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ABSTRACT

The complete sequence of the mitochondrial genome of Chinook salmon, Oncor hynchus tshawytscha, has
been determined. The circular genome consisting of 16,644 base pairs encodes thirteen proteins, the 12S and
16S ribosomal RNASs, and 22 transfer RNAs. These genes are ordered in the same way as most other
vertebrates. The nucleotide and amino acid sequences of the ribosomal RNAs and the thirteen protein-coding
genes were compared with those of other salmonids such as Oncorhynchus mykiss, Salmo salar, Salvelinus
fontinalis, Salvelinus alpinus and Coregonus lavaretus. The sequence features of the control region (D-loop),
the origin of L-strand replication and a putative peptide codified by the 16S mitochondrial RNA are described

and discussed.
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INTRODUCTION

Since the publication of the complete
sequence of the human mitochondrial DNA
(mtDNA) by Anderson et al., (1981), the
organization of the mitochondrial genome
of a variety of organisms including
multicellular animals, plants, fungi and
protozoa has been well characterized
(Wolstenholme, 1992). At present, the
mtDNA of 67 fish have been sequenced
(NCBI: www.ncbi.nlm.nih.gov/PMGifs/
Genomes/ 7898.html). Due to the relative
lack of recombination of the mtDNA and its
maternal mode of inheritance, the
mitochondrial genome represents a useful
marker to use in population and
phylogenetic studies. In this regard, the
salmonid fish are commercially important,
and the farming of these fish represents a
major economic activity in Norway, Chile,
Canada, Scotland, and elsewhere.
Consequently, there is great interest in
knowing the genetic features of the

mitochondrial DNA for stock identification,
management, conservation, and population
studies (Phillips and Oakley, 1997). Within
this genus the complete sequence of the
MtDNA of the rainbow trout O. mykiss
(Zardoya et al., 1995) was followed by the
sequence of the mtDNA of Atlantic sailmon
S. salar (Hurst et al., 1999), and other
salmonids such as S. alpinus (Doiron et al.,
1999), C. lavaretus (Miya and Nishida,
2000) and S. fontinalis (Doiron et al.,
2002). Similar to other vertebrates, the
organization of the mtDNA of salmonid
fish species contains 13 protein coding
genes, 22 transfer tRNA genes, and 2
ribosomal RNAs genes corresponding to the
12S and 16S transcripts.

Recently we have been involved in
sequencing the complete genome of
Piscirickettsia salmonis (Vaenzuela et al.,
2001), the causative agent of SRS, a disease
with negative consequences for the salmon
farming industry (Fryer and Mauel, 1997). P.
salmonis is a Gram-negative obligate
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intracellular bacterium found in cytoplasmic
vacuoles of infected cells. To grow the
pathogen, fish cells such as CHSE-214
obtained from Chinook salmon (O.
tshawytscha) (Lannan et al., 1984) are
infected with the bacteria, and after 10 to 12
days, P. salmonis is harvested (Jamett et al.,
2001). To achieve the purification of the
bacterial DNA and to eliminate contamination
from CHSE-214 cell DNA, we developed a
procedure based on the treatment with DNAse
I. To avoid the alteration of the bacterial
membranes and the consequent destruction of
the P. salmonis DNA, we developed a buffer
solution to preserve the integrity of the
bacterial cells. This condition involves the
suspension of the purified microorganisms in
a solution that also stabilized the
mitochondria of the CHSE-214 cells.
Therefore our final preparation of DNA of P.
salmonis was contaminated with the
mitochondrial DNA of Chinook salmon. We
accepted this risk as the low complexity of
the mitochondria genome would not alter the
assembly of the different fragments of the
shotgun library into contigs. Here we present
the complete sequence of the mtDNA of
Chinook salmon based on 8 contigs that were
completed by PCR amplification to close the
gaps. The sequence features of the control
region (D-loop), the origin of replication of
the L-strand replication, and a putative
peptide codified by the 16S mitochondrial
RNA, are discussed.

