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ABSTRACT: The objective of the study was to sequence the complete female mitochondrial genomes of
Sinanodonta woodiana and Unio pictorum, and to ascertain their intra- and inter-specific variation within all the
genes and non-coding regions. Complete sequence of maternally inherited mitochondrial genome of
Sinanodonta woodiana is 16,243 bp long and is one of the three longest mt genomes in unionids; mt genome of
Unio pictorum with its 15,761 bp is one of the smallest in the family. Each genome includes 14 protein-coding
genes (13 as in most Metazoa, plus one open reading frame F ORF), 2 ribosomal RNA genes and 22 genes for
transfer RNA with typical secondary structures, except for tRNA for serine1. S. woodiana has 25, and U. pictorum
27 non-coding sequences, which constitute 7.8 and 4.9% of mt genome, respectively. The content of A+T
bases is 65.8% in S. woodiana and 65.1% in U. pictorum; the difference between the two species is 21%.
Intra-specific variation in S. woodiana is three times greater than in U. pictorum. Lower nucleotide diversity
within the second species suggests a small effective population size of the Polish U. pictorum. The two species
show a similar usage of the most frequent and least frequent codons; the differences pertain to the usage of
both stop codons. Gene trnS1 (serine, UGA) in unionids is very little variable with respect to tRNA secondary
structure (absence of DHU arm), and nucleotide composition, while its inter-specific variation is half lower
than in other mt-tRNAs.

KEY WORDS: Complete mitochondrial genome, intra- and inter-specific diversity, Sinanodonta woodiana, Unio
pictorum, Unionidae, Poland

INTRODUCTION

Animal mitochondrial DNA (mtDNA) is small
(from 14 to 18 kilobases) and very conservative with
respect to its size, gene content and gene arrange-
ment; at the same time, at the level of nucleotide se-
quence, it evolves five to ten times faster than typical
single-copy nuclear DNA (AVISE 1986, AVISE et al.
1987, MORITZ et al. 1987). Animal mtDNA is gener-
ally a closed-circular genome containing 37 genes.
The commonmtDNA composition includes two rRNA
genes (srRNA and lrRNA), 13 protein-coding genes
for subunits of the enzymes of respiratory chain com-

plexes (nad1-nad6, nad4L, cox1-cox3, cytb, atp6 and
atp8) and 22 tRNA genes necessary for the translation
of the proteins encoded in the mtDNA. Besides, it is
haploid and basically contains no introns, repetitive
DNA, pseudogenes and mobile elements. All these
features have made this small molecule (first analyses
were done with the method of restriction fragment
length polymorphisms, RFLP) (AVISE et al. 1979) and
its single genes (mainly lrRNA and cox1) popular ob-
jects of population genetics and phylogenetic studies
for 30 years. Recently, sequencing of whole mitochon-
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drial genomes has become increasingly popular; they
provide information not only about the level of varia-
tion of their component genes, but also on their ar-
rangement and rearrangement in the molecule, and
they include also non-coding sequences which consti-
tute ca. 6–10% of the genome.

Because of the very large number of possible gene
arrangements, the arrangement of mitochondrial
genes provides a very complex character set for phylo-
genetic inference. Assuming complete positional in-
dependence of all genes and two transcriptional
orientations, these 37 genes could potentially be ar-
ranged in more than 2×1052 different ways; thus, the
probability of achieving the same arrangement by
convergence is negligible. Identical gene arrange-
ments are likely to be shared only as a result of com-
mon ancestry, making homoplasy unlikely (BOORE &
BROWN 1994b). Although mtDNA evolves rapidly at
the level of nucleotide sequence, rearrangements in
the gene order appear to be rare (BOORE & BROWN
1994b).

The first mitochondrial genomes were studied in
the 1980s; they were vertebrate genomes, of man (AN-
DERSON et al. 1981), mouse, cattle, rat, chicken and
clawed frog Xenopus laevis (for review see AVISE 1986
and WENNE 1993). The first studied invertebrates in-
cluded a fruit fly Drosophila jakuba and a sea urchin
Paracentrotus lividus (for review see WENNE 1993), and
– in the 1990s – two nematode species: Caenorhabditis
elegans and Ascaris suum (OKIMOTO et al. 1992) and a
bivalve Mytilus edulis (HOFFMANN et al. 1992). The
number of known complete animal mitochondrial se-
quences is increasing; at present the international
database (Refseq Genbank) includes over 1,700 se-
quences (PRUITT et al. 2009). Complete mitochon-
drial gene arrangements have been published for 58
chordate species; 44 of them have identical arrange-
ment of all 37 genes, the remaining 14 (24%) depart
from the common vertebrate arrangement mainly in
the location of tRNA genes and non-coding regions
(BOORE 1999). In some invertebrate taxa the gene or-
der and gene content are less conserved and can vary
across phyla, and sometimes even within phyla
(BOORE 1999). The observed variation of mtDNA
most often involves the number and location of tRNA
genes and gene atp8 (BOORE & BROWN 1994a, GISSI
et al. 2008, XU et al. 2010). For example, the gene
content has been shown to vary in nematodes which
lack atp8 (OKIMOTO et al. 1992), in most bivalve spe-
cies which both lack atp8 and have an extra tRNA for
methionine (HOFFMANN et al. 1992, MIZI et al. 2005,
ZBAWICKA et al. 2007, ZHENG et al. 2010), and in cni-
darians, which have lost nearly all tRNA genes except
tRNA for methionine and gained one or two addi-
tional genes not found so far in the other mtDNAs,
for example a homologue to the bacterial mismatch
repair gene mutS (BEAGLEY et al. 1998, BOORE 1999;
for review see GISSI et al. 2008). Two rRNA genes are

always located in mtDNA and their duplications are
very rare, but observed in parasitic nematodes Thau-
mamermis cosgrovei and Strelkovimermis spiculatus, in the
bivalve Crassostrea gigas and in the chigger mite Lepto-
trombidium pallidum (for review see GISSI et al. 2008).

Among molluscs, complete mitochondrial geno-
mes are known for 64 species of five of the eight
classes within the phylum: Bivalvia (28), Gastropoda
(20), Polyplacophora (1), Cephalopoda (13) and Sca-
phopoda (2), and they show an extraordinary amount
of variation in their gene arrangement (see SERB &
LYDEARD 2003 and GISSI et al. 2008 for review, BOORE
et al. 2004, MIZI et al. 2005, ZBAWICKA et al. 2007,
2010, THEOLOGIDIS et al. 2008). Class Bivalvia is the
best studied, with the data pertaining to 28 species.
Because of doubly uniparental inheritance (DUI,
SOROKA 2010) in some species two (female and male)
mitochondrial genomes are present, and nowadays 40
complete and two incomplete mitochondrial
genomes are known in bivalves (Table 1). Recently,
the studies on this class have been intensified, and
1/2 of the mitochondrial genomes included in Gen-
Bank at present were studied in 2008–2010. More
than half of the known mitochondrial genomes are
those of marine bivalves where, besides DUI (Doubly
Uniparental Inheritance of mtDNA), also gene trans-
location in all gene classes (protein-coding, tRNA,
and rRNA) has been observed, as well as gene dupli-
cations and losses and even recombination between
both genomes, or role-reversal. For example, gene
srRNA has been duplicated in Crassostrea (YU et al.
2008, REN et al. 2009, GenBank sequences), a second
tandem copy of cox2 of a different length is present in
Venerupis (BRETON et al. 2009), and tRNA genes have
been duplicated in three species of Mytilus (trnM)
(HOFFMANN et al. 1992, MIZI et al. 2005, ZBAWICKA et
al. 2007), in Venerupis (trnM and trnV) (BRETON et al.
2009) and in Crassostrea (trnQ) (MILBURY & GAFFNEY
2005). The protein-coding gene atp8 is absent in 10
bivalve mt genomes, for example in three species of
Mylitus, two species of Crassostrea, in Venerupis and
Sinonovacula (HOFFMANN et al. 1992, SERB& LYDEARD
2003, MIZI et al. 2005, ZBAWICKA et al. 2007, GISSI et
al. 2008, ZHENG et al. 2010). Also, the two congeneric
oyster species Crassostrea virginica and C. gigas show
significant differences in the gene content and ar-
rangement, with extensive rearrangements of most
tRNA genes, including their duplications (MILBURY &
GAFFNEY 2005). The first reported case of a split ribo-
somal RNA in a metazoan has been described in the
two above-mentioned species of Crassostrea; another
unique feature is an inferred translational frameshift
within the cytochrome b gene in C. virginica (MIL-
BURY & GAFFNEY 2005).

