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Abstract We sequenced the complete plastid and mitochon-
drial genomes of the unicellular marine phytoplankton 7¥i-
parma laevis, belonging to the order Parmales (Heterokonta).
The cells of Parmales are surrounded by silicified cell walls,
similar to Bacillariophyta (diatoms). T laevis was recognized
as a sister group of Bacillariophyta using a molecular phyloge-
netic analysis based on SSU rDNA and rbcL sequences. Bacil-
lariophyta are the most successful group of phytoplankton in
the modern ocean, but the origin and early evolution of them
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have not been clearly established. Detailed molecular analyses
of T laevis may increase our understanding of the evolutionary
relationships among Parmales and Bacillariophyta. The gene
contents of the plastid and mitochondrial genomes are similar
between T. laevis and Bacillariophyta. The gene order of the
plastid genome is also similar to Bacillariophyta, whereas the
gene order of the mitochondrial genome is not conserved in
Bacillariophyta, but the structure is more compact than Bacil-
lariophyta. Phylogenetic analyses, using plastid-encoded con-
catenated amino acid datasets and mitochondria-encoded con-
catenated amino acid datasets suggest that 7. laevis is a sister
group of Bacillariophyta. These results suggest that the charac-
teristics of the organellar genomes of 7. laevis are similar and
conserve ancestral characteristics more than Bacillariophyta.
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Introduction

Plastids and mitochondria are organelles that have their
own genomes and genetic systems. Endosymbiotic cyano-
bacteria and alphaproteobacteria are believed to be the ori-
gin of plastids and mitochondria, respectively (Sagan 1967,
Williams et al. 2007). Plastids are classified by origin; one
is a direct descendent of a primary cyanobacterium endos-
ymbiont, while the other originated from the endosymbio-
sis of plastid-bearing eukaryotes by another eukaryotic host
(Kim and Archibald 2009). The plastids of Heterokonta
originated from Rhodophyta (Cavalier-Smith 1998; Tajima
et al. 2014). The mitochondria of Heterokonta originated
from eukaryotic hosts of secondary plastids (Prihoda et al.
2012). Comprehensive and comparative organelle genome
sequence analyses will improve our understanding of the
evolutionary relationships between Parmales and other
Heterokonta.

The order Parmales (Heterokonta) is a group of unicel-
lular marine phytoplankton species with small solitary
cells that are generally about 2-5 um in diameter (Booth
and Marchant 1987). The cells are surrounded by variously
shaped plates composed of silica (Silver et al. 1980). Their
taxonomic status was based on the structure and number of
plates of the siliceous cell wall in samples collected from
natural habitats (Booth and Marchant 1987; Kosman et al.
1993). The order Parmales is divided into two families,
Triparmaceae (including Tetraparma and Triparma) and
Pentalaminaceae. Parmales is distributed globally, from
tropical to polar waters; however, its abundance is particu-
larly high in polar and subarctic waters (Booth et al. 1980;
Nishida 1986; Komuro et al. 2005; Konno and Jordan
2007; Ichinomiya and Kuwata 2015).

Parmalean algae have never been cultured successfully
because they are small and difficult to distinguish from
other small phytoplankton in field samples by light micros-
copy. Recently, using the silicified cell wall staining tech-
nique, a parmalean culture (Triparma laevis strain NIES-
2565) was successfully established in the Oyashio region
of the western North Pacific (Ichinomiya et al. 2011).
Tentatively, Parmales belong to the class Chrysophyceae
(Booth and Marchant 1987), but the molecular phyloge-
netic analyses based on 18S ribosomal DNA and rbcL
sequences indicated that Triparma is not included within
the Chrysophyceae, but instead is the sister group of Bacil-
lariophyta (diatoms) (Ichinomiya et al. 2011).

Diatoms are the most successful group of phytoplankton
in the modern ocean; they include ca. 10° species (Mann
and Vanormelingen 2013) and have high primary produc-
tivity, which is estimated to contribute about 20 % of the
photosynthesis on earth, comparable to that of terrestrial
rainforests (Nelson et al. 1995; Field et al. 1998; Mann
1999). Because the origin and early evolution of diatoms
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have not been clearly established, Parmales studies may
play a key role in understanding the early evolution of
Bacillariophyta.