MATERIALS AND METHODS

Growth of P. salmonis in Chinook salmon
cells.

P. salmonis LF-89 (ATCC VR 1361) were
continuously propagated in Chinook salmon
embryo cell line CHSE-214 (CRL 1681
ATCC) (Lannan et al. 1984) using the
antibiotic-free Minimal Essential Medium
(MEM) plus 5% bovine serum as described
elsewhere (Jamett et al. 2001). To follow
the growth of the pathogen, the amount of
bacteria in the culture medium was
evaluated by using an ELISA test for P.
salmonis (Aguayo et al., 2002).
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Purification of P. salmonis and Chinook
salmon mitochondria.

When the cytopathic effect on the CHSE-
214 was more than 90%, the lysate was
collected from the culture flasks and
centrifuged at 200xg. The pellet containing
P. salmonis and cellular debris was
resuspended in a modified PBS solution
containing 200 mM NaCl (Jamett et al.,
2001) and centrifuged at 200 x g. This
washing procedure was repeated once, and
the final pellet, referred to as the partially-
purified fraction of P. salmonis (Jamett et
al. 2001), was resuspended in 5 ml of the
PBS-200 mM NaCl solution. To determine
the number of bacteria per ml, serial
dilutions in the PBS-200 mM NaCl solution
were counted under phase microscopy in a
Neubauer chamber. Using this procedure,
one mg of protein corresponds to
approximately 3.8 x 10° P. salmonis
(Jamett et al. 2001).

DNA isolation

The partially-purified P. salmonis fraction
was resuspended in 5 ml of a solution
containing 50 mM Tris-HCI, pH7.5, 200 mM
NaCl, 2mM KCI, 5 mM MgCl2, 0.1 mM
CaCl2, 2 mM 2-mercaptoethanol, 2 pg/ml of
aprotinin and 2 pg/ml of leupeptin. To this
mixture, 350 pg of Dnase | and 350 pg of
Rnase A were added and then incubated at
25°C for 60 min. To stop the reaction, 20
volumes of PBS containing 200 mM NaCl
and 1mM EDTA were added, and the
mixture was centrifuged at 7,000 x g for 20
min. The bacterial pellet was washed once
more with the above PBS solution and the
final pellet was resuspended in 5 ml of the
lysis buffer (50 mM Tris-HCI, pH 9.0, 400
mM NaCl, 20 mM EDTA, 0.5 M sucrose and
0.2% SDS). To the suspension, 1 mg of
proteinase K was added, and the mixture was
incubated at 58°C for 60 min. The DNA was
then extracted with the phenol procedure as
described (Sambrook et al, 1989). To check
for the absence of nuclear sailmon DNA, the
preparation was used as a template to
amplify the 18S ribosomal gene (forward: 5
ACGGCCGGTACAGTGAAACT; reverse:
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5" CCAATTACAGGGCCTCGAAA) (Vi-
llegas et al., 2000). Those preparations of
the bacteria DNA without contamination
with salmon DNA were used for sequencing.

DNA sequencing

The mixture of bacterial and mitochondrial
DNA purified as described was sequenced
by the whole-genome shotgun approach as
described before for the complete sequence
of several bacteria (Stover et al., 2000).
The DNA was fragmented by nebulization
to an average size of approximately 1,000
bp. The random fragments were cloned into
the plK96 plasmid using the BstXI adaptors,
provided by Incyte Genomics Inc. A total of
18,887 sequence reads were obtained
during the random sequencing phase using
ABI 3700 sequencers at Incyte Genomics
Inc. (Palo Alto, CA) and ABI 310 DNA
sequencers in our laboratory.

