
domain I (Supplementary Fig. S1). The second intron
in rbcL and the cis-spliced psaJ intron were classiWed
into the subgroup IIA according to the nomenclature
proposed by Michel et al. (1989), whereas the petD
intron was classiWed into the subgroup IIB. The two
remaining introns could not be categorized into any of
these subgroups because they exhibit characteristics of
both subgroups. No close structural relationship was
identiWed among the Wve group II introns.

Repeated sequences

Comparison of the Stigeoclonium cpDNA sequence
against itself using PipMaker (Schwartz et al. 2000) dis-
closed the presence of repeats in many intergenic
regions, some expanded genes (cemA, ftsH, rpoC1,
rpoC2, rps2 and ycf1), and four introns (Sh.psaA.2,
Sh.psaB.1, Sh.psbA.1 and Sh.psbC.1) (Supplementary
Fig. S2). The intergenic regions of this genome display
a higher proportion of repeats compared to those in
the Chlamydomonas genome (Table 2).

The most abundant repeated sequences in the Sti-
geoclonium genome consist of dispersed repeats and
can be classiWed into Wve groups of non-overlapping
repeat units (A through E) on the basis of their pri-
mary sequences (Table 3). Each group features vari-
ants that diVer slightly in primary sequence; for groups
A, B, C, we identiWed some of these variants (e.g. A1,
B1 and B2). The sequences of all identiWed repeat units
form perfect palindromes or putative stem-loop struc-
tures with a loop of 2–8 bases. Their total sizes vary
from 29 to 52 bp. Repeat unit C features exclusively A
and T bases. Repeat units A and C represent the most
important groups in term of copy number, and mem-

bers of these groups are scattered all over the genome
(Supplementary Fig. S2). Although the repeat units
belonging to groups A, B and C occur mainly as palin-
dromes or stem-loop structures, copies of these repeat
units are found as reduced versions consisting of half-
stems (i.e. sequences lacking a twofold axis of symme-
try). Many intergenic regions feature larger repeats
that are composed of two or more copies of the same
repeat unit and/or of repeats representing diVerent
units (Supplementary Fig. S2). Segments of identical
sequences containing such composite repeats are
located in distinct loci of the Stigeoclonium genome.
The largest repeat of this type is 625 bp long (Table 2).
No repeats identical to those reported in Table 3 were
detected in any other completely sequenced UTC algal
cpDNA.

Discussion

Distinctive features of the Stigeoclonium chloroplast 
genome

Although the Stigeoclonium chloroplast genome shares
several derived features with Chlamydomonas and
Scenedesmus cpDNAs, it displays a number of distinc-
tive traits. Stigeoclonium cpDNA is the largest chloro-
plast genome yet sequenced and in contrast to its two
chlorophycean counterparts, features no IR. Genes
that are usually part of ancestral clusters in green algal
cpDNAs have been reshuZed to a signiWcantly greater
extent in the Stigeoclonium genome than in Scenedes-
mus and Chlamydomonas cpDNA and virtually all of
the derived clusters identiWed in the latter algae are
absent from the Stigeoclonium genome (Fig. 3, Supple-
mentary Table S3). The distribution of the Stigeoclo-
nium genes between the two DNA strands shows an

Table 2 Abundance of repeats in Stigeoclonium and other UTC algal cpDNAs

a Number of repeats with identical sequences were estimated using REPuter (Kurtz et al. 2001). Note that these estimates include over-
lapping repeats
b Non-overlapping repeat elements were mapped on the genome with RepeatMasker using the repeats identiWed with REPuter as input
sequences

cpDNA Maximal size 
of repeats (bp)

Number of repeatsa Non-overlapping repeats ¸ 30 bpb

¸30 bp ¸45 bp Total size (bp) Fraction of 
genome (%)

Fraction of 
intergenic 
regions (%)