Here, we report the sequence of the plastid and mito-
chondrial genomes of 7. laevis strain NIES-2565. We ana-
lyzed their genome structures and gene contents, and com-
pared their characteristics with those of Bacillariophyta
and other Heterokonta. The organellar genomes of some
species of Heterokonta have been sequenced and compared
gene contents and gene order between the related species
(Starkenburg et al. 2014). The gene repertoires and gene
order of both organelle genomes of Bacillariophyta are
similar (Oudot-Le Secq and Green 2011; Oudot-Le Secq
et al. 2007; Ruck et al. 2014). Comparative analyses of
organelle genomes will improve our understanding of the
similarity and evolutionary relationships between Parmales
and Bacillariophyta. In addition, using concatenated amino
acid alignments of plastid-encoded proteins and mitochon-
dria-encoded proteins, we estimated the phylogenetic rela-
tionship between 7. laevis and other Heterokonta.

Materials and methods
DNA sources

Triparma laevis strain NIES-2565 was isolated from the
Oyashio region of the western North Pacific. Cells of T.
laevis were maintained in modified f/2 medium (Guillard
and Ryther 1962) with 100 uM nitrate and 100 uM silicic
acid in a plastic bottle at 5 °C under 100 umol photons m >
s~! (14 h of light: 10 h of dark) (Ichinomiya et al. 2011).
The cells were harvested by filtration. DNA was released
by treatment with sodium N-dodecanoylsarcosinate and
proteinase K, extracted with phenol/chloroform, and puri-
fied by CsCl ultracentrifugation.

DNA sequencing

Genomic DNA (0.5 pg for shotgun and 5 pg for paired-
end libraries) was sheared and sequenced with a genome
sequencer 454 FLX+ (Roche Diagnostics, Indianapolis,
IN, USA) according to the manufacturer’s protocol. Total
genome data of T. laevis were assembled with Newbler ver-
sion 2.6 into 12,625 contigs (average length = 4647 bp).
The contigs had read depth of 22.5 on an average. To deter-
mine the genomic origin (i.e., nuclear genome or organel-
lar genomes), each contig was analyzed by blastn version
2.2.18 (Altschul et al. 1997) against the sequences of the
organellar and nuclear genomes in algae and plants. The
sequence reads corresponding to plastid sequences were
assembled into 21 contigs and a single mitochondrial scaf-
fold. PCR experiments were performed to fill the gaps. The
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products were sequenced by conventional Sanger sequenc-
ing by FASMAC Co. Ltd. (Atsugi, Japan). The complete
organellar genomes are available under GenBank Acces-
sion Numbers AP014625 (plastid genome) and AP014626
(mitochondrial genome), respectively.

Genome annotation and data analyses

To detect the open reading frames (ORFs) of the plastid
genome, we used the MetaGeneAnnotator program (Nogu-
chi et al. 2008). We then used the tblastn program, which
was run against the cluster data of CyanoClust (Sasaki and
Sato 2010) prepared by Gclust (Sato 2009) (Supplementary
material 2). Finally, we searched for ORFs that were longer
than 30 codons and started with ATG or GTG. To detect
the ORFs of the mitochondrial genome, we used MetaGe-
neAnnotator. We then used tblastn, which was run against
the cluster data of 23 mitochondrial genomes (Dataset:
Mt23) prepared by Gcelust (Supplementary material 2). To
search for tRNA genes, we used the program tRNAscan-
SE (Lowe and Eddy 1997). To detect rRNA genes, we used
the blastn program against the plastid genomes of Rhodo-
phyta and Glaucophyta and the mitochondrial genomes
of the species in the Mt23 dataset (Supplementary mate-
rial 2). The gene orders of two non-coding RNAs (ncR-
NAs; ffs and ssrA) were conserved in Bacillariophyta (ffs
is between tRNAP(GAA) and psbX and ssrA is between
tRNAA(CCG) and tRNA"®(CAU)). We then constructed
a sequence alignment between tRNAP™(GAA) and psbX
of T. laevis and ffs genes of Bacillariophyta. We also con-
structed a sequence alignment between tRNAA(CCG) and
tRNA"®(CAU) of T. laevis and ssrA genes of Bacillario-
phyta. We hypothesized that the highly homologous regions
encoded ncRNA genes in 7. laevis. Processing of DNA
and protein sequences was performed with SISEQ version
1.59 (Sato 2000). A sequence alignment of ncRNA genes
was constructed with Clustal X version 2.0.9 (Thompson
et al. 1994; Larkin et al. 2007). The genomic sequence was
manipulated using Artemis version 13.0 (Rutherford et al.
2000).

