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Abstract The first two mitochondrial genomes of marine

diatoms were previously reported for the centric Thalass-

iosira pseudonana and the raphid pennate Phaeodactylum

tricornutum. As part of a genomic project, we sequenced

the complete mitochondrial genome of the freshwater

araphid pennate diatom Synedra acus. This 46,657 bp

mtDNA encodes 2 rRNAs, 24 tRNAs, and 33 proteins. The

mtDNA of S. acus contains three group II introns, two

inserted into the cox1 gene and containing ORFs, and one

inserted into the rnl gene and lacking an ORF. The com-

pact gene organization contrasts with the presence of a 4.9-

kb-long intergenic region, which contains repeat sequen-

ces. Comparison of the three sequenced mtDNAs showed

that these three genomes carry similar gene pools, but the

positions of some genes are rearranged. Phylogenetic

analysis performed with a fragment of the cox1 gene of

diatoms and other heterokonts produced a tree that is

similar to that derived from 18S RNA genes. The introns of

mtDNA in the diatoms seem to be polyphyletic. This study

demonstrates that pyrosequencing is an efficient method

for complete sequencing of mitochondrial genomes from

diatoms, and may soon give valuable information about the

molecular phylogeny of this outstanding group of unicel-

lular organisms.
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Abbreviations

ORF Open reading frame

RT Reverse transcriptase

ML Maximum likelihood

BA Bayesian analysis

RT Reverse transcriptase

Introduction

Mitochondria are present in all eukaryotic cells. They

appeared as the result of a single symbiotic event (Gray

et al. 1999; Lang et al. 1999; Andersson et al. 2003) and

have a common proteobacterial ancestor (Andersson et al.

1998; Emelyanov 2001, 2003). Recent studies have

reported the sequences of mitochondrial genes and of full

mitochondrial genomes from eukaryotes (Bullerwell and

Gray 2004). The small size and low polymorphism of

genes in mitochondrial genomes make them a good subject

for molecular phylogenetic studies (Funk and Omland

2003), and these features should also be present in diatoms

(Alverson 2008). Studies of diatom phylogeny were pre-

viously performed using fragments of particular mito-

chondrial genes, e.g., cox1 (Ehara et al. 2000; Imanian

et al. 2007).

The diversity of diatoms and their important role in the

biosphere call attention to their evolutionary history. At
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present, there are two species of diatoms, a centric marine

species Thalassiosira pseudonana Hasle & Heimdal

(Armbrust et al. 2004) and a raphid pennate marine species

Phaeodactylum tricornutum Bohlin (Bowler et al. 2008)

whose genomes are completely or almost completely

sequenced. The availability of complete genomic infor-

mation for these evolutionary distant diatom species will

provide exciting new opportunities to apply all the

powerful methods of molecular biology and genetic

engineering to understand the function of these genomes.

Of particular interest is the question of how the information

stored in these genomes is transformed into the morpho-

genetic plan for their sophisticated cell walls, which are

composed of diverse and genetically defined hierarchies of

siliceous micro- and nanostructures.

The development of new superfast DNA sequencing

procedures, such as pyrosequencing among others, makes

fast and relatively inexpensive sequencing of genomes

feasible. We recently began pyrosequencing the genome of

the freshwater araphid pennate diatom Synedra acus var.

radians (Kütz.) Skabitsch. It appeared that a single round

of pyrosequencing of total S. acus genomic DNA produced

a nearly complete mitochondrial genome. Completion of

the sequencing required sequencing of a relatively small

region of sequence repeats using the classical Sanger pro-

cedure. Here we report the complete sequence of the

mitochondrial DNA of S. acus. This sequence was com-

pared with those of the two other known diatom mito-

chondrial genomes, and with mitochondrial genomes of

some other organisms. The new data were used for phy-

logenetic reconstructions. The complete mtDNA of S. acus

was found to contain some interesting features that provide

new insights into the molecular evolution of these species.

