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INTRODUCTION

Lepeophtheirus salmonis is an ectoparasitic marine
copepod of salmonid fish in the northern hemisphere,
causing large economic losses to the Atlantic salmon
farming industry (Kabata 1979, Mustafa et al. 2001). The
pathology is a result of feeding on mucus, epidermis and
blood resulting in severe skin damage (White 1940,
Brandal et al. 1976, Wootten et al. 1977, 1982, Kabata
1979). Damage of the skin may further lead to osmoreg-
ulatory breakdown and secondary infections (Wootten et
al. 1982, Nylund et al. 1993). In areas with salmonid
aquaculture, the salmon louse may also constitute a seri-
ous threat to wild populations of both Atlantic salmon
Salmo salar L., and sea trout Salmo trutta L. (Tully et al.
1993, Birkeland 1996, Johnson et al. 1996, Holst &
Jackobsen 1998, Bjørn et al. 2001, Bjørn & Finstad 2002,
Butler 2002). Despite this, relatively little is known
about the population genetic structure and the dispersal
of L. salmonis in the North Atlantic Ocean.

The life cycle of Lepeophtheirus salmonis includes
2 planktonic larvae stages (nauplius I and II) and
one infective stage (a free-swimming copepodid), in
addition to the parasitic stages (Kabata 1979, Johnson &
Albright 1991b, Schram 1993). Development from
nauplius I to the infectious copepodid can last up to 13 d
at 10°C (Johnson & Albright 1991a), resulting in an
extremely high spreading potential through passive
transport of the planktonic larvae. However, since it is
difficult to track invertebrate larvae in the marine
environment, little information exists about drift dis-
tances of L. salmonis larvae due to wind speed, tidal
flow and ocean current (Costelloe et al. 1996, Costelloe
et al. 1998, Asplin et al. 2002, McKibben & Hay 2004).
In addition to passive transport by water currents, the
parasitic stages of the lice may be transported
further by its host’s migratory pattern. Transmission
of L. salmonis at salmon feeding grounds in the North
Atlantic Ocean (Norwegian Sea) is conceivable, since
all parasitic stages have been found on wild salmon in
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this area (Berland 1993, Holst et al. 1993, Jacobsen &
Gaard 1997). 

Several authors have investigated the population ge-
netic structure of Lepeophtheirus salmonis (Isdal et al.
1997, Todd et al. 1997, 2004, Nolan et al. 2000, Tully &
Nolan 2002, Dixon et al. 2004). Studies of allozymes and
random amplification of polymorphic DNA (RAPD) have
indicated that different L. salmonis populations may ex-
ist in both Norway (Isdal et al. 1997) and Scotland (Todd
et al. 1997, Dixon et al. 2004). Genetic differences have
also been found between L. salmonis sampled in Nor-
way, Scotland and Ireland (Nolan et al. 2000). However,
in a recent study using 6 microsatellite markers, no ge-
netic differentiation was found between samples of
L. salmonis collected on wild and farmed salmonids
in Scotland, nor between L. salmonis collected on
salmonids from Scotland, Norway and Canada (Todd et
al. 2004). 

Mitochondrial DNA (mtDNA) displays a high mutation
rate, accumulating substitutions up to 10 times faster
than nuclear genes (Shearer et al. 2002). Combined with
the fact that these genes are maternally inherited, reduc-
ing the effective population size and increasing opportu-
nity for genetic drift, this makes these genes particularly
suitable for population genetic studies. Consequently,
mitochondrial genes have been extensively used in stud-
ies of population structure, patterns of gene flow and
phylogenetic relationships (e.g. Hale & Singh 1987, Gar-
cia-Machado et al. 1999, Saito et al. 2000, Schwenk et al.
2000, Umetsu et al. 2002, Gantenbein & Largiader 2003).
Cytochrome c oxidase subunit I (COI ), 16S rRNA, AT-
Pase subunit 6 (A6) and Cytochrome b (Cyt b) are among
the mitochondrial genes that are highly informative for
population genetic studies in other crustaceans
and arthropods (e.g. Marshall & Baker 1999, Lee 2000,
McGlashan & Hughes 2000, Jarman et al. 2002,
Hurwood et al. 2003). 