Compared to marine bivalves, their freshwater
relatives are much less well studied. Among fresh-
water Unionidae, comprising more than 600 species
(GRAF & CUMMINGS 2007, BOGAN 2008, BOGAN &
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Table 1. Complete and incomplete (*) mitochondrial genomes of bivalves available in GenBank

Family Species Accession Length (bp) Source

Mytilidae Mytilus edulis AY484747 16740 BOORE et al. 2004

Mytilus galloprovincialis – F type AY497292 16744 MIZI et al. 2005

Mytilus galloprovincialis – M type AY363687 16626 MIZI et al. 2005

Mytilus trossulus NC_007687 18652 BRETON et al. 2006

Mytilus trossulus – F type DQ198231 16781 ZBAWICKA et al. 2007

Mytilus trossulus – M type DQ198225 16634 ZBAWICKA et al. 2007

Mytilus trossulus – F type GU936625 18653 ZBAWICKA et al. 2010

Mytilus trossulus – M type GU936626 16578 ZBAWICKA et al. 2010

Mytilus trossulus – M type GU936627 17538 ZBAWICKA et al. 2010

Ostreidae Crassostrea angulata NC_012648 18225 RefSeq

Crassostrea ariakensis NC_012650 18414 RefSeq

Crassostrea gigas NC_001276 18224 RefSeq

Crassostrea hongkongensis NC_011518 16475
YU et al. 2008, REN et al.
2009

Crassostrea sikanea NC_012649 18243 RefSeq

Crassostrea virginica NC_007175 17244 MILBURY & GAFFNEY 2005

Veneridae Venerupis philippinarum – F type NC_003354 22676 RefSeq

Venerupis philippinarum – M type AB065374 21441 RefSeq

Solecurtidae Sinonovacula constricta NC_011075 17225 ZHENG et al. 2010

Cardiidae Acanthocardia tuberculata NC_008452 16104 DREYER & STEINER 2006

Hiatellidae Hiatella arctica NC_008451 18244 DREYER & STEINER 2006

Pectinidae Argopecten irradians NC_009687 16221 RefSeq

Chlamys farreri NC_012138 21695 WU et al. 2009

Mimachlamys nobilis NC_011608 17963 WU et al. 2009

Mizuhopecten yessoensis NC_009081 20414 SATO & NAGASHIMA 2001

Placopecten magellanicus NC_007234 32115 LA ROCHE et al. 1990

Unionidae Anodonta woodiana – F type* AB055627 4582 GenBank

Anodonta woodiana – M type* AB055626 4585 GenBank

Cristaria plicata – F type NC_012716 15712 RefSeq

Hyriopsis cumingii – F type NC_011763 15954 RefSeq

Inversidens japanensis – F type AB055625 16826 GenBank

Inversidens japanensis – M type AB055624 16967 GenBank

Lampsilis ornata – F type AY365193 16060 SERB & LYDEARD 2003

Pyganodon grandis – F type FJ809754 15848 BRETON et al. 2009

Pyganodon grandis – M type FJ809755 17071 BRETON et al. 2009

Quadrula quadrula – F type FJ809750 16033 BRETON et al. 2009

Quadrula quadrula – M type FJ809751 16970 BRETON et al. 2009

Venustaconcha ellipsiformis – F type FJ809753 15976 BRETON et al. 2009

Venustaconcha ellipsiformis – M type FJ809752 17174 BRETON et al. 2009

Unio pictorum – F type HM014130-3 15760-62 SOROKA & BURZYÑSKI 2010

Unio pictorum – F type HM014134 15761 Current studies

Sinanodonta woodiana – F type HQ283345 16243 Current studies



ROE 2008), complete mitochondrial genomes have
been described for only eight species, F and M types
in Inversidens japanensis (GenBank: AB055625 and
AB055624), Pyganodon grandis, Quadrula quadrula and
Venustaconcha ellipsiformis (BRETON et al. 2009), and
only F-types in Lampsilis ornata (SERB & LYDEARD
2003), Hyriopsis cumingii (GenBank: NC_011763),
Cristaria plicata (GenBank: FJ986302) and Unio picto-
rum (SOROKA & BURZYÑSKI 2010) (Table 1). F and M
genomes in Anodonta woodiana (unpublished data,
GenBank: AB055627 and AB055626, respectively) are
partly known, 4500 bp of each. All knownmt genomes
in unionids (SERB & LYDEARD 2003, BRETON et al.
2009), except U. pictorum (SOROKA & BURZYÑSKI
2010), are based on analyses of single individuals. In
the last case studies on complete mtDNA genomes in
four specimens of U. pictorum from Poland have made
it possible for the first time to assess the intra-specific
variation which is 0.1% for that species (SOROKA &
BURZYÑSKI 2010).

The analyses of eight female mitochondrial geno-
mes in unionids have revealed the presence of 37
genes typical of animals, located on both DNA strands
(11 and 26 genes on the heavy and the light strands,
respectively), with identical or nearly identical ar-
rangement (BRETON et al. 2009, SOROKA & BURZYÑ-
SKI 2010). A different arrangement of nine genes in
the region between cox2 and lrRNA has been observed
in I. japanensis and H. cumingii (Unionidae: Amble-
minae: Gonideini) (BRETON et al. 2009). Most recent
analyses of unionid F and M genomes indicate, with a
high probability, the presence of an additional gen-
der-specific mitochondrial gene (one F-specific and
one M-specific open reading frames), with a different
location in each genome (BRETON et al. 2009). It is
conjectured that these F-specific and M-specific genes
play reproductive, transmission and/or gender-spe-
cific adaptive roles in the M and F mtDNA genomes in
unionids (BRETON et al. 2009). The arrangement of
genes in unionid F-genomes is radically different
from that in marine bivalves in which transcription of
all genes takes place on one DNA strand (BOORE et al.
2004, MILBURY & GAFFNEY 2005, MIZI et al. 2005,
ZBAWICKA et al. 2007, BRETON et al. 2009).

Confirmation or rejection of the suspected wide
variation of gene arrangement in bivalves necessitates

more data on whole genomes in further, different spe-
cies of the group. So far gene duplication and/or loss
has been observed in almost every taxon for which a
complete mt genome is available. In all the studied
genomes of freshwater bivalves gene atp8 is present in
F-type; it is not found in M-type of I. japanensis and P.
grandis (BRETON et al. 2009). In L. ornata its complete
copy codes for a protein which is longer than the
”typical” atp8 by extra 13 amino acids on the C-termi-
nus, while in I. japanensis this copy is non-functional
due to the presence of several stop codons after the
first 31 amino acids (SERB & LYDEARD 2003). In U.
pictorum the gene is functional and codes for 64 ami-
no-acids (SOROKA& BURZYÑSKI 2010). Studying more
unionid mtDNA genomes will make it possible to as-
certain if the variation in the gene arrangement ob-
served till now in two species of Gonideini is charac-
teristic of this group of bivalves only, or perhaps more
widespread, and if the patterns of mtDNA organis-
ation in unionids are more numerous.

Studies on whole mitochondrial genomes include
mainly comparative analyses of the number and ar-
rangement of genes, as well as the number and loca-
tion of non-coding sequences, based on single repre-
sentatives of species. The first studies on variation of
mitochondrial genomes of freshwater bivalves were
done on Pyganodon grandis using RFLP technique.
They revealed a great variation in F and M genomes,
of 0.5% and 12% respectively (LIU et al. 1996a, b).
However, the only studies on variation in mitochon-
drial genomes in marine and freshwater bivalves us-
ing complete sequencing pertain to M. trossulus (ZBA-
WICKA et al. 2010) and U. pictorum (SOROKA & BU-
RZYÑSKI 2010).

The objective of the present study was to sequence
and characterise the female mitochondrial genome
in another species, Sinanodonta woodiana and in more
specimens of Unio pictorum from various regions of Po-
land. The results were analysed with respect to the
number and arrangement of genes and non-coding
regions in the studied genomes. The material in-
cluded several specimens of each species which made
it possible to determine the level of intra- and
inter-specific variation of the whole molecule of
mtDNA. The obtained data were compared with data
on other genomes of marine and freshwater bivalves.

MATERIAL AND METHODS

The material included four specimens of two spe-
cies: Sinanodonta woodiana and Unio pictorum. Females
of S. woodiana (=Anodonta woodiana) came from the
Odra River near Szczecin (specimen no. 22) and Lake
Œlesiñskie near Konin (specimen no. 124). Females of
U. pictorum were also collected in two localities in Po-
land: Odra River near Szczecin (specimen no. 147)
and Krutynia River in the Mazurian Lakeland (speci-

men no. 310). The material was collected in
2005–2009.