Materials and methods

Algal source and DNA isolation

A culture of S. acus was isolated from the phytoplankton of

Listvennichny Bay of Lake Baikal, and diatom cells were

cultivated in DM medium (Thompson et al. 1988) in a

100-L photobioreactor (Vereshchagin et al. 2008) up to a

density of 5 9 104 cells/mL. Diatom cells were collected

on a filter with 1.2 lm pores and washed with sterile

medium to remove bacteria. Total DNA was isolated from

2 g of fresh biomass according to the procedure of Rochaix

et al. (1988) as modified by Jacobs et al. (the second

method, Jacobs et al. 1992). To remove RNA, 450 lL of

TE buffer (10 mM Tris–HCl, pH 7.5 and 1 mM EDTA)

was added to isolated DNA followed by 15 lL of 20%

SDS and 3 lL of RNase (20 mg/mL). The mixture was

incubated for 1 h at 37�C. A 3-lL aliquot of Proteinase K

(20 mg/mL) was added, and the mixture was incubated for

1 h at 37�C. NaCl (100 lL of 5 M) was added, followed by

the addition of 160 lL of 2.5% CTAB, 0.18 M NaCl. The

mixture was incubated for 15 min at 65�C. Total DNA was

purified first by chloroform extraction, then by phenol–

chloroform extraction, and finally precipitated by ethanol

and dissolved in TE for further use.

Sequencing and assembly

Mitochondrial genome sequencing was performed using

total genomic DNA without prior isolation of mitochon-

drial DNA. The genome was sequenced on a Roche Gen-

ome Sequencer GS FLX using a standard protocol for a

shotgun genome library. The GS FLX run resulted in the

generation of about 90 MB of sequence data with an

average read length of 230 bp. The GS FLX reads were

assembled into contigs using ‘‘GS de novo assembler’’. A

single 43,384-bp contig was identified as the mtDNA based

on extensive sequence similarity to known algal mito-

chondrial genomes. The depth of sequencing was approx-

imately 20-fold. The remaining 3.3 kb region containing

repeat sequences was amplified by PCR with primers MS-

4F (TAT ATC TTA CTG GAT GCG GGA T) and MS-5R

(TGA ACC TGT TTT AGT AGG TAA ACT) located in

flanking unique regions, and sequenced by the primer-

walking approach using ABI 3730 (Applied Biosystems,

Foster City, CA) and the ABI Prism Big Dye terminator

sequencing kit (Applied Biosystems). These two contigs

were joined into a circular map. The complete mtDNA

sequence of S. acus is available in GenBank (GU002153).

Genome analysis

Gene content was determined by BLAST similarity sear-

ches (Altschul et al. 1997) against the non-redundant

database of National Center for Biotechnology Informa-

tion. ORFs were localized using Clone Manager 6 (version

6.00), whereas tRNA-coding sequences were identified

with tRNAscan-SE 1.23 (Lowe and Eddy 1997). Small and

large ribosomal RNA subunit genes were identified by

comparing S. acus mtDNA with rRNA genes from the

mtDNAs of T. pseudonana and other organisms. Among

ORFs, protein-coding genes were annotated by similarity

with genes from T. pseudonana and other organisms.

Features of the mtDNA of T. pseudonana were retrieved

based on annotation provided in GenBank NC_007405.

The nucleotide sequence of P. tricornutum mtDNA

was downloaded from ftp://ftp.jgi-psf.org/pub/JGI_data/

Phaeodactylum_tricornutum/v2.0/Phatr2_assembly_organelle.

fasta.gz. Potential protein-coding sequences and rRNA

genes from this species were identified by BLAST searches

against S. acus and T. pseudonana mtDNAs, whereas
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tRNA genes were identified using tRNAscan-SE 1.23

(Lowe and Eddy 1997).

Repeated sequences were identified by Complex TR

(Hauth and Joseph 2002), Clone Manager 6 (version 6.00)

and BLAST search (Altschul et al. 1997). Genome maps

were generated using Circos 0.51 (Krzywinski et al. 2009).