As there is disagreement between published data sets
with respect to the extent of population genetic structure
within Lepeophtheirus salmonis, it was the aim of this
study to utilise genetic variation within 4 mitochondrial
genes to provide further insight into the population ge-
netic structure of this species.

MATERIALS AND METHODS

Salmon lice samples. A total of 30 Lepeophtheirus
salmonis were collected from each of the following lo-
cations: Norway (Finmark, July 2000; Sogn og
Fjordane, July 2002; Øst-Agder, May/September
2002); Scotland (Broadford, Skye, July 2002); Canada
(New Brunswick, Grand Manan, December 2002); Rus-
sia (Pechora, Nenets Avtonomij Vokrug, August/Octo-

ber, 2000); and Japan (Ishikari, September 1995). Exact
coordinates for L. salmonis sampling sites are not avail-
able. Generally, 15 males and 15 females were col-
lected from each location, except from Russia and
Japan where 30 females were collected. All lice were
pre-adults or adults. L. salmonis from Øst-Agder were
collected from wild sea trout Salmo trutta. Lice from
Japan were collected from wild chum salmon On-
corhynchus keta, while the Russian lice were collected
from wild Atlantic salmon Salmo salar. All other sam-
ples were collected from farmed Atlantic salmon. 

Genomic DNA extraction. The gut of adult salmon
lice (stored in 70% ethanol) was removed before DNA
was extracted using the DNeasy DNA Tissue kit
(Qiagen) as recommended by the manufacturer. RNase
treatment was included to improve DNA quality. Elu-
tion was performed twice in 50 ml 10 mM Tris-HCl, pH
8.5 to increase the overall DNA yield, and the DNA was
stored at –20°C.

Amplification. The complete gene sequences of
COI, Cyt b, A6 and 16S rRNA were amplified from
180 Lepeophtheirus salmonis using primers construc-
ted from the complete mitochondrial sequence
obtained by Tjensvoll et al. (2005) (Table 1). The PCR
mixture (50 µl) contained 1 × PCR buffer with 1.5 mM
MgCl2 (Amersham Pharmacia Biotech), 25 mM of
each dNTP (Promega), 0.2 µM of each primer (Invitro-
gen), 1U Taq DNA polymerase (Amersham Pharmacia
Biotech) and 300 ng DNA. Amplification was per-
formed in a GeneAmp PCR System 9700 (Applied
Biosystems) at 95°C for 5 min; 35 cycles of 94°C for
30 s, 48°C (A6 and Cyt b) and 52°C (16S rRNA and
COI) for 30 s, 72°C for 1 min; 72°C for 7 min; 4°C.

Sequencing and sequence analysis. PCR products
were purified with QIAquick PCR purification kit
(Qiagen) as described by the manufacturer. Sequencing
was then performed in one direction with ABI PRISM
BigDye (v.2) terminator chemistry according to Applied
Biosystems (ABI). All sequences were identified by
BLAST, which resulted in significant hits with homo-
logous sequences from other caligids and arthropod
species. The sequences were imported into the Vector
NTI Suite 7.0 program (InforMax) for editing, followed
by alignment using default settings. Sequences
obtained in this study were submitted to (GenBank.
Accession numbers are: (Cyt b) AY602223-AY602402,
(A6) AY602407-AY602586, (COI) AY602587-AY602766
and (16S rRNA) AY602770-AY602949.

The protein coding genes COI, Cyt b and A6 were
translated in the Vector NTI Suite 7.0 program, using the
mitochondrial genetic code, before conserved motifs and
domains were identified by SMART and Swiss-Prot by
comparing the Lepeophtheirus salmonis sequences to
the structures from Drosophila yakuba (COI: P00400,
Cyt b: P07704 and A6: P00851).
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Data set. In order to investigate the degree of genetic
variation among the samples, sequence data were
analysed in 2 ways. Haplotypes were constructed by util-
ising all sequence data for each gene in turn. In order to
reduce background noise created by the large number of
polymorphisms that were only observed in single lice,
new sequences were constructed for each gene based
upon those polymorphic sites that were present in 10%
or more of the individuals in the entire data set. This ef-
fectively removed all potential sequencing errors, in
addition to all individual and low frequency poly-
morphisms. Other authors (Bucklin et al. 2000) have
used similar criteria to reduce the number of haplotypes
for population genetic tests. 