Phylogenetic analyses

For phylogenetic analyses of Heterokonta based on the
plastid genomes, two types of protein sequence align-
ments were constructed: one type used sequences that
were conserved in five species of Rhodophyta, six spe-
cies of Viridiplantae, one species of Glaucophyta, 19 spe-
cies of Heterokonta, three species of Haptophyta, two spe-
cies of Cryptophyta, and 18 species of cyanobacteria, and
another type used sequences conserved in five species of
Rhodophyta, 19 species of Heterokonta, three species of
Haptophyta, two species of Cryptophyta, and 18 species of

cyanobacteria. For phylogenetic analyses of Heterokonta
based on mitochondrial genomes, four types of protein
sequence alignments were constructed: three types used
sequences conserved in three species of Rhodophyta, six
species of Viridiplantae, two species of Glaucophyta, 13
species of Heterokonta, five species of alphaproteobacte-
ria, and 0, 1, or 2 species of Haptophyta and Cryptophyta,
respectively, and another type used sequences conserved in
13 species of Heterokonta and five species of alphaproteo-
bacteria. The analyzed proteins are listed in Supplemen-
tary material 3. The alignments of concatenated protein
sequences are described in Supplementary material 4-9.
We used the ML (maximum likelihood) and BI (Bayes-
ian inference) methods for phylogenetic inference. An ML
analysis was performed using PhyML version 3.1 (Guin-
don et al. 2010). The evolutionary model was selected with
ProtTest version 2.4 (Abascal et al. 2005). The LG (Le and
Gascuel 2008) model was selected, but because it was not
implemented in MrBayes, the best available model was
used. A BI analysis was performed using MrBayes ver-
sion 3.2.1 (Ronquist and Huelsenbeck 2003) with the WAG
(Whelan and Goldman 2001) model. Two chains were run;
trees were sampled at every 200 for 1,000,000 generations
and the first 2,000 trees were discarded as burn-in.

Phylogenetic analyses of PsbA

For phylogenetic analyses of PsbA, we used sequences in
five species of Rhodophyta, 11 species of Heterokonta,
one species of Haptophyta, and two species of Crypto-
phyta. The phylogenetic relationship was analyzed using
the ML method with the LG model. The alignment of
PsbA is provided in Supplementary material 10. To com-
pare the sequences of the two copies of PsbA in 7. laevis,
a sequence alignment was constructed with Clustal X soft-
ware version 2.0.9.

Results
Structure of the organellar genomes of 7. laevis

We sequenced the plastid and mitochondrial genomes of
T. laevis strain NIES-2565 by pyrosequencing with the
Roche 454 GS FLX system. The sequence reads of the
plastid genome were assembled into 21 contigs and the
gaps were filled completely by PCR and Sanger sequenc-
ing. The plastid genome of 7. laevis is a circular molecule
composed of 117,514 bp, with a GC content of 31.7 %, and
encodes two ncRNAs (ffs and ssrA), six TRNAs (two rrs,
two rrl, and two rrf), 29 tRNAs, and 141 proteins (Fig. la,
Table S1, and Supplementary material 12). This plastid
genome encodes two copies of psbA, which are different
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Fig. 1 Gene maps of the orga-
nellar genomes of 7. laevis. The
two internal sectors represent
RNA genes, whereas the two
external sectors represent
protein-coding genes. The outer
and inner rings of each set rep-
resent genes on the clockwise
and counterclockwise strands,
respectively. Protein-coding
genes are color coded by their
function, as shown at the bottom
left corner. a Gene map of the
plastid genome of T. laevis. b
Gene map of the mitochondrial
genome of T. laevis
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in coding sequence but phylogenetically similar (Fig. S1).
These results suggest that the psbA genes underwent dupli-
cation and mutation after the diversification of Parmales
from Bacillariophyta. Sequence reads of the mitochondrial
genome were assembled into one scaffold, and the gaps
were filled completely by PCR and Sanger sequencing. The
mitochondrial genome of 7. laevis is a circular molecule
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composed of 39,580 bp with a GC content of 30.4 %, and
encodes two rRNAs (rrs and rrl), 25 tRNAs, and 37 pro-
teins (Fig. 1b, Table S3, and Supplementary material 12).
The number of uaa stop codons was 35, whereas there were
only two uag stop codons. The uga codon, used as a stop
codon by many species and as a Trp codon by some species
(Fox 1979; Oudot-Le Secq and Green 2011), was not used
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as a stop or Trp codon in the mitochondrial genome of T.
laevis (Table S4).