Molecular phylogenetic analysis of cox1 sequences

We used mitochondrial cytochrome oxidase subunit I

(cox1) sequences from the following heterokonts: oomy-

cetes Phytophthora phaseoli (AAM98742), Phytophthora

mirabilis (AAM98745), and Phytophthora infestans

(NP_037600); yellow–green algae Vaucheria sessilis

(BAA24976), Botrydium granulatum (BAA24968), and

Mischococcus sphaerocephalus (BAA24972); brown algae

Desmarestia viridis (YP 448662), Dictyota dichotoma (YP

448700), Fucus vesiculosus (YP 448623), Pylaiella litto-

ralis (NP 150405), and Laminaria digitata (NP 659274);

radial centric diatoms Rhizosolenia setigera (BAA86611),

and Melosira ambiqua (BAA96357); diatoms from

Thalassiosirales, bi- and multipolar centrics Ditylum

brightwellii (BAA86608), Thalassiosira pseudonana (YP_

316586), Thalassiosira nordenskioeldii (AB020229), and

Skeletonema costatum (BAA86612); araphid pennates

Synedra acus (GU002153, cox1), Grammonema striatula

(BAA86609) and Thalassionema nitzschioides (BAA

86613); raphid pennates Eunotia sp. (ABO77899), Cyl-

indrotheca closterium (BAA86607), Nitzschia frustulum

(BAA86610), Pinnularia sp. (ABO77877), Phaeodactylum

tricornutum, Sellaphora capitata (ABO77886) and Sella-

phora blackfordensis (ABO77887). In summary, the data-

set contains an alignment of the 609-bp-long partial cox1

sequences of 27 species of diverse heterokonts, including

16 diatoms. Because many diatom cox1 genes have only

partial sequence entries in the GenBank database, the

alignment is much shorter than the full-length cox1

sequence. Cox1 nucleotide sequences were translated and

aligned using the CLUSTALW 1.83 program. The Rev-

Trans package (Wernersson and Pedersen 2003) was used

to obtain the back-translated nucleotide sequence align-

ment. The nucleotide substitution model was chosen using

jModeTest (Posada 2008) as GTR ? I ? C with four

gamma rate categories. The maximum likelihood (ML) tree

was constructed using the TREEFINDER package (Jobb

et al. 2004) with 1,000 bootstrap replicates. MrBayes 3.1.2

(http://mrbayes.csit.fsu.edu) was applied for Bayesian

phylogenetic analysis (BA). The BA was performed for

two runs by four chains with 106 generations each. Chains

were sampled every 100th generation. The average standard

deviation of split frequencies at the end of the run was 0.014.

The ‘‘burn-in’’ was set to 1,000 to construct a consensus tree.

To check whether it was sufficient to assume the ‘‘burn-in’’

parameter was equal to 0.1, we considered the log-likelihood

plot during the simulation. These plots resembled white

noise, suggesting that our analysis gave an unbiased result.

The TreeGraph2 (http://treegraph.bioinfweb.info) software

was used to draw phylogenetic trees and to combine

bootstrap supports.

Molecular phylogenetic analysis of RT domain

sequences from group II intron ORFs

The initial alignment of the RT sequences was kindly pro-

vided by Dr Ryoma Kamikawa. The alignment contains RT

sequences from a variety of eukaryotic group II introns. We

added four RT domain sequences from the cox1 introns of

S. acus and P. tricornutum to this set. The final dataset

contained 143-aa long aligned sequences of 4 bacterial RT

domain sequences used as an outgroup, 12 sequences of

lower plants, 15 sequences of fungal introns, and 15

chromalveolate sequences including 6 diatom-specific

sequences. We performed phylogenetic analysis according

to the procedure of Kamikawa et al. (2009). Briefly, the

dataset was analyzed using the PhyML 3.0 package

(Guindon and Gascuel 2003) with the LG amino acid sub-

stitution model (Le and Gascuel 2008) with among-site rate

variation approximated by a discrete gamma distribution

with four rate categories (LG ? C model). The initial tree

was constructed using BioNJ. Subsequent tree topologies

were searched by subtree pruning and regrafting (SPR).

Bootstrap analysis was performed for 100 replicates.

Results

General characteristics of Synedra acus mtDNA

The mitochondrial DNA of S. acus maps as a circular

molecule of 46,657 bp. It codes for the small subunit (rns)

and the large subunit (rnl) of rRNAs within an operon, 24

transfer RNAs (tRNAs), and 33 predicted proteins. The

genome map (Fig. 1a) shows dense packing of 59 genes.

We did not test the possibility that the mtDNA molecule is

really circular rather than concatemeric.