Arlequin analysis. All population genetic para-
meters were computed in the Arlequin program
(Schneider et al. 2000). Molecular diversity was calcu-
lated as both nucleotide diversity and gene diversity,
based on the complete gene sequences and default
settings. Nucleotide diversity indicates the probability
that 2 randomly chosen homologous nucleotides are
different, while the gene diversity gives the probability
that 2 randomly chosen haplotypes are different in a
population. Haplotype frequencies within each gene
were also estimated, but only data from the analysis
based on the 10% selection criteria are presented for
simplicity.

Genetic differentiation between populations was
estimated using analysis of molecular variance
(AMOVA), in addition to pairwise population compar-
isons (FST). AMOVA describes the distribution of mtDNA
variation within and among populations. Both analyses

were performed for each gene using haplotype frequen-
cies only (conventional F-statistics), since the sequences
were too divergent for genetic distance correction. Tran-
sition versus transversion was accounted for, and the sig-
nificance was set at 5% using 10000 permutations. The
significance level for p-values was adjusted with the
Bonferroni correction where appropriate (Rice 1989).

Tajima’s D-test (Tajima 1989) and Fu’s Fs-test
(Fu 1997) were applied to test the neutral mutation hypo-
thesis, and to test for a population expansion. In both
cases significance was assessed by 1000 simulated sam-
ples under the hypothesis of selective neutrality and
population equilibrium, as implemented in Arlequin.
Significance of Tajima’s D-test was based on an approx-
imation of the beta distribution (Mes 2003).

RESULTS

Polymorphisms

The mitochondrial genes COI, A6, Cyt b and
16S rRNA of Lepeophtheirus salmonis displayed ex-
tremely high levels of polymorphisms (Table 2). Within
the 180 lice the highest proportion of polymorphic sites
was observed in A6, followed by COI, in Cyt b and
16S rRNA. This high number of polymorphisms pro-
duced a significant number of haplotypes. Many of the
polymorphisms were only present in 1 individual, and
generally, few polymorphisms were particularly fre-
quent. In the 3 protein-coding genes, some polymor-
phisms also resulted in amino acid changes (Table 2).
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Gene Length Intraspecific Number of Amino Total number Mean nucleotide Mean gene 
(bp) variation (%) polymorphisms acid changes of haplotypes diversity diversity

A6 651 17.5 114 29 133 0.0085 0.992
COI 1536 15.9 245 26 164 0.0075 0.997
16S rRNA 1070 10.6 113 – 118 0.0028 0.985
Cyt b 1170 14.4 169 43 158 0.0058 0.997

Table 2. Lepeophtheirus salmonis. Description of the total variation, the number of polymorphisms and the number of haplotypes
found in COI, 16S rRNA, A6 and Cyt b when analysing the data using the whole gene sequence

Gene Forward primer (5’→3’) Reverse primer (5’→3’) No. of base pairs

A6 CCTAGGTCGAAACTAGGACA CCTGATAAGCAAGTGCCC 1193
COI GAAGGCGGGTTACTTACC CGATAAGACCCTAAGACC 2019
16S rRNA GTCCTCCGTATAACCATTC GCACTTTCTTATTCAGAACT 1388
Cyt b ATGTTAGGGAGACTCTTC GAGAGATTTCTACAGCGTTTTTATC 1108
3’-end of Cyt ba GAGCCTACAACTCAAACA GTCAAGACTATTTGTTAACTC 461

aCyt b was amplified in 2 fragments

Table 1. Lepeophtheirus salmonis. Primers for amplification of the mitochondrial genes A6, Cyt b, 16S rRNA and COI
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In the Japanese sample only 710 bp of COI were
sequenced from 17 lice (10 polymorphisms), 990 bp of
Cyt b were sequenced from 19 lice (48 polymorphisms),
638 bp of A6 were sequenced from 11 lice (16 poly-
morphisms) while 549 bp of 16S rRNA were sequenced
from 9 lice (5 polymorphisms). The reason for this small
number of sequences was most likely due to large se-
quence diversity in the primer-binding site, between the
Japanese and Atlantic samples. Although the Japanese
sequences were shorter, when included in a DNA align-
ment, they were clearly distinct from the 6 Atlantic sam-
ples. Still, due to the small number of lice amplified from
Japan, and the fact that these were only sequenced for a
restricted part of each gene, this sample was excluded
from the remaining analyses.