Bioinformatics

The sequences of the fragments were
assembled and edited into contigs using the
SEQUENCHER 4.1 and the Vector NTI 6.1
programs. The gaps between contigs
corresponding to the mitochondrial DNA
were closed and sequenced by PCR
(Villegas et al., 2002) and with primers
designed according to the sequence adjacent
to the 3 and 5 ends of the corresponding
contigs. The mitochondrial genes were
identified using the sequence-alignment
algorithms BLASTX and BLASTP (Altschul
et al., 1997) and the complete mitochondrial
genome of the salmonids O. mykiss
(NC_001717), S. salar (U12143), S. alpinus
(AF154851), S. fontinalis (NC_000860) and
C. lavaretus (AB034824).

RESULTS AND DISCUSSION

Genome Organization

As described in Methods, a fraction of the
DNA preparation of P. salmonis
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corresponded to the mtDNA of CHSE-214
cells used to grow the bacteria (Jamett et
al., 2001). Within the 2,143 contigs
assembled from 18,887 reads of the
bacterium genome, we identify 8 contigs
that correspond to the mtDNA of O.
tshawytscha. The 9 gaps were closed by
PCR, followed by a cloning of the
corresponding amplicon and sequencing.
The complete sequence of O. tshawytscha
contains 16,644 bp, and it has been
deposited in the NCBI/GeneBank libraries
under the accession number NC_002980.

To date, the complete sequence of 67
mitochondrial genomes of fish have been
deposited in the GeneBank (www.ncbi.nlm.
nih.gov/ PMGifs/ Genomes/7898.html),
including the mtDNA of six salmonid
species. The size of the mtDNA of O.
tshawytscha is similar to those of other
salmonids such as O. mykiss (16,642 bp), S.
salar (16,665 bp), S. fontinalis (16,624 bp),
S. alpine (16,659 bp) and C. lavaretus
(16,737 bp). The genome comprises 2
ribosomal genes, 13 protein-encoding
genes, 22 tRNASs, and the control region.
The position and orientation of the
mitochondrial genes and the control region
are similar to those described in most other
fish and higher vertebrates (Fig. 1). The
overlapping arrangement between the set of
genes ATP8/ATP6 and ND4L/ND4 were 10
and 7 bp, respectively. This overlapping is
identical to that found in O. mykiss, S.
salar, S. alpinus, S. fontinalis and C.
lavaretus. Although the genes of ND5 and
ND6 are encoded in the H and L-strand,
respectively, the overlapping is also similar
to that found in the other salmonids.

Protein-Encoding Genes

The Chinook salmon mtDNA contains 13
open reading frames, 12 codified by the H-
strand and one (ND6) codified by the L-
strand (Fig. 1). In general, there is a high
homology of sequences at the nucleotide and
amino acid level when they are compared
with other salmonid species (Table 1). All
the initiation codons are ATG except that of
COI gene, which is GTG. This initiation
codon aso has been described in other fish
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Figurel

The organization of the mitochondrial genome of O. tshawytscha. The outer and the inner circles
represent the H- and L-strands, respectively. The tRNA genes are indicated by the single letter
amino acid code.

TABLEI

Percentage of nucleotide (Nt) and amino acid (AA) sequence identities of O. tshawytscha
mitochondrial genes against their homologues of other salmonids.