Bivalve sex can be determined exclusively based on
observation of mature gonads (PIECHOCKI & DY-
DUCH-FALNIOWSKA 1993), hence the material was col-
lected only in the spring-summer period when such
observations were possible to perform in a reliable
way. Sex was determined based on microscope images
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of gonad sections. In females large oocytes were vis-
ible; in males – fine, shiny spermatozoa.

Total DNA was isolated from the gonads of the fe-
males using phenol-chloroform method. In order to
obtain full-length mtDNA ca. 1.6 kb long, long-range
PCR reactions (LR-PCR) (ZBAWICKA et al. 2007) were
performed for each specimen, using DUF1 and UR1
primers which are universal for F type (Table 2). Se-
quential analyses of mtDNA genomes for one speci-
men of each species were done with primer walking
method (specimens 124 and 147), for the second
specimen – with re-PCR reaction (ZBAWICKA et al.
2007). The detailed list of the primers used, condi-
tions of PCR and re-PCR reactions, and sequencing
for U. pictorum were presented in SOROKA &
BURZYÑSKI (2010); the same procedures were applied
for S. woodiana and the primers used are presented in
Table 2 and Fig. 1.

For long-range PCR Phusion High-Fidelity DNA
(Finnzymes) polymerase was used according to the
manufacturer protocol. All re-amplifications were car-
ried out in 10 µl reaction volumes containing 1:800
dilution of long range PCR as the template DNA, 0.7
µM of each primer, 200 µM nucleotides, 2.0 mM
MgCl2, 0.1 unit of DyNAzymeTM EXT DNA polymer-
ase (Finnzymes) and appropriate reaction buffer. Af-
ter an initial 2-min denaturation at 94°C, 25 cycles
were used with denaturation at 94°C for 40 sec, an-
nealing for 30 sec at 51 or 55°C, and extension at
72°C for 55 sec with a final 5 min extension at 72°C.
All PCR reactions were performed in Master gradient
cycler from Eppendorf. Prior to sequencing PCR
products were purified using Exonuclease I and
shrimp Alkaline phosphatase (WERLE et al. 1994).
The purified PCR product was sequenced using
BigDye Terminator chemistry.

Both strands of DNA were sequenced and assem-
bled (consensus) using DNAMAN 5.2.9 software
(Lynnon Corporation, Canada).

All bioinformatic analyses were done in MEGA4
(TAMURA et al. 2007). Estimates of the genetic diver-
gence (K) were calculated with the Kimura two-para-
meter model (KIMURA 1980). The divergences in the
protein-coding genes both in synonymous (Ks) and
non-synonymous (Ka) sites were calculated by the
modified Nei-Gojobori method (NEI & GOJOBORI
1986) with Jukes-Cantor correction. Codon usage sta-
tistics was also calculated with this programme. The
following sequences from GenBank were used for
comparative analysis: FJ986302 (Cristaria plicata),
AY365193 (Lampsilis ornata), FJ809754 (Pyganodon
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Table 2. Primers used in LR-PCR, re-PCR and sequencing
of the complete mitochondrial genome of Sinanodonta
woodiana

Primer Primer Sequence (5’ to 3’)

LR-PCR

DUF1 GGTTTGCGACCTCGATGTTGG

UR1 TTCCTAGTCTTGCCATTCACTGGC

re-PCR

AW18U CGATAACGTGGTAAGCTCCCTC

AW23L GTCAATATCCCAGCAGCTAAAGAC

AW.nn.05F GGTTACCAAAGGCTCA

AW.nn.05R CCCAAACCATCTCCTA

AW19U GGGGGTTTAGTAAAGTAGGTGTGG

AW20L AAGTATACTCTTCTATCACAACTACACC

AW.nn.01F TTAGGTTTAGTGAAGAGTTG

AW.nn.01R CGAACCAAAGATACTAATAC

UT.co1.07 GATATTGTTTTACATGATACTTA

UP.at6.01 CCTAAAGTAATTGGACGAA

AW.nn.03F CTGGATTTGGGATAATTTCT

AW.nn.03R CGGACTAAACTCTACTAAATGAA

AW02U TATTAGCATTATGGTCAGGTTTGATTG

AW01L CACATAATAGGAGGCTCAGTTTTATTAAC

CO9 CGAGTGCCTTTTTCTTTACG

AW2 GATGCATATACAAAATAGGGTCTCC

AW.nn.02F AGGTAGTTAAGTCTGTTGTAG

AW.nn.02R GTAAAGCTACATAACCAGTA

AW11U CTTATATATGTTGAGCCATACAGTAGTCG

AW12L GCTACTATCAAAACTCAACTATTGAGC

AW04U CTTTAGATAGCTTGAGGATTGGC

AW16L ACTAACCTATATCTTAATTAATGCCTCG

UP.lrn.04 CACGCTCACGCTAACG

UP.srn.01 TGGTGCCAGCAGTCG

AW24U CATTAGCGTGAATAGTGCGTATTAG

AW25L AAGCAGCCACCCAATAACG

UP.trn.02 TTTAACATTTTCAGTGTTATG

AW.nn.04R AGCTAATAAACCAGCAA

AW.nn.04F TTTAGTTAATTGAGGCG

AW13L AGTTTGGGACTTTTTCTTATTCTCAC

AW22U GTAATAATGGTAGAGATTAGGTGTTGG

AW17L ATAAAGCAACGCTCCTAAGCAC

Fig. 1. Sequencing strategy scheme. Primers below the figure are forward primers, above the figure – reverse primers



grandis), FJ809750 (Quadrula quadrula), FJ809753
(Venustaconcha ellipsiformis) and FJ529186 (Hyriopsis
cumingii), AB055625 (Inversidens japanensis). Dotplot
comparisons were carried out using the DNAMAN
5.2.9 programme (Lynnon BioSoft, Canada).

The four complete mtDNA sequences of S. woodia-
na (HQ283345 and HQ283346) and U. pictorum
(HM014130 and HM014134) obtained in this study
were submitted to GenBank.

RESULTS

SINANODONTA WOODIANA

The two F type sequences of mt genomes of S.
woodiana were 16,243 (Odra River) and 16,242 bp
(Lake Œlesiñskie) long, had 66% A+T bases and intra-
species nucleotide diversity was estimated at 0.1% due
to 20 polymorphic sites (Tables 3, 4). They included
17 nucleotide substitutions and three deletions/inser-
tions of single nucleotides. Eight of these changes af-
fected non-coding regions, eleven occurred in pro-
tein-coding genes, and single polymorphic sites were
located in gene lrRNA. All the nucleotide substitu-
tions were of the transition type (most often C/T), ex-
cept for one transversion (A/T) in 617 position

within the non-coding sequence. The total of 11 poly-
morphic sites in protein-coding genes were located in
five genes among the 14 contained in mtDNA. Single
polymorphic sites were observed in genes cox3 and
nad2, double in nad6 and nad4 and as many as five
transitions were found in nad5 (Table 4). Most
(99.8%) mutations in protein-coding genes were syn-
onymous and involved the third position in the
codon; single cases of mutational changes in the first
and second positions of the codon resulted from
amino-acid substitutions isoleucine/valine (gene
nad4) and threonine/methionine (gene nad6), re-
spectively (Table 5). The variation of the five polymor-
phic genes ranged from 0.1% in genes nad4, cox3 and
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Table 3. Average length, base composition of genes and non-coding regions of two S. woodiana haplotypes: NCRá – non-cod-

ing region alpha, NCRâ – non-coding region beta, NCRã – non-coding region gamma, H – genes encoded on the heavy strand

(anticlockwise), L – genes encoded on the light strand (clockwise)

Gene/Region Coding strand Length (bp)
Base Composition (%), L strand

T C A G

Non-coding regions NCRá – 346 37.2 16.9 36.4 9.5

NCRâ – 41 31.7 17.1 46.3 4.9

NCRã – 176.5 48.4 10.2 39.1 2.3

All non-coding regions 1261.5 37.6 16.6 38.6 7.2

All tRNA genes 20L 2H 1443 31.0 17.5 34.7 16.8

rRNA genes srRNA L 847 27.0 18.9 37.6 16.5

lrRNA L 1284 29.6 18.1 37.1 15.2

Both rRNA genes L 2131 28.6 18.4 37.3 15.7

Protein-coding genes nad1 L 900 33.8 22.2 30.0 14.0

nad6 L 492 37.5 20.4 30.8 11.3

nad4 H 1347 42.7 9.5 22.4 25.4

nad4L H 297 45.1 6.1 17.8 31.0

atp8 H 189 38.1 7.4 24.9 29.6

atp6 H 702 43.2 9.4 22.5 24.9

cox3 H 780 42.7 11.0 20.6 25.7

cox1 H 1542 42.3 14.1 20.8 22.8

cox2 H 681 38.5 10.7 23.3 27.5

nad3 H 357 42.6 10.9 20.2 26.3

F ORF L 261 31.0 24.9 36.8 7.3

nad2 L 964 35.1 21.2 33.1 10.6

cytb L 1149 36.2 22.4 28.1 13.3

nad5 H 1737 41.0 9.6 24.3 25.0

All protein-coding genes 5L 9H 11457 39.6 14.4 25.1 20.9

Complete genome 16243 28.0 22.3 37.8 11.8
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nad2 to 0.4% in nad6. Length polymorphism involv-
ing deletion or insertion of single nucleotides in
three sites in non-coding sequences no. 4 and NCR�

was observed in the two compared mtDNA molecules
(Table 4).