Molecular diversity

Nucleotide diversity was very low within the mito-
chondrial genes A6, COI, 16S rRNA and Cyt b of
Lepeophtheirus salmonis (Table 2). The high number of
polymorphisms present in only 1 individual might
explain this. The lowest mean diversity (0.0028) was pre-
sent in 16S rRNA, with the lowest value found within the
Canadian sample. In contrast, the highest diversity was
seen in A6 (Table 2), and within this gene the Øst-Agder
sample displayed the highest value (0.010).

Subsequently the gene diversity was high within the
4 mitochondrial genes (Table 2), and a value of 1.0 was
seen in many cases. This is in agreement with the high
number of haplotypes present. 

Tests of neutral evolution

Due to high intraspecific variation both Tajima’s D
and Fu’s Fs-test were applied to the complete gene
sequences for COI, 16S rRNA, A6 and Cyt b to assess if
there was evidence of population growth and negative
selection. The result from Fu’s Fs-test showed large
negative values, highly significant within all 4 genes
and in all 6 samples (Fs = –14.12 to –26.84, p < 0.030),
indicative of a population expansion. The only insigni-
ficant value was found in the Canadian sample for COI
(Fs = –8.46, p = 0.234). Moreover, significant departure
from selective neutrality was found in all 4 genes using
Tajima’s D-statistics (D = –1.73 to –2.64, p ≤ 0.032).

Haplotype distribution and population differentiation

The high degree of polymorphisms in the samples
created a high number of haplotypes, the majority of
which were individual specific (Table 2). However, the

number of haplotypes was effectively reduced by con-
structing new sequences, from only those sites display-
ing polymorphism in >10% of the individuals in the
entire data set (Table 3). A high genetic variation was
still present, with the majority of private haplotypes
found in COI followed by A6, Cyt b and 16S rRNA, but
several haplotypes were also shared between locations
within each gene (Table 3). 

In order to investigate the population genetic struc-
ture of Lepeophtheirus salmonis several phylogenetic
analyses were performed in PAUP. However, all meth-
ods resulted in star-like trees without any resolution,
due to high intraspecific variation. AMOVA, which is
based on haplotype frequencies, was therefore per-
formed to infer the L. salmonis population genetic
structure. The results of AMOVA demonstrated that
almost all genetic variation was found within, as
opposed to between samples (Table 4). This was
observed within all 4 genes, and confirmed by the 2
described methods. Results from the AMOVA analysis
were supported by the low and mostly insignificant FST

values for overall population differentiation (Table 4).
The only significant FST values for overall genetic
structuring were observed for the Cyt b and COI genes
when whole gene sequences were analysed (Table 4). 

Pairwise FST values were computed among the sam-
ples for the 2 methods of analysis. When pairwise FST

values were calculated based upon whole sequences
for each gene independently, several significant values
were detected. In Cyt b a significant difference was
observed between Sogn og Fjordane and Canada
(FST = 0.01264, p = 0.001) and Scotland and Canada
(FST = 0.00928, p = 0.006). Lice from Scotland and
Canada were also different based on analysis of A6
(FST = 0.00924, p = 0.014). In COI the Canadian sample
was different from all the other samples: Finmark
(FST = 0.01034, p = 0.003), Sogn og Fjordane
(FST = 0.01034, p = 0.003), Øst-Agder (FST = 0.00920,
p = 0.007), Scotland (FST = 0.01034, p = 0.003) and Rus-
sia (FST = 0.00920, p = 0.007). After Bonferroni correc-
tion for multiple independent tests (adjusted p = 0.003),
some of the above differences were no longer signi-
ficant. However, differences between the sample col-
lected in Canada and several other samples (Sogn og
Fjordane, Finmark and Scotland) remained significant.
No significant differences between any of the other
samples were detected, either before or after Bonfer-
roni correction. 