O. mykiss S salar S. fontinalis S. alpinus C. lavaretus
Genes Nt AA Nt AA Nt AA Nt AA Nt AA
12SrRNA 973 - 96.0 - 96.3 - 96.5 - 94.9 -
16SrRNA 96.4 - 95.6 - 95.7 - 95.8 - 94.7 -
NAD 1 91.6 100 86.1 96.9 85.4 97.5 87.0 98.1 82.4 96.9
NAD 2 90.2 95.4 86.0 94.0 85.6 92.8 85.6 92.8 78.6 87.1
COl 93.8 99.8 87.8 99.0 89.5 99.4 89.6 99.4 85.2 99.0
Coll 94.1 98.3 92,5 97.8 90.8 97.8 91.0 97.8 88.0 97.4
ATP8 96.4 100 98.2 100 95.2 98.1 95.8 96.4 95.8 100
ATP6 89.0 97.8 87.4 97.8 85.6 98.2 85.7 98.2 83.6 97.8
Colll 86.2 95.8 89.9 97.3 88.5 96.5 90.3 96.9 86.2 95.8
NAD 3 92.5 99.1 84.5 94.0 88.5 95.7 86.5 94.0 79.3 93.2
NAD 4L 94.6 100 91.2 99.0 89.8 100 89.6 100 83,5 100
NAD 4 91.3 97.8 86.9 97.2 85.9 96.7 87.5 96.5 83.0 97.8
NAD 5 92.4 96.9 87.6 94.3 87.0 93.4 87.6 94.0 82.5 91.3
NAD 6 92.3 98.8 86.0 94.2 86.9 95.3 86.0 96.5 81.8 95.3

Cytb 921 99.2 87.8 98.7 88.1 98.4 87.8 98.4 84.5 98.4
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species including the other salmonids
described before. On the other hand, the
termination codon TAA is present in the
ORF of COI, ATPS8, ATP6, COIIl, ND4L and
ND5, whereas codon TAG is present in ND1,
ND2 and NDG6. In the later gene, this
termination codon is present in all the
mtDNA of salmonids species so far
sequenced. For the other genes, the TAG
termination codon varies among the species.
The four remaining genes (COXII, ND3,
ND4, Cyt b) do not end with a complete stop
codon but with single T. In humans (Ojala et
al., 1981) and in Xenopus (Roe et al., 1985)
it was demonstrated that the transcript of
these gene contains a complete termination
codon TAA created by post-transcriptional
polyadenylation. It is reasonable to argue
that a similar situation takes place after
transcription of these mitochondrial genesin
O. tshawytscha as well as in other salmonids
that also contain incomplete TAA
termination codon in their mitochondrial
genome, as suggested previously (Zardoya et
al., 1995; Hurst et al., 1999).

Ribosomal and transfer RNA

The 12S and 16S rRNA genes in O.
tschawytscha mtDNA are 947 and 1,683 bp
long, respectively. Similar to other
vertebrates, the rRNA genes are located
between tRNAPe and tRNAL® (UUR) and
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are separated by tRNAV@ (Fig. 1). Alignment
of the ribosomal genes with those of other
salmonids revealed high identity values,
indicating that they are highly conserved
among these species (Table I). On the other
hand, alignment with the corresponding genes
of other fish and mammals revealed a typical
pattern of conserved segments interrupted by
variable sequences (data not shown).

An interesting feature found in the 16S
rRNA is the presence of short ORFs as
shown in Figure 2, using the vertebrate
mitochondrial code. If the sequences of the
salmonids 16S rRNAs are used to run any
program for nucleic acid translation, several
peptides of different length are identified
and only a few of them began with Met.
Therefore, the only ORFs selected were
those that corresponded to a minimum of 24
amino acids, present in approximately the
same position in the 16S rRNA and which
show high amino acid homology among the
six salmonids species considered in this
study. In O. tschawytscha an ORF for a
peptide of 46 amino acids and codified by
the H-strand between positions 976 and
1,113 was found (Fig. 2). The amino acid
sequence of this peptide shows a 97.8% of
identity with similar peptides found in the
other salmonid species and with similar
position in the 16S rRNA (Fig. 2). An ORF
corresponding to a second peptide around
position 1223 and 1377 of the H-strand of
the 16S rRNA was also found. However, this