Comparison of protein-coding genes in plastids

We analyzed the loss of plastid protein-coding genes during
the evolution of Heterokonta (Fig. S2). A previous report
showed that the plastids of Heterokonta originated from
Rhodophytina (Tajima et al. 2014). The plastid genomes of
Heterokonta have lost 51 genes compared to Rhodophytina.
The plastid genomes of T. laevis and Bacillariophyta have
lost 13 genes after diverging from other Heterokonta. The
peroxiredoxin gene (basl), which has been lost repeatedly
from the plastid genomes of Rhodophyta and Bacillari-
ophyta (Glockner et al. 2000; Ruck et al. 2014), was lost
from the plastid genome of T. laevis. The genes chlB, chiL,
chiN, rpoZ, and ycfl9 were lost from the plastid genomes
of Bacillariophyta after diverging from 7. laevis, and sev-
eral genes showed lineage-specific loss (Lommer et al.
2010; Oudot-Le Secq et al. 2007; Ruck et al. 2014). The
petJ gene, lost from the plastid genome of T. laevis, was
detected in the draft nuclear genome of 7. laevis (unpub-
lished data). This gene appears to have been transferred to
the nucleus, as in some species of Bacillariophyta (Ruck
et al. 2014). No other genes were lost from the plastid
genome of T. laevis after diverging from Bacillariophyta.

The plastid genomes of several species contained serC
and/or tyrC, functional recombinase genes that originated
from foreign species (Ruck et al. 2014). The genes ycf88,
vcf89, and ycf90, conserved in only Bacillariophyta (ycf88
is conserved in Bacillariophyta, excluding Leptocylindrus
danicus), may have originated from the plastid genomes of
Bacillariophyta. These genes may have been acquired by
lineage-specific gains.

Comparison of plastid genomes

We compared the global structure of the plastid genome
of T. laevis with that of Heterokonta (Supplementary
material 11). The gene order of T. laevis was similar
to that of Bacillariophyta, compared with other Heter-
okonta. Three tRNA(CAU)s of T. laevis were identified
as tRNA™ME(CAU), (RNA®(CAU), and tRNAMS(CAU)
based on an alignment analysis (Table S2) (Tajima et al.
2014). We also determined and corrected the identity of
tRNA(CAU)s from Heterokonta plastid genomes that were
unidentified or misannotated.

Some species of Bacillariophyta contained many dupli-
cated genes in the inverted repeat region. The inverted
repeat regions of T. laevis contained the rRNA operon and
part of the hypothetical protein (ORF50 and ORF51).

Based on the repertoire and order of plastid genes,
we identified roughly 18 blocks in T. laevis and

Bacillariophyta. The block #nT(UGU)-trnY(GUA) was
often rearranged. Two blocks of gene order were not con-
served in T. laevis and other Bacillariophyta; the block
psaJ-trnK(UUU) was separated in L. danicus, Thalassio-
sira pseudonana, and T. laevis, and rpsi4 was not adja-
cent to psaM in L. danicus, Coscinodiscus radiatus, and T.
laevis.

The gene repertoire in the small single-copy region
within Bacillariophyta was conserved with the exception
of species-specific genes. The plastid genome of 7. laevis
encoded the block of the ribosomal gene cluster (dnak-
rps10) and two neighboring blocks (ilvH-clpC and groEL-
rps16) in the large single-copy region.

Comparison of mitochondrial genomes

We compared the mitochondrial genome of 7. laevis with
that of Heterokonta. Table 1 shows the difference in gene
content among lineages. The #rnT gene was absent in all
Heterokonta. Full-length nadll was encoded in Raphido-
phyceae, Synurophyceae, Chrysophyceae, Bacillariophyta,
and T. laevis. In T. laevis, the similarity of the sequence
encoding the C-terminal “molybdopterin-binding” domain
of nadll was low. In some species of Bacillariophyta,
nadll was split into two ORFs. Only the N-terminal “Fe-S
binding” domain of nadll was identified in Phaeophyceae
(Oudot-Le Secq and Green 2011), whereas only the C-ter-
minal “molybdopterin-binding” domain was identified in
Eustigmatophyceae (Starkenburg et al. 2014). An in-frame
insertion was found in cox2 in Eustigmatophyceae and
Phaeophyceae (excluding Dictyota dichotoma) (Oudot-Le
Secq and Green 2011). The only difference in gene con-
tent of the mitochondrial genome between T. laevis and
Bacillariophyta was that the tRNASY(UCC) gene was lost
from Bacillariophyta. The gene order of the mitochondrial
genome of 7. laevis was not similar to that of Bacillario-
phyta. All species of Bacillariophyta had introns and some
species had a block of repeated sequence (Oudot-Le Secq
and Green 2011), whereas 7. laevis had no introns or repeat
regions.