Most pairwise sample comparisons based upon the
10% selection criteria revealed low and insignificant
FST values. However, a significant p-value was ob-
served in Cyt b. In this case there was a significant dif-
ference between the samples from Sogn og Fjordane
and Canada (FST = 0.04611, p = 0.023), and between
Øst-Agder and Russia (FST = 0.04046, p = 0.042). After
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Bonferroni correction, neither of these 2 differences
was significant (adjusted p = 0.05/15 = 0.003). Similar
results were also obtained when the haplotypes were
constructed from polymorphisms with a frequency of 5
and 15% in the entire data set (data not shown).

DISCUSSION

Population structure

In order to study the population genetic structure of
Lepeophtheirus salmonis in the North Atlantic, sequence
variation in the mitochondrial genes COI, 16S rRNA, A6

and Cyt b was analysed in samples of lice collected from
7 locations. Data from the present study indicate that
within the Atlantic, there is little evidence to suggest that
L. salmonis is divided into discrete populations. Only the
Canadian sample showed some indication of diffe-
rentiation from the samples collected from the Northeast
Atlantic.

To demonstrate that the 4 mitochondrial genes were
suited for differentiating distinct populations,Lepeoph-
theirus salmonis sampled from wild chum salmon Oncor-
hynchus keta in the Pacific Ocean (Ishikari, Japan) was
included. The Japanese lice contained several highly
specific polymorphisms clearly indicating that this sam-
ple was distinct from the Atlantic samples when all 4
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A6 COI 16S rRNA Cyt b 
H F SF A S C R F SF A S C R F SF A S C R F SF A S C R

1 8 7 5 6 8 10 7 6 5 4 5 8 18 16 15 17 17 17 7 6 5 10 12 14
2 1 – – – – – 1 1 – – – – 4 6 3 5 2 5 4 7 3 5 2 5
3 4 6 3 2 1 2 2 5 1 5 1 4 3 2 3 1 4 2 3 4 3 4 1 2
4 3 – 1 – 5 2 1 – – – – – 5 6 7 7 7 6 6 1 4 1 5 1
5 1 – 1 – 1 – 4 1 2 – 5 1 – – 1 – – – – 2 5 2 – 1
6 1 – – – – – 3 – 2 1 1 – – – 1 – – – 1 – – – 2 –
7 2 2 2 5 2 1 1 – 1 4 4 2 – – – – – – 1 – 1 2 – –
8 1 – 1 2 1 – – 1 1 2 4 2 – – – – – – 2 4 5 4 5 6
9 1 3 2 3 – – – 1 – – – – – – – – – – 1 2 3 2 1 –
10 1 – – 1 2 2 1 3 2 5 – 2 – – – – – – 1 – – – – –
11 2 – 1 1 – – 2 4 5 1 4 6 – – – – – – 1 – – – – –
12 4 4 4 2 3 3 1 – – – – – – – – – – – 1 – – – – –
13 1 1 2 – – – 1 – – – – – – – – – – – – 1 – 1 – –
14 – 1 1 – – – 1 1 3 1 1 – – – – – – – – – 1 – – –
15 – 1 – – – 2 – 1 1 1 – – – – – – – – – – 1 – – –
16 – 1 2 1 – – – 1 – – – – – – – – – – – – 1 – – –
17 – 1 – 1 – – – 1 – – – – – – – – – – – – 1 – – –
18 – 1 – – – – – – 1 2 – 1 – – – – – – – – – 1 – –
19 – 1 1 1 – 1 – – 1 – – – – – – – – – – – – – 2 –
20 – 1 1 – – – – – 1 – – – – – – – – – – – – – – 1
21 – – 1 – 1 – – 1 – – 2 1 – – – – – – – – – – – –
22 – – 1 – – 1 – 1 – – – – – – – – – – – – – – – –
23 – – 1 – – – – 1 – – – – – – – – – – – – – – – –
24 – – – 1 – – – 1 – – – – – – – – – – – – – – – –
25 – – – 1 1 – – – 1 – – – – – – – – – – – – – – –
26 – – – 1 – – – – 1 – – – – – – – – – – – – – – –
27 – – – 1 – 1 – – 1 – – – – – – – – – – – – – – –
28 – – – 1 – – – – 1 – – – – – – – – – – – – – – –
29 – – – – 2 – – – – 1 – – – – – – – – – – – – – –
30 – – – – 2 – – – – 1 – 1 – – – – – – – – – – – –
31 – – – – 1 – – – – 1 – – – – – – – – – – – – – –
32 – – – – – 1 – – – 1 – 2 – – – – – – – – – – – –
33 – – – – – 1 – – – 1 – – – – – – – – – – – – – –
34 – – – – – 1 – – – – 1 – – – – – – – – – – – – –
35 – – – – – 1 – – – – 1 – – – – – – – – – – – – –
36 – – – – – 1 – – – – 2 – – – – – – – – – – – – –
37 – – – – – – – – – – – 1 – – – – – – – – – – – –
38 – – – – – – – – – – – 1 – – – – – – – – – – – –
39 – – – – – – – – – – – 1 – – – – – – – – – – – –