All the codons appeared in S. woodiana and the to-
tal of 3,799 amino-acids were encoded by 14 genes
(Table 6). The most frequently used codons with the
frequency of 6–7% were TTA (leucine), TTT
(phenylalanine) and ATT (isoleucine). The least fre-
quently used codons were CGC (arginine, 0.11%),
followed by TGC (cysteine) and CGG (arginine) with
the frequency 0.24% each. Stop codon TAA was more
frequently used than TAG. One incomplete stop
codon was observed in gene nad2; full TAA stop
codon is completed by the addition of 3’ A residues to
the mRNA. In mtDNA of Sinanodonta codons termi-
nating with A or T were nearly three times more fre-
quent (74%) than those terminating with G or C
(Table 6).

Twenty five non-coding regions of lengths from 2
to 399 bp, and total length 1,261-2 bp, constituting
7.8% of the genome were identified in mtDNA of S.
woodiana (Tables 3, 7). Significant non-coding regions
were called NCR� (346 bp between nad5 and trnQ),
NCR� (41 bp between trnF and nad5) and NCR� (176

bp between nad3 and trnA without trnH), and their
nucleotide content is presented in Table 3. A large
non-coding region no. 4 (399 bp) was located be-
tween two tRNA genes for isoleucine and valine, with
A+T content of 72.4%. The remaining non-coding re-
gions were small and contained from 2 to 45 bp. The
analysed specimens had the same number of non-cod-
ing sequences with identical length, except for single
deletions/insertions in NC no. 4 and NCR�. In all,
four transitions and one transversions were observed
within the non-coding sequences (Table 4).

UNIO PICTORUM

Comparison of the two mt genomes of U. pictorum
is presented in Table 8, and the detailed composition
of the genome – in Table 9. The mt genomes were
15760-1 bp long, and the content of A+T bases was
65%. The nucleotide variation between the two speci-
mens of U. pictorum from the Odra River near
Szczecin (specimen no. 147) and the Krutynia River
in the Mazurian Lakeland (specimen no. 310) was
0.03%, and was a result of six polymorphic sites in
their mtDNA (Table 8), of which two were new, com-
pared with the earlier-analysed four specimens of the
species from Western Pomerania and central Poland
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Table 6. Codon usage in 14 mitochondrial protein-coding genes in S. woodiana (3,799 codons) and U. pictorum (3,805
codons): N – total number of particular codon in all proteins, % – percentage of total codon usage, RSCU – relative syn-
onymous codon usage

Amino Acid Codon
Sinanodonta woodiana Unio pictorum

N % RSCU N % RSCU

F (Phe) TTT 253 6.66 1.71 259 6.81 1.74

TTA 43 1.13 0.29 38 1.00 0.26

L (Leu) TTA 283.5 7.46 2.94 243 6.39 2.46

TTG 110 2.90 1.14 161 4.23 1.63

CTT 90 2.37 0.93 87 2.29 0.88

CTC 26 0.68 0.27 23 0.60 0.23

CTA 57 1.50 0.59 68 1.79 0.69

CTG 12.5 0.33 0.13 10 0.26 0.10

I (Ile) ATT 224 5.90 1.65 233 6.12 1.62

ATC 47.5 1.25 0.35 55 1.45 0.38

M (Met) ATA 149.5 3.94 1.43 119.5 3.14 1.28

ATG 59 1.55 0.57 66.5 1.75 0.72

V (Val) GTT 161.5 4.25 1.81 184 4.84 2.10

GTC 25 0.66 0.28 19 0.50 0.22

GTA 99 2.61 1.11 90 2.37 1.03

GTG 71 1.87 0.80 58 1.52 0.66

S (Ser) TCT 114 3.00 2.45 109 2.86 2.30

TCC 24 0.63 0.51 24 0.63 0.51

TCA 51 1.34 1.09 48 1.26 1.01

TCG 10 0.26 0.21 18 0.47 0.38
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Amino Acid Codon
Sinanodonta woodiana Unio pictorum

N % RSCU N % RSCU

P (Pro) CCT 80 2.11 2.29 67 1.76 1.99

CCC 11 0.29 0.31 12 0.32 0.36

CCA 38.5 1.01 1.10 48 1.26 1.42

CCG 10.5 0.28 0.30 8 0.21 0.24

T (Thr) ACT 71 1.86 1.56 76 2.00 1.80

ACC 42 1.11 0.93 35 0.92 0.83

ACA 53 1.40 1.17 47 1.24 1.11

ACG 15.5 0.41 0.34 11 0.29 0.26

A (Ala) GCT 121 3.19 2.36 125 3.29 2.33

GCC 24 0.63 0.47 30 0.79 0.56

GCA 50.5 1.33 0.99 47 1.24 0.87

GCG 9.5 0.25 0.19 13 0.34 0.24

Y (Tyr) TAT 99 2.61 1.40 95 2.50 1.41

TAC 42 1.11 0.60 40 1.05 0.59

TERM TAA 7 0.18 1.00 9 0.24 1.00

TAG 6 0.16 1.00 5 0.13 1.00

H (His) CAT 57 1.50 1.56 57 1.50 1.48

CAC 16 0.42 0.44 20 0.53 0.52

Q (Gln) CAA 43 1.13 1.34 51 1.34 1.48

CAG 21 0.55 0.66 18 0.47 0.52

N (Asn) AAT 75 1.97 1.42 77 2.02 1.38

AAC 31 0.82 0.58 35 0.92 0.63

K (Lys) AAA 69.5 1.83 1.42 63 1.66 1.31

AAG 28.5 0.75 0.58 33 0.87 0.69

D (Asp) GAT 50 1.32 1.56 48.5 1.27 1.44

GAC 14 0.37 0.44 19 0.50 0.56

E (Glu) GAA 46 1.21 0.98 53.5 1.41 1.18

GAG 48 1.26 1.02 37 0.97 0.82

C (Cys) TGT 47 1.24 1.68 42 1.10 1.56

TGC 9 0.24 0.32 12 0.32 0.44

W (Try) TGA 65 1.71 1.17 63 1.66 1.14

TGG 46 1.21 0.83 48 1.26 0.86

R (Arg) CGT 15 0.39 1.02 14 0.37 0.93

CGC 4 0.11 0.27 4 0.11 0.27

CGA 31 0.82 2.10 30 0.79 2.00

CGG 9 0.24 0.61 12 0.32 0.80

S (Ser) AGT 48 1.26 1.03 61 1.60 1.29

AGC 12 0.32 0.26 14 0.37 0.30

AGA 53 1.40 1.14 59 1.55 1.25

AGG 61 1.61 1.31 46 1.21 0.97

G (Gly) GGT 92 2.42 1.19 111 2.92 1.45

GGC 19 0.50 0.25 20 0.53 0.26

GGA 65 1.71 0.84 72 1.89 0.94

GGG 133 3.50 1.72 104 2.73 1.36

Table 6 continued



(SOROKA & BURZYÑSKI 2010). In all cases single poly-
morphic sites were located within coding regions, ex-
cept genes nad2 (positions 9328 and 9447) and srRNA
(positions 10305 and 10441), which had two variable
sites each (current studies and SOROKA & BURZYÑSKI
2010). The new polymorphic sites identified in these
genes were characteristic of specimen no. 310 from
the Mazurian Lakeland. The observed nucleotide
substitutions in four cases were of the transition type
(3× C/T i G/A), in one case of transversion type
(T/A), and two cases involved tRNA genes (trnA and
trnL), protein-coding genes (nad4L and nad2) and
RNA gene for the small ribosome subunit (Table 8).
The species showed also size polymorphism of
mtDNA molecule. The two female mitochondrial
genomes differed in one base in gene trnH (Table 8).
The observed thymine deletion occurred only in one
specimen (147) of U. pictorum.