O. tshawytscha MGLTAAVFWPCEGSAITCLLNEDLYEWHHEGLAVSSFKSMKLICPC (976 ~ 1113)
S. salar MGLTAAVFWPCEGSAITCLLNEDLYEWHHEGLAVSSSKSMKLICPC (973 - 1110)
O. mykiss MGLTAAVFWPCEGSAITCLLNEDLYEWHHEGLAVSSSKSMKLICPC (970 — 1107)
S. fontinalis MGLTAAVFWPCEGSAITCLLNEDLYEWHHEGLAVSSPKSMKLICPC (973 - 1110)
S. alpinus MGLTAAVFWPCEGSAITCLLNEDLYEWHHEGLAVSSPKSMKLICPC (973 - 1110)
C. lavaretus MGLTAAVFWPCEGSAITCLLNEDLYEWHHEGLAVSSSKSVKLICPC (971 - 1108)
Figure2

Sequences of the peptide-coding ORF in the 16S ribosomal RNA of the O. tshawytscha and five
other salmonids. The numbers in parenthesis at the right of each sequence correspond to the posi-

tion in the 16S rRNA.
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peptide shows less identity between the
salmonids and variation in the length
between 49 (S salar) and 60 (O. mykiss)
amino acids (data not shown). In addition to
the restriction imposed on selecting the
peptide, it is reasonable to ask whether they
have a physiological meaning. This search
was inspired by recent work that described a
peptide of 24 amino acids, referred to as
humanin, a factor that protects the neuronal
cell from the apoptosis that occurs in
familial Alzheimer’s disease (Niikura et al.,
2002). The human 16S mitochondrial gene
codifies this peptide and the ORF is in
positions 963 to 1037, similar to the
positions where we found the ORF in the
salmonid ribosomal RNA (Fig. 2).
Therefore, it might be possible that these
putative peptides play a functiona role in
salmonids. This finding might be another
surprise of the pleitrophic features of the 16S
mitochondrial RNA in addition to other
intriguing properties such as nuclear
localization (Villegas et al., 2000; 2002),
cytoplasmic localization, the role in the
development of the germ cell line
(Kobayashi et al., 1998), and the chaperone-
like activity (Sulijoadikusumo et al., 2001).

tRNA sequences

Similar to other vertebrates, the mtDNA of
O. tshawytscha contains 22 tRNA genes
interspersed between ribosomal RNAs and
protein encoding regions. Fourteen tRNAs
are codified by the H-strand and 8 are
codified by the L-strand, similar to the
organization in other salmonids. As
reported before, the tRNAMe s quite well
conserved, showing high identity with the
sequence found in S. salar, O. mykiss, S
alpinus, S. fontinalis, C. lavaretus (data not
shown). The DHU loop of tRNALeY (UUR)
is highly conserved among vertebrates and
the sequence of this loop shows high
identity with those of O. mykiss, S. salar
and other salmonids (data not shown). The
sequence of this loop has been proposed as
necessary for the correct stop of
transcription of the ribosomal RNAs plus
the included tRNAs (Shadel and Clayton,
1997). This is an important control region
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of transcription of the mtDNA to allow the
synthesis of as many copies of the rRNASs
needed for translation (Shadel and Clayton,
1997; Taanman, 1999). All the tRNAs of O.
tschawytscha can be folded into the
cloverleaf secondary structures (data not
shown), and this folding requires the
formation of G-U pairing as reported before
(Wolstenholme, 1992).

In contrast with the other tRNAS, the
tRNASe" (AGY) contains a complete DHU
arm, which is missing in the rest of the
homologous tRNAs and as proposed
previously, this is an exception conserved
in fish (Wolstenholme, 1992).

The Control Region

Between the tRNAP© and tRNAPhe genes of
vertebrates mtDNASs there is a non-coding
region that varies in length (Wolstenholme,
1992). Because in mammals and amphibians
this sequence has been shown to include the
signals required for the initiation of the H-
strand replication, and it has been designated
as the control region for both H-strand and
L-strand transcription (Shadel and Clayton,
1997). In O. tshawytscha the control region
is 986 bp, similar to the size of S salar
(1,006 bp), O. mykiss (1003 bp), S. fontinalis
(964 bp), S. alpinus (998 bp) and C.
lavaretus (1,076 bp).