Table 3. Lepeophtheirus salmonis. Distribution of haplotypes (actual numbers) constructed from sequences based upon selecting
only polymorphic sites with frequency ≥10% in the total population, for COI, 16S rRNA, A6 and Cyt b in the 6 samples
investigated. F = Finmark, SF = Sogn og Fjordane, A = Øst-Agder, S = Scotland, C = Canada, R = Russia. H: haplotypes defined for 

each gene separately



mitochondrial genes were aligned (data not shown). This
may reflect restricted gene flow between L. salmonis in
the Pacific Ocean and the North Atlantic, as expected, or
possibly reflect adaptation of the lice to the different
hosts (see Nagasawa 2004). However, due to the high
level of sequence divergence observed between the
Japanese lice and lice from the North Atlantic, the ma-
jority of the lice from Japan required individual specific
primers for amplification and sequencing. Consequently,
it became impractical to obtain sequences from all of the
Japanese lice in this study, and this sample was therefore
removed from the main analysis. 

Gene flow between the different Lepeophtheirus
salmonis sampling locations can be an important factor
explaining the lack of differentiation. Considering the
fact that the 3 free-living stages of the L. salmonis life
cycle can last up to 13 d at 10°C (Johnson & Albright
1991a), the dispersal of the larvae through passive
transport by ocean currents is expected to be wide
(Schram 1993, Costelloe et al. 1996, 1998, Asplin et al.
2002, Tully & Nolan 2002). Another factor that may add
to the effect of transportation by sea currents is the
contribution from wild salmonids and escaped farmed
salmon, due to the migration of this host species for
L. salmonis. Although some of the results may indicate
that the lice sample from Canada displayed a weak

degree of differentiation from the European samples,
the overall results do show that salmon lice from
Scotland, Russia and Canada are very similar to the
3 Norwegian samples in this study. This supports the
assumption that wild salmonids contribute extensively
to the gene flow in the North Atlantic (Todd et al.
2004). A study examining the distribution, migratory
pattern and origin of wild salmon caught off the Faeroe
Islands reported that 40% of the recaptured salmon
were of Norwegian origin, while 20% originated from
Scotland and Russia (Jacobsen et al. 2001, Hansen
& Jacobsen 2003). Surprisingly, salmon from Canada
was also caught in this feeding area (Hansen &
Jacobsen 2003).