Intraspecies nucleotide diversity (�) was estimated
at 0.03% in this study and for other Polish specimens
of U. pictorum (SOROKA & BURZYÑSKI 2010), but each
specimen represented a different haplotype. Even
though the number of sequences was small (total of
five Polish individuals), and therefore the results
must be interpreted cautiously, the observed level of
polymorphism was unexpectedly low. The 0.3%
(KÄLLERESJO et al. 2005) and 0.4% (SOROKA 2010)
variation reported in conserved cox1 gene of this spe-
cies shows that substitutions accumulate in mito-
chondrial sequences of U. pictorum. Assuming the
neutral evolution model, the observed small nucleo-
tide variation suggests a very low effective population
size of the Polish U. pictorum, possibly caused by a re-
cent population bottleneck (SOROKA & BURZYÑSKI
2010). The phenomenon is of potential importance
for environmental management policies.

Table 5 presents gene lengths and numbers of
amino-acids encoded by protein-coding genes, as well
as the level of their variation in U. pictorum and be-
tween U. pictorum and S. woodiana. The variation in
gene nad4L (length 297 bp), estimated at K=0.003, in-
volved the third position in the codon and did not
cause amino-acid substitution (Ks=0.011, Ka=0.0). The
variation in gene nad2 (length 966 bp), though it in-
volved the third position in the codon, resulted in
substitution of glutamate for aspartate (K=0.001,
Ks=0.0, Ka=0.001). The parameters for the two speci-
mens of U. pictorum, presented in Table 9, differed
slightly in the variable regions from corresponding
values for the four specimens of the species presented
in SOROKA & BURZYÑSKI (2010).

A total of 3,805 amino-acids were encoded by the
mt genome of U. pictorum, and all codons were pres-
ent in this species (Table 6). The most frequent
codons were TTT (phenyloalanine), TTA (leucine)
and ATT (isoleucine), with the frequency exceeding
6%. Excluding termination codons, CGC (arginine)
and CCG (proline) were used less than 10 times. Stop
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codon TAA was nearly twice as frequent as TAG.
Codons ending in A or T were more frequent (73%)
than those ending in G or C (Table 6).

The analysed specimens had the same number of
non-coding sequences, with identical length, and no
variation was observed in these regions. Their total
number was 27 and they constituted nearly 5% of
mitochondrial genome (Tables 7, 9). The regions
NCR�, NCR� and NCR� were located in the same
places in the genome as in S. woodiana and had 259,
36 and 137 bp, respectively. Variation in non-coding
sequences in U. pictorum was observed only in one
specimen from the Szczecin Lagoon and involved two

transitions T/A and A/T in region NC no. 6 (SOROKA
& BURZYÑSKI 2010).

Analysis of additional specimens of U. pictorum,
though they originated from geographically very re-
mote localities (ca. 550 km in a straight line), did not
increase the originally estimated level of intraspecies
variation in mtDNA, which was 0.03% (SOROKA &
BURZYÑSKI 2010). In this study the variation in the
two examined genomes was also 0.03%, and the ob-
served differences pertained to the third decimal.
The level of variation of mitochondrial DNA of the
species can be thus reliably estimated based on analy-
sis of two specimens, and examining more specimens
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Table 8. Variable sites in two mitochondrial genomes of Unio pictorum

Individual
number

Length (bp)

Variable sites

nad4L

3472

trnH

8092

trnA

8236

nad2

9447

srRNA

10441

trnLUAG

12317

147 15760 T —- A A C T

310 15761 C T G T T C

Table 9. Average length, base composition of genes and non-coding regions of two U. pictorum haplotypes: NCR� –
non-coding region alpha, NCR� – non-coding region beta, NCR� – non-coding region gamma, H – genes encoded on
the heavy strand (anticlockwise), L – genes encoded on the light strand (clockwise)

Gene/Region
Coding
strand

Length
(bp)

Base Composition (%), L strand

T C A G

Non-coding regions NCRá – 259 37.1 23.9 35.9 3.1

NCRâ – 36 30.6 11.1 55.6 2.8

NCRã – 137 34.3 18.2 44.5 2.9

All non-coding regions 771 36.0 21.2 39.6 3.2

All tRNA genes 20L 2H 1427 30.6 17.3 34.7 17.4

rRNA genes srRNA L 859 23.6 21.4 39.1 15.9

lrRNA L 1302 28.7 19.5 36.9 14.9

Both rRNA genes L 2161 26.7 20.2 37.8 15.3

Protein-coding genes nad1 L 900 34.5 21.6 30.3 13.6

nad6 L 501 35.1 22.8 32.9 9.2

nad4 H 1347 43.1 10.5 20.3 26.1

nad4L H 297 45.1 7.4 17.9 29.6

atp8 H 195 37.4 5.1 26.2 31.3

atp6 H 702 44.7 9.1 20.7 25.5

cox3 H 780 44.3 11.2 17.8 26.7

cox1 H 1554 42.8 14.0 20.3 22.9

cox2 H 681 41.1 10.5 22.3 26.1

nad3 H 357 44.6 8.1 20.4 26.9

F ORF L 249 26.5 27.4 37.4 8.7

nad2 L 966 32.3 21.7 34.9 11.1

cytb L 1149 36.5 21.8 27.8 13.9

nad5 H 1734 42.5 9.7 23.6 24.2

All protein-coding genes 5L 9H 11382 40.1 14.4 24.5 21.0

Complete genome 15761 26.5 23.1 38.6 11.8



does not contribute much to the general characteris-
tics of the mitochondrial genome. Analyses of whole
mitochondrial genomes of a few specimens of U.
pictorum showed a highly conservative character of
non-coding regions within the species, variation of

four out of the 14 protein-coding genes, both ribo-
somal RNA genes and three out of the 22 transfer
RNA genes (this study and SOROKA & BURZYÑSKI
2010).

DISCUSSION

MITOCHONDRIAL GENOME ORGANISATION

The studied mitochondrial genomes of Sinano-
donta woodiana and Unio pictorum contain the same
genes in identical arrangement, which is also typical
of freshwater American Ambleminae (Fig. 2) (BRE-
TON et al. 2009). The genes are arranged in the fol-
lowing order (bolded genes are transcribed from the
opposite heavy strand): trnQ, trnC, trnI, trnV,
trnL2(UAA), nad1, trnG, nad6, nad4, nad4L, atp8, trnD,
atp6, cox3, cox1, cox2, nad3, trnH, trnA, trnS1(UGA),
trnS2(UCU), trnE, F ORF, nad2, trnM, trnW, trnR,
srRNA, trnK, trnT, trnY, lrRNA, trnL1(UAG), trnN, trnP,
cytb, trnF and nad5. The gene order detected only in
Gonideini (Hyriopsis cumingii and Inversidens
japanensis) is slightly different. The fragment between
cox2 and trnW is organised in the following way: trnH,
trnS1, nad2, trnM, nad3, trnA, trnS2, trnE, F ORF
(BRETON et al. 2009).

The female genomes of S. woodiana and U. pictorum
differ in the size of mtDNA, which results mainly from
the number of non-coding sequences, since eight pro-
tein genes show equal lengths in the two species, and
the remaining protein-coding genes, ribosomal RNA
genes and transfer RNA genes are very similar in
length, except for nad2 (Tables 3, 5, 9). U. pictorum
has a very small (15761 bp) and compact genome,
and only that of Cristaria plicata is by 50 bp smaller,
with a comparable number of non-coding sequences
(Tables 1, 7). The genome of S. woodiana is among the
largest female genomes among unionids, and is by
483 bp larger than that of U. pictorum; only that of
Inversidens japanensis is by 584 bp larger. Compared to
the marine Mytilidae, the difference in length is more
apparent (500-3,000 bp), no doubt due to much lon-
ger non-coding sequences in the latter family (BOORE
et al. 2004, MIZI et al. 2005, ZBAWICKA et al. 2007,
2010, CAO et al. 2009).
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Fig. 2. Genetic map of the mitochondrial F genome of Sinanodonta woodiana: the grey colour shows the genes encoded on
the heavy strand, the white colour shows the genes encoded on the light strand. All tRNA genes are located on the light
strand except trnH and trnD. Transfer RNA genes are designated by the one-letter amino acid code for the correspond-
ing amino acid, with two trnL and the two trnS differentiated on the basis of their anticodon