Phylogenetic analyses of Heterokonta based
on organellar genomes

For phylogenetic analyses of Heterokonta based on the
plastid genome, we constructed an amino acid sequence
alignment of 33 concatenated proteins that were conserved
in Rhodophyta, Viridiplantae, Glaucophyta, Heterokonta,
Haptophyta, Cryptophyta, and cyanobacteria (Fig. 2). Addi-
tionally, we constructed an amino acid sequence alignment
of 64 concatenated proteins that were conserved in Rhodo-
phyta, Heterokonta, Haptophyta, Cryptophyta, and cyano-
bacteria (Fig. S3). We removed genes that may provide a
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Table 1 Comparison of the mitochondrial genomes among Heterokonta

T. laevis Bacillariophyta Raphidophyceae Phaeophyceae Eustigmatophy- Synurophyceae Chrysophyceae
ceae
Sequenced species 1 4 4 27 11 1 1
rif - - + + - - -
tRNAY(GCC) + + + + + - -
tRNAY(UCC) + - + - + + +
tRNAT(AAU) - - - - - - +
tRNALY(CAA) — - - + + - -
tRNAAE(UCG) + + + - + - —
trnT — - — — — — —
atpl - — - - + - —
rpl31 - - - + - - -
mplSs + + + + + - -
rpsll + + + + + - +
tatC + + + + + + -
cox2 in-frame — - — + + — -
insertion (Except D. dicho-
toma)
nadll Full-length Full-length Full-length N-terminus C-terminus Full-length Full-length

misleading phylogenetic signal; namely, serially duplicated
genes (psbA and psbD), genes of short sequence align-
ment (psbF, psbH, psbJ, psbK, psbN, psbT, rpl31, rpl33,
and rpsI8) (Qiu et al. 2012), and horizontally transferred
genes (rbcL, rbcS, and rpl36) (Delwiche and Palmer 1996;
Rice and Palmer 2006). We used ML and BI methods. The
results of our analyses in both datasets indicated that 7. lae-
vis is closely related to Bacillariophyta. The obtained phy-
logenetic relationships among Heterokonta, Haptophyta,
Cryptophyta, and Rhodophyta were consistent with those
of previous reports (Tajima et al. 2014).

For phylogenetic analyses of Heterokonta based on
the mitochondrial genome, we constructed an amino acid
sequence alignment of 29 concatenated proteins that were
conserved in Heterokonta with alphaproteobacteria as
an outgroup (Fig. 3). Additionally, we constructed three
amino acid sequence alignments of 15 concatenated pro-
teins that were conserved in Rhodophyta, Viridiplantae,
Glaucophyta, Heterokonta, Haptophyta, Cryptophyta, and
alphaproteobacteria (Fig. S4). These datasets included O, 1,
or 2 species each of Haptophyta and Cryptophyta, respec-
tively. The phylogenetic relationships of Heterokonta were
supported in all datasets by both analyses. These results
also indicated that T. laevis is closely related to Bacillari-
ophyta. However, the phylogenetic relationships of Heter-
okonta with other lineages varied by dataset and analysis.
The results of the datasets with or without one species each
of Haptophyta and Cryptophyta suggested that Viridiplan-
tae, Glaucophyta, and Heterokonta form a monophyletic
group. On the other hand, the results of the dataset with
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two species each of Haptophyta and Cryptophyta suggested
that Rhodophyta, Viridiplantae, Glaucophyta, Haptophyta,
and Cryptophyta are a monophyletic group, excluding Het-
erokonta as an outgroup. These results are not consistent
with the results of Oudot-Le Secq et al. (2006). These dif-
ferences may be due to differences in the rate of mitochon-
drial mutations among diverse lineages (Drouin et al. 2008;
Felsenstein 1978; Smith et al. 2012, 2014).