Chlorella 84 269 44 11,743 7.8 20.8
Oltmannsiellopsis 172 1,205 161 18,033 11.9 30.1
Pseudendoclonium 171 1,047 203 10,073 5.1 13.6
Stigeoclonium 625 2,856 640 39,941 17.8 40.3
Scenedesmus 112 86 21 4,817 3.0 8.7
Chlamydomonas 221 3,247 551 32,244 15.8 31.9
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almost perfect symmetry (Fig. 1) and most remarkably,
the gene-encoding strand on each half of the genome is
richer in G than in C compared to the alternate strand
(Fig. 2). Another distinctive feature of the Stigeoclo-
nium chloroplast genome is its large set of introns (21
introns vs. 9 in Scenedesmus and 7 in Chlamydo-
monas), which includes four putatively trans-spliced
group II introns that have no homologues in other
green algal cpDNAs (Fig. 4). As each of these group II
introns consists of two pieces that are far apart on the
genome, two distinct precursor transcripts, each con-
taining an intron piece, presumably assemble at the site
of discontinuity of the intron via base-pairings and ter-
tiary interactions to reconstitute the intron structure
required for splicing.

Considering that the presence of an rDNA-encoding
IR is a prominent feature of the chloroplast genome in
diverse green algal and plant lineages and that its
absence from some lineages has been attributed to
independent losses (Palmer and Thompson 1981;
Palmer et al. 1987; Lidholm et al. 1988; Strauss et al.
1988; Turmel et al. 2005), we infer that an IR was pres-
ent in the chloroplast genome of the common ancestor
of the green algae belonging to the Chlamydomona-
dales, Sphaeropleales, and Chaetophorales but was lost
in the lineage leading to Stigeoclonium (Chaetopho-
rales). As the IR is thought to play a major role in sta-
bilizing gene order (Palmer and Thompson 1982;
Strauss et al. 1988; Palmer 1991), it is perhaps not sur-
prising that the Stigeoclonium chloroplast genome is
extremely rearranged relative to Scenedesmus and
Chlamydomonas cpDNAs. To account for the highly
scrambled gene order observed in the great majority of
previously documented green plant cpDNAs lacking
an IR (Palmer and Thompson 1982; Strauss et al. 1988;

Wakasugi et al. 1994; Turmel et al. 2005), it has been
hypothesized that the loss of the IR enhances opportu-
nities for intramolecular recombination between
homologous sequence elements such as short dispersed
repeats (Palmer 1991). Therefore, according to this
hypothesis, both the absence of the IR and the great
abundance of short dispersed repeats in the Stigeoclo-
nium genome are important factors that inXuenced the
order of genes and gene pieces.

The mode of DNA replication appears to be an addi-
tional factor that contributed to the unusual arrange-
ment of genes in the Stigeoclonium genome, in particular
to the strand bias in coding regions. Both the strand
biases in coding regions and in GC composition dis-
played by this algal genome are typical of those
observed in prokaryotic genomes that replicate bidirec-
tionally from a single origin (Grigoriev 1998; Tillier and
Collins 2000a, b; Guy and Roten 2004). Analysis of the
cumulative GC skew has allowed us to map a putative
replication origin in the trnS(gga)-rrs intergenic region
and a putative terminus in the psbD-tufA intergenic
region (Figs. 1, 2). Further work will be needed to deter-
mine whether the intergenic spacer upstream of the
small subunit rRNA gene (rrs) functions as an origin
and whether the unique direct repeats and potential
stem-loop structure found at this locus are essential for
replication. Evidence for bidirectional replication from a
single origin based on GC skew analysis has been
reported for only two other IR-lacking chloroplast
genomes showing a coding strand bias, the genome of
the euglenoid Euglena gracilis whose plastids were
acquired by secondary endosymbiosis from a green alga
(Morton 1999) and the genome of the parasitic green
alga Helicosporidium sp. (Trebouxiophyceae) (de Kon-
ing and Keeling 2006). Consistent with the GC skew

Table 3 Repeat units in Stigeoclonium cpDNA

a Repeats sharing >75% sequence identity have been assigned to the same class of repeat units (A, B, C, D or E)
b The underlined sequences often occur as solitary sequences (half-stems) in the genome
c Copies of each repeat unit were identiWed in FINDPATTERNS searches using 100 or 90% sequence identity. The values in parenthe-
ses indicate the number of occurrences of the sequences corresponding to the half-stems
d Sequence redundancy can occur between the subclasses of a given class of repeats units