Gene complements of the mtDNAs are similar in the

three diatoms (Table 1); however, the order of the genes

differs. There are two gene blocks in diatom mtDNAs that

vary in the number of gene rearrangement events. The

order of genes within one of the two major transcription

units of the S. acus mtDNA (from trnR-UCU to nad11) is

well conserved. The second unit (from trnQ-UUG to trnM-

CAU) has its gene structure rearranged. While in S. acus

and P. tricornutum this region of mtDNA constitutes the

co-transcribed gene blocks, in T. pseudonana it is broken

into two counter-oriented transcription units.
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Comparison of tRNAs

S. acus mtDNA encodes 24 tRNA genes, including two

separate genes for initiator (trnM(cau)f) and elongator

(trnM(cau)e) methionine tRNAs. All tRNA sequences

produce standard cloverleaf secondary structures. The set

of S. acus tRNAs is sufficient to recognize codons for all of

the natural amino acids except threonine. Like all hetero-

kont mtDNAs (Gray et al. 2004), the mtDNA of S. acus

lacks a trnT gene (Table 1).

Unlike T. pseudonana mtDNA, the S. acus and P. tri-

cornutum mitochondrial genomes lack the tRNA gene

trnW(uca) (Table 1). This tRNA is responsible for

translation of the TGA codon as tryptophan in many

mitochondrial genes of T. pseudonana and some other

algae (Gray et al. 2004). The absence of the TGA codon

from the mtDNA of S. acus precludes its use for encoding

tryptophan and the execution of the termination function.

Protein-encoding genes

The identified S. acus mitochondrial protein-encoding

genes include 13 ribosomal protein-coding genes (rps4, 8,

10–14, 19, and rpl2, 5, 6, 14, 16); genes for 3 subunits of

the cytochrome oxidase (cox1–3); cob, which encodes

apocytochrome B; 10 genes encoding subunits of the

Fig. 1 S. acus mtDNA. a Gene map of the S. acus mtDNA. Genes

and ORFs are shown as solid blocks. The gene blocks shown outside

and inside the circular map are transcribed in the clockwise and

counter-clockwise directions, respectively. The color of the box

designates the type of gene: the protein-coding genes are grey, the

rRNA genes are light grey, the tRNA genes are black. The

pseudogenes are marked by . For intron-containing genes, the

‘‘-eN’’ suffix denotes the exon number. The exon–exon junctions are

shown as black lines connecting the exon ends. The large repeat

region is shown as the grey-hatched block. b Schematic diagram of

the large noncoding region in the S. acus mtDNA. The noncoding

region spans positions 42,005–301. Arrows/triangles indicate the

relative order of repeat units and their orientation. The nucleotide

sequence identity of the repeat units (a, b, c) is indicated by greyscale:

black––100% identity, dark grey––more than 90% identity, light
grey––less than 90% identity. Repeat unit c is part of unit b. Two

repeat sequences that could form stem-and-loop structures (d) are

shown as a hairpin symbols
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NADH dehydrogenase (nad1–7, 4L, 9 and 11); 3 genes

encoding subunits of ATPase, atp6, 8, and 9; and a gene

encoding a component of the twin-arginine translocation

pathway, tatC. In addition, the S. acus mtDNA encodes

two ORFs within cox1 introns and three unique ORFs

(orf100, orf168, and orf182) whose functions were not

revealed by similarity searches. Unlike the mtDNAs of the

two other diatoms, the mtDNA of S. acus lacks three genes

encoding ribosomal proteins: the rps2 gene is totally

missing, while rps3 and rps7 are retained as truncated

pseudogenes carrying frameshifts and deletions.

The complement of protein genes of S. acus is similar to

those of T. pseudonana and P. tricornutum (Table 1). The

rps2, rps3, and rps7 genes probably have been transferred

to the nuclear genome and their mitochondrial versions are

undergoing elimination. This fact is consistent with the

finding that ribosomal genes show the highest level of

ongoing loss in angiosperms (Adams and Palmer 2003).

Repeats

The two largest non-coding stretches of the genome are the

4,955 bp repeat-containing region between the start of the

initiating trnM(cau)f and the end of nad2 and the 658 bp

region without obvious structural features that is located

between the start of cox2 and the end of trnM(cau)f.

Analysis of the former region revealed the presence of

several direct and inverted repeats (Fig. 1b). The largest

repeat cluster (a) contains two imperfect 1,450/1,316 bp

direct repeats separated by a 256 bp unique sequence. Both

repeats contain sequences with high similarity at the ends.