Discussion

We sequenced the complete plastid and mitochondrial
genomes of 7. laevis. The gene repertoires of both orga-
nelle genomes are similar to those of Bacillariophyta. The
plastid genomes of T. laevis and Bacillariophyta do not
have as many inversions as other Heterokonta. This sug-
gests that large-scale genome rearrangement did not occur
in plastid genomes in the lineages of 7. laevis and Bacil-
lariophyta after their separation from the ancestor of other
Heterokonta. The gene order of the plastid genome is simi-
lar to that of Bacillariophyta, whereas the gene order of
the mitochondrial genome is dissimilar to that of Bacillari-
ophyta. Bacillariophyta have introns and a specific block of
repeat sequences in each species, but the gene order in the
large block containing most of the ribosomal protein genes
is conserved (Oudot-Le Secq and Green 2011). This result
implies that large-scale mitochondrial genome rearrange-
ments occurred after Parmales diverged from Bacillari-
ophyta. The organellar genomes of 7. laevis implied more
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compact structures and encoded some genes that were lost
in Bacillariophyta. These features suggest that the structure
of the organellar genomes of T. laevis may conserve ances-
tral characteristics more than Bacillariophyta.

The molecular phylogenetic analyses based on 18S
ribosomal DNA and rbcL sequences indicated that 7. lae-
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Acaryochloris marina MBIC11017

Didymosphenia geminata
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Bacillariophyceae
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Phaeophyceae
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ICryptophyta

Gracilaria tenuistipitata var. liui

Rhodophyta

Glaucophyta

cyanobacteria

w9

yses, respectively. indicates that this branch was not supported
by BI analysis. The tree topology as shown here was identical in the
ML analyses. The thick lines represent the branches that were com-
pletely supported by the two analyses

et al. 2011). Bolidophycean algae are small, naked flagel-
lates that have been recognized as a sister group of Bacil-
lariophyta based on their molecular phylogeny (Guillou
et al. 1999). Some plastid-encoded genes of Bolidophy-
ceae have been partially sequenced (Daugbjerg and Guil-
lou 2001; Yang et al. 2012); each amino acid identity of
psaA gene between T. laevis and Bolidomonas pacifica
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Fig. 3 Phylogenetic tree of
mitochondria and alphaproteo-

o,
Ochromonas danica |Chrysophyceae

bacteria based on concatenated 010 ) )
sequences of 29 conserved Chrysodidymus synuroideus |Synurophyceae
proteins. The bar above the Triparma laevis IParmophyceae
tree shows the scale for the 00/100 100/100
branch length (substitutions | Phaeodactylum tricornutum
per site). The numbers at each 1007100 o Bacillariophyceae
branch indicate the confidence Thalassiosira pseudonana
level and posterior probability, — . .
provided by ML (first value) 100099 00 Heterosigma akashiwo Raphidophyceae
and BI (second value) analyses, Chattonella marina
respectively. The tree topology | |
as shown here was identical in 99199 Dictyota dichotoma
the ML analyses. The thick lines F il
represent the branches that were 1007100 UCHS vesicutosus
supported by the two analyses -Desmarestia viridis
(ML: = 100; BI: >99) 1007100 Phaeophyceae
Saccharina coriacea
10071904 4 100/100
Laminaria digitata
100/100
Pylaiella littoralis
100/100 Alpha proteobacterium HIMBS59
Candidatus Pelagibacter ubique HTCC1062 Ioh
alpna-
Wolbachia Sp. wRi proteobacteria
1007100 Rickettsia peacockii
/ | . . ..
1007100 Rickettsia prowazekii

CCMP 1866, Bolidomonas mediterranea CCMP 1867, L.
danicus, and C. radiatus is 450/460, 442/460, 438/460,
and 434/460, and each amino acid identity of rbcL gene
between T. laevis and B. pacifica var. eleuthera, B. medi-
terranea CCMP 1867, L. danicus, and C. radiatus is
462/474, 449/474, 438/474, and 437/474. These data also
suggested Bolidophyceae have closer relationship with 7.
laevis than Bacillariophyta.

Sequencing of the complete organellar genomes of
T. laevis and comprehensive and comparative organelle
genome sequence analyses increased our understanding
of the evolutionary relationships between Parmales and
other Heterokonta. Sequencing of the complete organellar
genomes of additional species of Parmales and Bolidophy-
ceae will reveal whether the genome structures and some
genes that were lost in Bacillariophyta are conserved in
Parmales and Bolidophyceae. Sequencing of the nuclear
genome of 7. laevis will reveal the features of the genome
of T. laevis and increase our understanding of the evolution
of Bacillariophyta and Parmales.
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