Designationa Size (bp) Sequenceb Copy numberc

100% 90%d

A1 29 TTCCCCCGGAAGC-(N)3-GCTTCCGGGGGAA 35 (105) 79 (195)
A2 29 TTCCCTCGGAATC-(N)3-GATTCCGAGGGAA 18 (42) 21 (66)
B1 30 TCTCTTTTTGGGCTTAAGCCCAAAAAGAGA 5 (22) 19 (35)
B2 32 TCTTTTTTTTGGGCTTAAGCCCAAAAAAAAGA 2 (7) 6 (8)
B3 32 TTTCTCTTCTGGGCTTAAGCCCAGAAGAGAAA 1 (5) 4 (8)
C1 34 AAATTAAAAAATAAAT-(N)2-ATTTATTTTTTAATTT 29 (68) 46 (102)
C2 36 AAATTAAAAAAATAAAT-(N)2-ATTTATTTTTTTAATTT 12 (26) 28 (60)
D 46–48 TCTCTGTCGTTTAAATTGTTC-(N)4–6-GAACAATTTAAACGACAGAGA 15 (30) 28 (58)
E 50–52 TTTTTCTTTATGCTAGCAAAAA-(N)6–8-TTTTTGCTAGCATAAAGAAAAA 7 (14) 27 (54)
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analysis of Euglena cpDNA, previous electron micro-
scopic analysis of replication intermediates had sug-
gested that this genome is replicated bidirectionally
from a single origin (near the repeated rRNA genes) to
a terminus on the opposite side of the circular genome
(Koller and Delius 1982; Ravel-Chapuis et al. 1982). As
in Stigeoclonium cpDNA, the putative origin of bidirec-
tional replication in the reduced genome of Helicospori-
dium has been located just upstream of the rrs gene. In
contrast, studies of cpDNA replication in Chlamydo-
monas and various land plants indicate that these
genomes replicate by a mechanism diVerent than that
used by prokaryotic genomes (Heinhorst and Cannon
1993; Kunnimalaiyaan and Nielsen 1997). Except for
Euglena cpDNA, all chloroplast genomes that were
examined have been found to contain multiple origins
whose number and locations may vary in diVerent
organisms.

Prior to our study, the only known trans-spliced
group II introns in chlorophyte cpDNAs were the
bipartite introns occupying the same site in the Scene-
desmus and Chlamydomonas psaA genes (Kück et al.
1987; de Cambiaire et al. 2006) and the tripartite intron
inserted at a distinct site in the Chlamydomonas psaA
(Kück et al. 1987; Goldschmidt-Clermont et al. 1991;
Turmel et al. 1995a). Most other trans-spliced group II
introns are bipartite and have been documented
mainly in land plant mitochondrial genomes. Interest-
ingly, cis-spliced versions of these mitochondrial
introns have been found in some land plant taxa, sup-
porting the notion that disruption of ancestral cis-
spliced introns gave rise to trans-spliced introns (Malek
et al. 1997; Malek and Knoop 1998). Not only was the
Wnding of four bipartite group II introns in Stigeoclo-
nium cpDNA unexpected; it was also surprising that
the sites of discontinuities of these introns lie within
domain I or II, because the majority of reported trans-
spliced group II introns are fragmented within domain
III (Michel et al. 1989) or IV (Michel and Ferat 1995).
Only the tripartite introns in Chlamydomonas chloro-
plast psaA (Goldschmidt-Clermont et al. 1991; Turmel
et al. 1995a) and in Oenothera mitochondrial nad5
(Knoop et al. 1997) are known to have a break within
domain I; the central fragments of these introns
encompass part of domain I, the entire domain II and
III, and part of domain IV. To our knowledge, no dis-
continuity within domain II of group II introns has
been documented thus far.

Evolution of the chlorophycean chloroplast genome

The addition of the Stigeoclonium chloroplast genome
sequence to the collection of completely sequenced

green algal cpDNAs sheds light into the architecture of
the chloroplast genome from the last common ancestor
of the green algae belonging to the Chaetophorales,
Sphaeropleales and Chlamydomonadales; however,
the portrait that can be drawn for this ancestral
genome is rather sketchy (Fig. 5). This genome almost
certainly featured an IR and contained a minimum of
100 genes, a few of which were probably organized as
ancestral gene clusters. The coding regions of at least
three genes (clpP, rps3 and rps4) were already
expanded in size and rpoB was split into two separate
ORFs. The intron content cannot be predicted as the
patchy distribution observed for these elements among
UTC lineages (Fig. 4) may result from both horizontal
transfers and losses of introns. Short dispersed repeats
were also likely present because such sequences are
found in the trebouxiophyte, ulvophyte and chlorophy-
cean cpDNAs studied thus far.