A tandem duplication of a 100-bp sequence in the first copy

of the repeat accounts for most of the difference in the

lengths of the repeat units. In addition to these long repeats,

the trnM-nad2 intergenic region contains a few relatively

short (\50 bp) direct repeats (b–b, and c–c); b–b is an

inversion of c–c. The repeated sequences (d) contain short

palindromes that are able to form stem-and-loop structures.

According to Levinson and Gutman (1987), formation,

expansion, and contraction of massive tandem repeats

involve multiple events of slipped mispairing during rep-

lication. However, the repeat region of S. acus mtDNA

contains only a few tandem repeats and instead consists of

two copies of a 1.3 kb sequence. This structure may have

appeared due to a single duplication event following a

mutation-driven sequence divergence. Densely packed

genes and a single, long, repeat-containing intergenic

region are also found in mtDNAs of the diatoms

T. pseudonana and P. tricornutum. In T. pseudonana

mtDNA, the 3.8-kb repeat region is flanked by a pair of

183-bp inverted repeats and consists almost entirely of

multiple tandem copies of repeat units ranging from 37 to

75 bp and occurring 49 times. We identified approximately

36 kb-long repeats in P. tricornutum mtDNA using the

same method as that applied to the S. acus sequence. This

region has a complex structure and contains dozens of

direct and inverted repeats arranged in tandem.

Phylogenetic analysis of cox1 genes

Figure 2 shows a phylogenetic tree based on BA of avail-

able nucleotide sequences from a fragment of the cox1 gene

from 16 diatoms and a few other heterokonts. Oomycetes,

yellow-green algae, brown algae, and diatoms form clearly

resolved clades. ML reconstruction gives a similar phylo-

genetic tree, except for the topology of the brown algae

clade (data not shown), although the whole-clade supports

are vigorous. The robust monophyletic diatom clade con-

sists of two sub-clades—Clade 1 and Clade 2. The latter

falls into two distinct branches, one of them including

Thalassiosirales, bi- and multi-polar centric diatoms (Clade

2a), and the other including all the sequences of pennates

Table 1 Summary of three diatom mitochondrial genomes

T. pseudonana S. acus P. tricornutum

Genome size (kb) 43.8 46.6 77.4

Size of the large repeat region (kb) 3.8 4.9 36

Number of identified protein-coding genes 35 33 32

Number of pseudogenes Unknown 2 Unknown

Number of unique ORFs 1 3 Unknown

Number of introns 1 (in cox1) 3 (2 in cox1, 1 in rnl) 4 (2 in cox1, 1 in rnl, 1 in rns)

Number of intron-encoded ORFs 1 2 2

rRNAs rns, rnl rns, rnl rns, rnl

Number of tRNA genes 25 24 24

trnT Absent Absent Absent

trnW(uca) Present Absent Absent

Number of common genes––59
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(Clade 2b). It is noteworthy that the araphid pennate species

present in this tree (S. acus, G. striatula, and T. nizschio-

ides) form a strongly supported branch.

Phylogeny reconstructions based on nuclear 18S RNA

(Kooistra et al. 2003; Medlin and Kaczmarska 2004; Medlin

2009) and chloroplast genes (Andersen 2004) show that only

raphid pennates are monophyletic; centrics and araphids are

paraphyletic. The pennates are designated as Clade 2b,

which includes both monophyletic raphid and polyphyletic

araphid groups. The phylogenetic tree in Fig. 2 is in agree-

ment with the recent diatom phylogeny concept (Medlin

2009). Our results also support previously reported phylog-

enies based on the sequences of cox1 genes of a smaller

number of diatom species (Ehara et al. 2000; Imanian et al.

2007). The reason for the monophyly of the araphid lineage

in Fig. 2 is that the cox1 dataset contains samples repre-

senting only one branch of this polyphyletic group. While the

resolution of the fine phylogeny of diatoms does not reach the

high levels of significance obtained for phylogenies based on

nuclear genes, it should be noted that the cox1 dataset is

considerably smaller than the 18S dataset.

Introns

There are three group II introns in the mtDNA of S. acus

(Fig. 1). Two introns are inserted into the cox1 gene and

have lengths of 2,564 and 2,416 bp, respectively. The third

778 bp intron is located within the rnl gene that encodes

the large subunit of rRNA. The cox1 introns harbor ORFs

of the so-called RT type (Lambowitz and Zimmerly 2004),

which contain three distinct protein domains: reverse

transcriptase, maturase, and endonuclease (Michel and

Ferat 1995). The rnl intron does not contain an ORF.