Female mitochondrial genomes of S. woodiana
and U. pictorum contain 65.8 and 65.1% A+T bases,
respectively, and the values are comparable to those
found in other species of unionoids: 62.4% in L.
ornata (SERB & LYDEARD 2003), 62% in Q. quadrula
and V. ellipsiformis, 64% in P. grandis (BRETON et al.
2009) and 67% in S. constricta (ZHENG et al. 2010).
The A+T content in marine bivalves is somewhat
smaller: in four species of Mytilus and two of
Crassostrea it is ca. 62% (BOORE et al. 2004, MILBURY
& GAFFNEY 2005, MIZI et al. 2005, ZBAWICKA et al.
2007). A higher A+T content has been observed in
other molluscs, such as black chiton Katharina
tunicata, 69.0% (BOORE & BROWN 1994a); land snail
Albinaria coerulea, 70.7% (HATZOGLOU et al. 1995),
or scaphopod Graptacme eborea, 74.1% (BOORE et al.
2004). This variation in A+T content is among the
highest observed within a phylum and reflects high
heterogeneity of molluscan mtDNA (BOORE 1999,
BOORE et al. 2004, MILBURY & GAFFNEY 2005, MIZI et
al. 2005, ZBAWICKA et al. 2007)

Nucleotide variation of whole mitochondrial geno-
mes in S. woodiana and U. pictorum is 21% and thus
comparable to the level of variation of other female
genomes in Unionidae: 25% for P. grandis
(FJ809754), Q. quadrula (FJ809750) and V. ellipsiformis
(FJ809753). Variation between female and male mt
genomes in Unionidae is extremely high and
amounts to 50–52% (DOUCET-BEAUPRÉ et al. 2010),
while in marine bivalves of the genus Mytilus it is
20–26% (MIZI et al. 2005, ZBAWICKA et al. 2007, 2010).

Intra-specific variation in S. woodiana is more than
three times greater than that observed in U. pictorum.
This low nucleotide diversity in the native U. pictorum
indicates a small effective population size of this spe-
cies in Poland (SOROKA& BURZYÑSKI 2010). The wide
variation in S. woodiana, which was introduced in Po-
land in the 1980s, suggests that the source popula-
tions were abundant and genetically diverse. Earlier
studies on single mitochondrial genes (cox1, cytb) in
numerous specimens of the species showed the ab-
sence of variation in such genes (SOROKA 2005, 2008,
2010), like in this study.

NON-CODING REGIONS

The studied unionid species have an almost ident-
ical location of non-coding regions though they differ
in their length and in the percentage they constitute
in the genome. The very compact genome of U.
pictorum has 27 shorter non-coding regions, while one
of the largest unionid genomes, that of S. woodiana,
contains 25 longer non-coding regions, and the two
species have 5 and 8% non-coding sequences in their
mtDNA, respectively. Excluding the regions NCR�,
NCR� and NCR�, the mean size of non-coding region
is 14 bp in U. pictorum and 32 bp in S. woodiana. The
remaining known female mitochondrial genomes in

unionids have 23 to 30 non-coding regions, which
constitute from 5 to 12% of the genome (Table 7).

A typical main control region (CR, a non-coding
region of DNA involved in replication of the mt ge-
nome) in animal mitochondrial genomes is (i) the
longest non-coding region, (ii) a region with rela-
tively high A+T content, (iii) a region in which repeti-
tive elements and secondary structures frequently oc-
cur, and/or (iv) a region associated with abrupt
changes in base composition bias (BOORE 1999, SERB
& LYDEARD 2003, CAO et al. 2004, KUHN et al. 2006,
BRUGLER & FRANCE 2008). The NCR�, NCR� and
NCR� in S. woodiana and U. pictorum correspond to
the respective regions shared by other known F and M
genomes in Unionidae (BRETON et al. 2009,
DOUCET-BEAUPRÉ et al. 2010), but differ in their
length and nucleotide composition (Table 7). Inter-
estingly, the change of transcription orientation oc-
curs within all of them (SERB & LYDEARD 2003,
BRETON et al. 2009), separating parts of genomes with
different compositional biases (SOROKA & BURZYÑSKI
2010), which makes them candidates for CRmtDNA.

NCR� in all known unionid species except S.
woodiana is the longest non-coding sequence in the
genome, with A+T content in four species of ca. 72%,
or ca. 66% in another four, and only exceptionally
58% (I. japanensis). The next longest NCR� has a
higher A+T content of 88 and 79% in S. woodiana and
U. pictorum, respectively. S. woodiana has a different,
longest non-coding region with a high A+T content
(over 72%), with no counterpart in other genomes.
In L. ornata NCR� (136 bp, between nad5-trnF) is ex-
ceptionally long and also has a high A+T content
(76.8%) but the control region has not been localised
in this species (SERB& LYDEARD 2003). The main con-
trol region has not been identified in the veneroid
clam Venerupis philippinarum (BRETON et al. 2009) and
in the scaphopod Graptacme eborea (BOORE et al.
2004), but has been characterised in mytilid species
(CAO et al. 2004, 2009, MIZI et al. 2005). The CR in
species of Mytilus is the largest non-coding region
(1,150 bp), it is capable of producing characteristic
secondary structures but contains only 60–61% A+T,
so the above-average A+T content is not mandatory in
the CR (CAO et al. 2004, 2009, MIZI et al. 2005). In ad-
dition, the Mytilus CR contains conserved motives
thought to play an important role in replication and
transcription, and it is broadly similar to the mamma-
lian control region (CAO et al. 2004).

Comprehensive studies on the control regions and
origins of replication mtDNA, considering many cri-
teria: length, repeats/secondary structure, A+T con-
tent and AT-skew, have not provided definitive sol-
utions, and the locations of control regions could be
variable among unionid bivalve mitochondrial geno-
mes (BRETON et al. 2009). Two of the three shared
major non-coding regions (NCR� and NCR�) are po-
tential heavy-strand control regions (OH) for regulat-
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ing replication and/or transcription, but multiple
and potentially bidirectional light-strand origins of
replication (OL) are present in unionid mitochon-
drial genomes (BRETON et al. 2009). Localisations of
OH and OL in I. japanensis and H. cumingii are the
most reliable, since they meet the criteria of length,
A+T content, repeat/secondary structure and also
AT-skew values (negative or positive). In these species
OH would be located between nad5-trnQ (=NCR�)
and OL would be located between nad3 and cox2 con-
taining a non-coding region which on the heavy
strand is capable of forming a stem-loop structure
(BRETON et al. 2009). This non-coding region is 104
bp long and has 67% A+T content; NCR� located
nearby (between nad3 and trnA) is marginally longer
(111 bp) and has a significantly lower A+T content
(only 59%). Besides, BRETON et al. (2009) do not ex-
clude that the role of OL in unionids may be played by
tRNA genes, and more specifically the heavy strand
containing trnD in P. grandis, Q. quadrula and V. ellipsi-
formis. There are reports that heavy strand harbouring
tRNA genes can sometimes function as an OL by form-
ing alternative secondary structures other than their
classical cloverleaf structures, so they could have an al-
ternative OL function (SELIGMANN et al. 2006, SE-
LIGMANN 2008). Besides, this alternative OL can fre-
quently evolve and disappear in mtDNA sequences,
which is very likely in F and M genomes of some
unionid species (SELIGMANN et al. 2006, BRETON et
al. 2009). Localisation and organisation of the control
region in the scaphopod G. eborea whose mtDNA
(14,492 bp) is very unusual in lacking any large
non-coding regions, is even more interesting. This
species has fewer non-coding nucleotides than any
other mtDNA studied to date, with the largest
non-coding region only 24 bp long (BOORE et al.
2004). Whatever regulatory elements may be present
in G. eborea, they are apparently short, dispersed,
and/or rapidly changing. Thus among molluscs the
control region of mtDNA is not conservative with re-
spect to its localisation, nucleotide similarity or poten-
tial secondary structures, which renders its studies dif-
ficult and requires an individual approach to each
newly studied mitochondrial genome.

PROTEIN-CODING GENES

The number of 13 genes coding for the compo-
nents of the respiratory chain with their identical lo-
calisation (with few exceptions) is a very constant
character of vertebrate mitochondrial genomes (DES-
JARDINS & MORAIS 1990, BOORE 1999, GISSI et al.
2008). On the other hand, a wide variation is ob-
served among bivalves (see Introduction), both with
respect to the different arrangement of these 13 pro-
tein-coding genes in each family, and to duplication
(cox2 in V. philippinarum), elongation (cox2 in Unio-
nidae M genomes), shortening (atp8 in V. philippi-

narum), or absence (atp8 in six species of Crassostrea,
tree of Mytilus and S. constricta) of single genes in the
mitochondrial genomes. However, unionid mito-
chondrial genomes have the same number and identi-
cal arrangement of the genes, and direction of their
transcription (Fig. 3), except H. cumingii and I. japa-
nensis representing the subfamily Ambleminae and
the tribe Gonideini. These two species have a differ-
ent arrangement of genes between cox2 and srRNA,
with the same direction of transcription of all the
genes being maintained except the two ribosomal
RNA genes in I. japanensis.