When our comparative analysis of the Stigeoclo-
nium, Scenedesmus and Chlamydomonas chloroplast
genomes is placed in a phylogenetic framework, we
Wnd that a number of mutational events can be inferred
during the evolution of chlorophycean green algae.
Our recent phylogenetic analyses of genes and proteins
derived from chloroplast genome sequences of green
algae representing the four chlorophyte classes
revealed that Stigeoclonium occupies a basal position

Fig. 5 Gains/losses of structural cpDNA features inferred from
the phylogenetic tree placing Stigeoclonium at a basal position
relative to Chlamydomonas and Scenedesmus. Gains of group II
introns, derived gene pairs, expanded gene sequences, duplicated
genes, and genes split into two distinct ORFs are indicated by ar-
rows pointing toward the tree, whereas losses of genes, ancestral
gene pairs and IR structure are indicated by arrows pointing away
from the tree. Each group II intron is denoted by the name of the
gene in which it resides followed by ‘i’ and its insertion position
relative to the corresponding Mesostigma gene. The ancestral and
derived gene pairs that were lost or gained on diVerent branches
of the tree are indicated in Fig. 3 
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relative to a clade uniting Scenedesmus and Chlamydo-
monas (our unpublished results). This topology, which
was found to be very robust regardless of the methods
of analysis used, is supported by several cpDNA fea-
tures (Fig. 5). For example, the aYliation of Chla-
mydomonas and Scenedesmus to the same clade is
supported by the Wve sets of traits that these algal
cpDNAs have in common but that are lacking from Sti-
geoclonium cpDNA and other chlorophyte cpDNAs:
(1) the absence of four genes, (2) the presence of a
duplicated trnE(uuc) gene, (3) the presence of a trans-
spliced group II intron at site 267 in psaA, (4) the
absence of two ancestral gene pairs and the presence of
17 derived gene pairs (see Fig. 3) and (5) the split of
rps2 into two separate ORFs. Following the split of the
Chlamydomonadales and Sphaeropleales, the chloro-
plast genome sustained no further changes in the
Scenedesmus lineage, except the acquisition of a cis-
spliced group II intron in petD (Kück 1989). In the
Chlamydomonas lineage, a second trans-spliced group
II intron was gained by psaA (Kück et al. 1987), two
genes were lost and rpoC1 was split into two separate
ORFs. The distinctive traits displayed by the Stigeoclo-
nium cpDNA probably reXect events that occurred
speciWcally during the evolution of the Chaetopho-
rales. These events include the insertion of Wve group
II introns, the fragmentation of four of these introns,
the loss of three genes, the loss of the IR as well as the
losses of eight ancestral gene pairs (Fig. 5).

The branching order reported here for the Chaeto-
phorales, Sphaeropleales and Chlamydomonadales is
congruent with the current hypothesis for the diver-
gence order of chlorophycean lineages as inferred
from the nuclear-encoded small subunit and large
subunit rRNA gene sequences (Buchheim et al. 2001;
Shoup and Lewis 2003). According to this hypothesis,
the evolution of a polymorphic DO + CW condition
for the Xagellar apparatus in the basal lineage repre-
sented by Stigeoclonium (Chaetophorales) became
Wxed for the CW condition in the Chlamydomona-
dales and for the DO condition in the Sphaeropleales.
Of course, to better understand how the CW and DO
organizations of basal bodies found in these chloro-
phycean lineages originated from the counterclock-
wise organization observed in trebouxiophytes and
ulvophytes, a robust phylogeny encompassing all
identiWed chlorophycean lineages will be required.
Sequencing of the chloroplast genome from addi-
tional chlorophycean taxa would not only be useful to
unravel the branching order of the major chlorophy-
cean lineages but would also throw light into the most
ancestral condition of this organelle genome in the
Chlorophyceae.
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