Adjacent to the tRNAP™© gene it is
possible to find in the D-loop region the
putative TAS sequences associated with
premature termination of the replication
cycle (Taanman, 1999), the polypirimidine
track that varies between 24 t0 25 T and C
and that could be a site of interaction with
the mitochondrial single-strand-DNA-
binding protein (Mignotte et al., 1985), and
the imperfect direct repeat found in the
right domain close to the tRNAPMe, region
that harbor the transcription promoters in
human and mouse (Clayton 1992; Taanman
1999). The CBS motifs CSB-2 and CSB-3
near the origin of replication are highly
conserved in the six salmonid species
studied as shown in Figure 3. At
approximately the position expected for the
CSB-1 motive, relative to CSB-2, the
sequence 5 ACATA isfoundin all the fish,
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CSB-2

O. tshawytscha TAAACCCCCCTACCCCCCT
O. mykiss TAAACCCCCCTACCCCCCT
S. salar CAAACCCCCCTACCCCCCT
S. alpinus ‘ TAAACCCCCCTACCCCCCT
S. fontinalis TAAACCCCCCTACCCCCCT

C. lavaretus TAAACCCCCCTACCCCCCT

Figure 3

Comparative alignment of CSB motifs identified

hawytscha and five other salmonids species.

which is an imperfect motif if compared
with the CSB-1 of mouse and human
(Walberg and Clayton 1981; Shadel and
Clayton 1997) and already discussed by
Digby et al., (1992).

It was reported that in the left domain of
the control region of O. mykiss there is an
ORF corresponding to 102 codons (Digby
et al., 1992). However, we were unable to
find similar coding region in the control
region of the other salmonids.

The L-strand replication

It has been described previously that in the
MtDNA of several species there is a putative
origin of L-strand replication in a cluster of
five tRNAs genes (WANCY region) and
between the tRNAAS" and tRNASYS, This
sequence has the potential to fold in a stem-
loop secondary structure with several
characteristics. In human mtDNA the 5'-
GCCGG-3' motif is involved in the
transition from RNA to DNA synthesis
(Hixson et al., 1986), and the same sequence
was found in this region of O. tshawytscha
as well as in other salmonids species (Fig.
4). The stem sequence is conserved among
vertebrates, whereas the loop sequence is
more variable (Fig. 4). It is interesting that
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CSB-3
0. tshawytscha TGTTAAACCCCTAAACCAG
O. mykiss TGTTAAACCCCTAAACCAG
S. salar TGTCAAACCCCTAAACCAG
S. alpinus TGTTAAACCCCTAAACCAG
S. fontinalis TGTTAAACCCCTAAACCAG
C. lavaretus7 TGTCAAACCCCAAAACCAG

in the control region of the mtDNA of O. ts-

the loop of O. tshawytscha is the shortest
one (11 nucleotides) compared with the
longest loop of O. mykiss of 17 nucleotides.
In all the mammalian mtDNA already
sequenced the loop is a T-rich sequence that
was proposed to be necessary for the
initiation of the L-strand replication by a
RNA primase (Taanman, 1999). This is in
contrast with the loop of O. tshawytscha
which is C-rich similar to other salmonids
(Fig. 4). Therefore, it seems that the
initiation of L-strand replication is not
restricted to a stretch of T as previously
suggested (Taanman, 1999) but rather to a
stretch of polypirimidine.

The sequence in the control region close
to the gene of tRNAP© gene, shows great
variation among these important species for
the salmon industry, characteristic that
offers an important mtDNA markers to be
use to study the O. tshawytscha population
and for the certification of eggs and smolts.
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Theorethical secondary structure for the replication origin of the L-strand of O. tshawytscha. The
structure is compared with that of S. salar, O. mykiss, S. alpinus, S. fontinalis and C. lavaretus. The
nucleotide sequences of the H-strand template are shown. The sequence associated with the transi-
tion between RNA synthesis and DNA synthesis is underlined.
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