A protein BLAST search against the non-redundant

NCBI database shows that orf755 and orf590 of S. acus are

most similar to RT proteins encoded by cox1 introns of

brown alga Pylaiella littoralis (orf755) and of the hapto-

phyte, Pavlova lutheri (orf590). They are also similar to

intron-encoded proteins of some algae and fungi.

To reveal the origin of S. acus and other diatom group II

introns, we reconstructed a phylogenetic tree based on the

amino acid sequences of the RT domains located in the

intron ORFs (Fig. 3). It is clear that RT sequences from

diatom introns do not form a monophyletic clade; they are

scattered over the clade formed by diverse eukaryotes. The

S. acus orf590 sequence clusters with the P. lutheri cox1

intron 1, and the S. acus orf755 clusters with the P. litto-

ralis cox1 intron 2.

Discussion

Within Chromista (the group including haptophytes,

cryptophytes and heterokonts), the presence of an

Fig. 2 A phylogenetic tree based on cox1 partial nucleotide

sequences. The tree was constructed by BA. We used the

GTR ? I ? C nucleotide substitution model with four gamma rate

categories. The Bayesian clade credibility values that are based on

posterior probabilities of taxon bipartitions are shown above the

branches. ML tree (not shown) bootstrap values are shown on the BA

tree (numbers below branches). The nomenclature of the diatom

clades is given according to Medlin (2009)
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expanded repeat-rich intergenic region in mtDNA has been

reported for both sequenced mtDNAs of cryptophytes

(Hauth et al. 2005; Kim et al. 2008), for labyrinthulids

(Burger et al. 2000), for two sequenced mtDNAs of dia-

toms (Armbrust et al. 2004; Bowler et al. 2008) and now

for the sequence of S. acus. This suggests that the repeat

regions appeared independently. It is believed that long

intergenic regions may be involved in the regulation of

replication and/or transcription. However, the exact func-

tion of long repeats in mtDNA remains unknown.

Phylogenetic analysis of the intronic RT domain

sequences (Fig. 3) did not reveal a monophyletic origin of

intron sequences of diatoms. We infer that introns were

inserted into the cox1 genes of diatoms independently. The

insertion of group II introns into mtDNA of diatoms, as

well as into that of some other groups of eukaryotes

(Kamikawa et al. 2009) can be considered a process of

horizontal gene transfer between distant taxa. Such transfer

might have been the basis for group II intron propagation

that should have been more extensive in diversified and

heterogeneous ecosystems.

The major advantages of mitochondrial genomes as

tools for phylogenetic reconstructions are their small size

and low polymorphism, as well as the orthology of mito-

chondrial genes (Alverson 2008). Until recently, it was

impossible to use full mitochondrial genomes for this

purpose. With the advent of fast sequencing methods,

many new mitochondrial genomes will become available in

the near future. The outstanding diversity of diatoms,

which are believed to form up to 105–106 species, includ-

ing cryptic ones (Mann 1994; Round 1996), together with

the availability of a long paleontological record will make

it possible to develop models of evolution of unprece-

dented precision once a number of full mitochondrial

genomes are available. For this purpose, rearrangements of

genes within the genome may become the most useful

feature. It is also important that the patterns of gene rear-

rangement can be compared with the events of molecular

Fig. 3 Phylogenetic analysis of

group II introns. The dataset

containing aligned sequences of

the RT domains from a variety

of the group II introns was used

to reconstruct a phylogenetic

tree with the LG ? C amino

acid substitution model. The

diatom-specific sequences are in

bold. Bootstrap values below

50% are not indicated
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evolution for many particular protein-coding genes, par-

ticularly if such mutations lead to adaptations to changing

environment. The small number of mitochondrial genes

and the relative simplicity of the mitochondrial genome

may help to solve this keystone problem.

The study of the evolution of genomes instead of the

evolution of genes will soon become a new instrument for

understanding of the mechanisms of the biological speci-

ation. This study demonstrates the feasibility of fast py-

rosequencing of mtDNAs in terms of both time and

expense.
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