An exceptional case is the presence of an addi-
tional protein-coding gene in all the studied unionid
mitochondrial genomes (BRETON et al. 2009), includ-
ing S. woodiana and U. pictorum (Tables 3, 9). The
gene has not been completely identified and is provi-
sionally termed F ORF and M ORF, for female and
male genomes, respectively. The gender-specific
ORFs could be responsible for the different mode of
transmission of the mtDNA and/or gender-specific
adaptive functions of the M and F mtDNA genomes in
unionid bivalves (BRETON et al. 2009). The activity of
this protein has been demonstrated in female and
male gonads of Venerupis ellipsiformis (BRETON et al.
2009). In female genomes of L. ornata and V.
ellipsiformis (the most closely related species) ORF re-
gions show 60% amino acid identity and the diver-
gence at the nucleotide level follows the pattern ex-
pected for a protein-coding gene under purifying se-
lection, where third and second codon positions ex-
hibit the largest and smallest numbers of substitu-
tions, respectively (BRETON et al. 2009). The length
of this gene has been found to vary much, and conse-
quently also the number of encoded amino-acids var-
ies, ranging from 66 to 92 in seven female genomes in
Unionidae (BRETON et al. 2009). Also in the two stud-
ied species the length of F ORF differs (Table 5); it
shows only 33% amino acid identity and the highest
nucleotide (K=0.814) and amino-acid variation (Ks

and Ka) among all the coding mitochondrial genes.
In the two studied unionid genomes, eight genes

have identical lengths in the two species, and three of
them: cox2, cox3, and nad3 are identical with respect
to the number of encoded amino-acids also in C.
plicata, H. cumingii, L. ornata, P. grandis, Q. quadrula
and V. ellipsiformis. Genes coding for subunits of cyto-
chrome c oxidase (I, II and III) show the smallest level
of nucleotide variation, below 20%. The variation of
the remaining genes, excluding F ORF, varies from
21% for nad4L to 42% for apt8. Gene atp8 has the
highest (excluding F ORF) aminoacid variation
(Ka=0.305), indicating either a very relaxed selection
or the influence of diversifying adaptive evolution.
Overall, the genes coding for NADH dehydrogenase
subunits are rich in synonymous substitutions
(Ks>0.990, all except nad4L) whereas those coding for
subunits of cytochrome c oxidase and cytochrome b
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are very well conserved at amino-acid level (Ka<0.1).
Again, similar patterns of polymorphisms have been
observed in M. galloprovincialis (MIZI et al. 2005) and
M. trossulus (ZBAWICKA et al. 2007) indicating domi-
nant role of functional constraints.

In this study no variation was observed in the most
frequently studied mitochondrial genes: cox1, cytb and
lrRNA (except one polymorphic site in S. woodiana) in
S. woodiana and U. pictorum. For U. pictorum the esti-
mated level of variation of gene cox1 is 0.4%, and the
differences are exclusively synonymous, and variation
of gene cytb is 0.6%, where 1/4 differences were
non-synonymous substitutions (SOROKA 2010).
Studies on more numerous specimens of S. woodiana
confirm the absence of variation in the two genes
(SOROKA 2010), in spite of the observed intra-specific
variation of the whole mitochondrial genome which
is wide, compared to U. pictorum.

Genes nad4 and nad4L in mtDNA of S. woodiana
and U. pictorum show an 8 bp overlap. The phenome-
non has been observed in all known F genomes in
Unionidae, with the same accuracy of overlapping 8
bp in that site (except I. japanensis) (BRETON et al.
2009, SOROKA & BURZYÑSKI 2010). The two genomes
of S. woodiana and U. pictorum show a 1 bp overlap be-
tween genes nad2 and trnM while the overlap in that
site in I. japanensis is as long as 9 bp. In the remaining
studied genomes either two nucleotides overlap in
that site, like in P. grandis, or the two genes adjoin (C.
plicata and L. ornata), or, like in Q. quadrula, there
may be even seven nucleotides forming a non-coding
sequence between the two genes.

CODON USAGE OF PROTEIN-CODING GENES

The 14 protein-coding genes of the mitochondrial
genome of S. woodiana code for 3,819 amino-acids,
compared to 3,805 in U. pictorum. In both species
leucine is the most frequent amino-acid, followed by
phenylalanine and isoleucine; arginine is the least fre-
quent. Codon usage in these species is very similar:
the same three most frequent codons with small dif-
ferences in their percentage, the same frequency of
TCC (serine) and CGC (arginine) codons, with the
last codon being the least frequent. The same codons
(TTT, TTA and ATT) are the most frequent also in
other bivalves: L. ornata (SERB & LYDEARD 2003), M.
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Fig. 3. Dotplot comparison of mt genomes of Unio pictorum
and other unionid: Cristaria plicata (FJ986302), Lampsilis
ornata (AY365193), Hyriopsis cumingii (FJ529186), and
Inversidens japanensis (AB055625). Protein-coding genes
are shown for reference, as annotated in the relevant
GenBank records. The sequences deposited in
GenBank differ in the origin and orientation but are
mostly co-linear – they represent two genome organiza-
tions, single gene inversion involving nad2 and nad3
genes being the only difference between the two archi-
tectures



edulis (BOORE et al. 2004), M. galloprovincialis (MIZI et
al. 2005), M. trossulus (ZBAWICKA et al. 2007), C.
virginica and C. gigas (MILBURY & GAFFNEY 2005), gas-
tropods Cepaea nemoralis (TERRETT et al. 1996) and
Pupa strigosa (KURABAYASHI & UESHIMA 2000) as well
as scaphopod Graptacme eborea (BOORE et al. 2004).
The most frequent codons in most vertebrates are dif-
ferent: CTA in carp Cyprinus carpio (CHANG et al.
1994) and man (INGMAN et al. 2000) and ATT in
clawed frog Xenopus laevis (ROE et al. 1985) and zebra-
fish Danio rerio (BROUGHTON et al. 2001).

Bivalve species differ in their least frequent codons,
except codon CGC (SERB & LYDEARD 2003, BOORE et
al. 2004, ZBAWICKA et al. 2007). For example codon
CCG occurs in F genomes at a frequency of ca. 0.24 in
S. woodiana and U. pictorum, 0.43 in L. ornata (SERB &
LYDEARD 2003), 0.68 in M. edulis (BOORE et al. 2004)
and M. trossulus (ZBAWICKA et al. 2007) and 0.72 in M.
galloprovincialis (MIZI et al. 2005), whereas the least fre-
quently used codons in mtDNA of M. trossulus are
ACC, CCC, CGC and TCC (ZBAWICKA et al. 2007). The
four least used codons in M. galloprovincialis are TCC,
CGC, ACC and ACG (MIZI et al. 2005).

Of the two mitochondrial stop codons, TAA is
more frequent in female genomes, and TAG in male
genomes (MIZI et al. 2005, ZBAWICKA et al. 2007).
Only female genomes of L. ornata contain twice as
many stop codons TAG (SERB & LYDEARD 2003). In U.
pictorum all stop codons are complete and TAA is
nearly twice more frequent than TAG. The incom-
plete stop codon in gene nad2 is observed in S.
woodiana (T · ·), is also present in that site in C. plicata,
and TAA stop codon is completed by the addition of 3’
A residues to the mRNA in the two species. Other in-
complete terminal codons have been found to occur in
two genes in C. virginica (cox3 and nad4L) and one
gene in C. gigas (nad4L) (MILBURY & GAFFNEY 2005).

Codons ending in A or T are more frequent in S.
woodiana and U. pictorum (ca. 74%) than those ending
in G or C. This bias is also evident in the relative syn-
onymous codon usage (RSCU) statistics for 4-fold de-
generate site (Table 6). In other bivalves also most
codons end with A or T (65% in C. virginica, 67% in L.
ornata and 71% in C. gigas), which is consistent with
the typical invertebrate bias favouring codons ending
in A and T (SERB & LYDEARD 2003, MILBURY & GAFF-
NEY 2005).

RIBOSOMAL RNA GENES

The two ribosomal RNA genes in U. pictorum are
longer than in S. woodiana by 12 and 18 bp, respect-
ively for srRNA and slRNA (Table 5). Gene srRNA in U.
pictorum (859 bp) is the longest among Unionidae
(SERB & LYDEARD 2003, BRETON et al. 2009), the lon-
gest genes lrRNA, exceeding 1,300 bp, are found in L.
ornata (SERB & LYDEARD 2003), I. japanensis and U.
pictorum.

In Unionidae the content of A+T bases is greater
in lrRNA (ca. 64%) than in srRNA (ca. 62%), though
in C. plicata the values are similar in the two genes
(each 64%), and in I. japanensis the values are smaller
(58 and 56%, respectively). The difference in the two
ribosomal RNA genes betwen S. woodiana and U.
pictorum is ca. 15% (Table 5), while considering all
nine known unionid genomes the variation is slightly
greater in lrRNA than in srRNA and amounts to some-
what over 19 and 18%, respectively. The smallest dif-
ferences in the two ribosomal RNA genes are those
between L. ornata and V. elipsiformis (0.063 and 0.073,
respectively for srRNA and lrRNA), the most dissimilar
species is I. japanensis. In Unionidae the differences
between F and M haplotypes of gene srRNA are
23–29% and 31–35% for lrRNA (SOROKA 2010), while
in marine bivalves Mytilus they are lower – ca. 15% for
both ribosomal RNA genes (MIZI et al. 2005, ZBA-
WICKA et al. 2007).

The large subunit rRNA gene is split into two frag-
ments in two species of Crassostrea (Bivalvia: Ostreoi-
dea), a phenomenon not previously observed in me-
tazoan mitochondrial DNA (MILBURY & GAFFNEY
2005). The two species differ in localisation of lrRNA,
5’ half in the genome and the level of variation of the
two regions of the gene. The lrRNA 3’ half with ident-
ical location in C. gigas and C. virginica shows high nu-
cleotide identity between these two species (82%),
while the 5’ half shows only 65% identity (MILBURY &
GAFFNEY 2005).

TRANSFER RNA GENES

The tRNA genes are the most evolutionarily mobile
elements of the animal mitochondrial genome and
variation in mitochondrial tRNA gene organisation has
been found in many divergent taxa (BOORE 1999,
MUELLER & BOORE 2005, BLEIDORN et al. 2006,
PODSIAD£OWSKI 2006, PODSIAD£OWSKI et al. 2006).
Mitochondrial genomes of S. woodiana and U. pictorum
include 22 transfer genes each; their localisation in the
genome is identical, and the same as in other species of
Unionidae (SERB & LYDEARD 2003, DOUCET-BEAUPRÉ
et al. 2010). In both studied genomes most tRNA genes
are located on the light strand, only trnH (histidine)
and trnD (aspartate) are on the heavy strand with most
protein-coding genes (Fig. 2, Tables 3, 9). The length
of tRNA genes ranges from 60 to 71 bp and the mean
GC content varies between 19.0% in S. woodiana and
trnW (tryptophane) and 46.8% in U. pictorum and trnY
(tyrosine). In the genomes of the remaining unionids
the lengths of tRNA genes are the same, but the GC
content is more similar and ranges from 35 to 37%
(DOUCET-BEAUPRÉ et al. 2010).

Twenty-two sequences identified in Sinanodonta and
Unio fold into tRNA secondary structures and possess
their correct anticodons. Nearly all of the putative
tRNAs have a normal cloverleaf structure: a
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seven-member amino-acid acceptor arm, a five-mem-
ber anticodon stem, and a seven-member anticodon
loop, DHU stem and loop, and T�C stem and loop.
However, in S. woodiana and U. pictorum, in 41 and 14%
respectively, tRNAs are present with eight-member
amino-acid acceptor arm, of which two are identical in
the two species, trnS2 (UCU) (serine) and trnT
(threonine). Only gene trnY in both species has a
six-member amino-acid acceptor arm. In both studied
species the DHU arm of trnS1 (UGA) is unpaired. The
absence of a DHU arm in this gene is even characteris-
tic of unionid bivalves, since such form occurs in seven
other female and male genomes (Fig. 4) except male
genome of I. japanensis (SERB & LYDEARD 2003,
DOUCET-BEAUPRÉ et al. 2010). This is not unusual,
since the DHU arm encoded by the mitochondrial
trnS1 is unpaired in other metazoan taxa (HOFFMANN
et al. 1992, YAMAZAKI et al. 1997, TOMITA et al. 2002,
BLEIDORN et al. 2006, PODSIADLOWSKI 2006, PODSIAD-
LOWSKI et al. 2006). Even more tRNAs with unpaired
DHU arms have been observed in L. ornata (also trnS2)
(SERB & LYDEARD 2003), Q. quadrula (also lysine trnK)
and two tRNAs in each known unionid male genome
(Table 1), however always in threonine trnT in P. gran-
dis, Q. quadrula and V. ellipsiformis (DOUCET-BEAUPRÉ et
al. 2010). The unpaired DHU arm has been found also
in the marine bivalve genus Mytilus, in one or two
genes (HOFFMANN et al. 1992, MIZI et al. 2005) and in
the scaphopod Graptacme eborea in trnR (arginine) and
trnS1 (BOORE et al. 2004). S. woodiana and U. pictorum
have typical T�C arm and loop in all tRNAs, but the
T�C loop is missing in the L. ornata tRNA for cysteine
(SERB & LYDEARD 2003) and in few gastropod tRNAs,
where the arm either is missing or reduced (YAMAZAKI
et al. 1997).

Gene trnS1 (UGA) in freshwater bivalves is charac-
terised not only by coding identical secondary struc-
ture with the unpaired DHU arm (Fig. 4) but also by
very similar nucleotide composition (Table 10). Its se-
quence is identical in S. woodiana and U. pictorum, L.
ornata and V. ellipsiformis and differs in one substitution
in P. grandis and H. cumingii (Fig. 4). For the remaining

species the variation ranges from 0.017 to 0.055, ex-
cept I. japanensis, whose trnS1 shows exceptionally
great differences, exceeding 0.500, relative to the
other species of Unionidae, and the smallest content
of GC pairs. The mean variation of trnS1 for the nine
unionid species is 0.156 and, excluding I. japanensis,
only 0.041 and involves only substitutions within loops.
For other tRNA genes interspecies diversity among
unionids is up to 11%, though like in the case of trnS1
there are no differences in threonine trnT between S.
woodiana and U. pictorum (SOROKA 2010).

Mispairing between bases in the stem (T�T and
T�G) occurs in each tRNA of the studied species and is
consistent across several taxa (HOFFMANN et al. 1992,
YAMAZAKI et al. 1997, SERB & LYDEARD 2003, BOORE
et al. 2004, MIZI et al. 2005, DOUCET-BEAUPRÉ et al.
2010, SOROKA 2010). One or two mismatched nucleo-
tide pairs occur within tRNA stems in S. woodiana and
U. pictorum. None of the 22 tRNA genes in S. woodiana
shows variation, while three genes in U. pictorum are
polymorphic: trnA, trnH and trnL (Table 8). Two sub-
stitutions occurred in the amino-acid acceptor stem
of trnA and trnL, the observed deletion was located in
DHU loop of trnH. The level of intra-specific variation
of these genes in U. pictorum is up to 1%. Much
greater differences between female and male tRNAs,
exceeding 20%, have been observed in unionids (SO-
ROKA 2010) and twice smaller (over 10%) in M. gallo-
provincialis (MIZI et al. 2005) and M. trossulus (ZBA-
WICKA et al. 2007). In mytilid species substitutions in
tRNAs more often involve the three loops (59%) than
the four stems, among which the most variable is the
amino-acid acceptor stem (MIZI et al. 2005), which is
also variable in U. pictorum. Genes tRNA are among
the most conservative in representatives of Unionidae
and Mytilidae (MIZI et al. 2005, ZBAWICKA et al. 2007).
The small variation is probably a result of the small
number of sites in these short genes, where mutations
would not affect the function. Even mutations located
in the loops are not regarded as completely neutral,
since the loops participate in the tertiary structure of
these molecules (MIZI et al. 2005).
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Table 10. Kimura 2-parameter distances between unionid species for Serine trnS1 (UGA)

1 2 3 4 5 6 7 8 9

1. S. woodiana

2. U. pictorum 0.000 Overall Mean 0.156

3. P. grandis 0.017 0.017 Excluding I. japanensis Mean 0.041

4. H. cumingii 0.017 0.017 0.000

5. Q. quadrula 0.035 0.035 0.018 0.018

6. C. plicata 0.054 0.054 0.036 0.036 0.055

7. L. ornate 0.054 0.054 0.036 0.036 0.055 0.036

8. V. ellipsiformis 0.054 0.054 0.036 0.036 0.055 0.036 0.000

9. I. japanensis 0.547 0.547 0.555 0.555 0.601 0.555 0.651 0.651
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