Sequence variation

In Lepeophtheirus salmonis, all 4 genes displayed a
high number of polymorphic sites, resulting in intra-
specific variation between 10.6 and 17.5% (Table 2).
Although direct sequencing of PCR products and lack
of replicates may lead to PCR or sequencing errors be-
ing included in this variation, experimental variation
could not have been responsible for the very high level
of polymorphism observed. In addition, building

haplotypes from polymorphisms found
only in at least 10% of the individuals
removed the possibility of sequencing
errors affecting the analyses. Further-
more, it is unlikely that the high level of
intraspecific variation observed in the
present study masked potential genetic
differences among the samples taken.
There are several reasons for this:
(1) Data from all 4 genes, analysed in
both ways described, showed the same
trend. Furthermore, 16S rRNA dis-
played a low number of haplotypes
when constructed from the new se-
quence based on the 10% criteria. The
frequency of these haplotypes was
clearly distributed evenly among all
samples (Table 3). (2) The sample from
the Pacific was highly different from all
Atlantic samples, indicating that these
genes are suitable for detecting barriers
to gene flow. (3) Clear examples of
population genetic differentiation has
been observed in both Tigriopus califor-
nicus and Acartia tonsa, where the lev-
els of intraspecific variation in COI and
16S rRNA were greater than observed
in the present study (Edmans 2001,
Caudill & Bucklin 2004).
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Table 4. Lepeophtheirus salmonis. Analysis of molecular variation (AMOVA) in
the mitochondrial genes A6, COI, 16S rRNA and Cyt b in the North Atlantic. The
analysis was performed on haplotypes constructed from entire gene sequences,
and sequences based upon only including those polymorphic sites that 

displayed a frequency ≥10% in the total population

Gene Source of variation Variation (%) FST
a p

The whole gene sequences
A6 Among populations 0.24 0.002 0.14

Within populations 99.76

COI Among populations 0.37 0.004 0.0001
Within populations 99.63

16S rRNA Among populations 0 –0.0006 0.54
Within populations 100

Cyt B Among populations 0.37 0.004 0.002
Within populations 99.63

10% selection criteria
A6 Among populations 0 –0.003 0.70

Within populations 100

COI Among populations 0.34 0.003 0.28
Within populations 99.66

16S rRNA Among populations 0 –0.02 1.00
Within populations 100

Cyt B Among populations 0.98 0.01 0.13
Within populations 99.02

aEstimated in the Arlequin program using haplotype frequencies only
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High numbers of polymorphic sites have sometimes
been associated with amplification of pseudogenes,
and pseudogenes have been found for COI, Cyt b
and 16S rRNA in crustaceans (Schneider-Broussard &
Neigel 1997, Bucklin et al. 2000, Nguyen et al. 2002,
Munasinghe et al. 2003). When we compare the Le-
peophtheirus salmonis COI, Cyt b and 16S rRNA
sequences with the pseudogene sequences from other
crustaceans, we find them to be extremely different
from those. Moreover, we did not observe unexpected
stop codons, and the possibility that the variation
reflects pseudogenes from the salmon lice is therefore
very low.

A possible explanation for the high level of poly-
morphisms in these 4 genes in Lepeophtheirus salmonis
is the presence of several mtDNA copies due to biparen-
tal inheritance of mtDNA. Partial biparental inheritance
occurs at low frequencies in Drosophila, bivalves and hu-
mans (Quesada et al. 1996, Ballard & Whitlock 2004).

The high level of intraspecific variation observed
within the 4 mitochondrial genes of Lepeophtheirus
salmonis may also be a consequence of a large popu-
lation size. The salmon farming industry has led to
higher accessibility of hosts, resulting in population
expansion and a large L. salmonis population size. When
we tested for population expansion, all the locations,
except the Canadian sample in COI, had large signifi-
cant negative values, supporting the hypothesis of pop-
ulation growth. A further consequence of an expansion
is the excess of low frequency haplotypes present within
the population, as we observe in L. salmonis (Tables 2
& 3). However, this can also be a result of some polymor-
phisms being mildly deleterious (Fry 1999, Fay et al.
2001). Tajima’s D-statistics supported the assumption of
a negative selection by significantly negative D-values in
all 4 mitochondrial genes (see Fratini & Vannini 2002,
Navarro-Sabate et al. 2003, McMillen-Jackson & Bert
2004, Zardoya et al. 2004). 

Several amino acid substitutions were found within
A6, Cyt b and COI of Lepeophtheirus salmonis (Table 2).
A study of the human mtDNA has shown that A6, Cyt b
and COI have the highest number of amino acid substi-
tutions of the 13 protein-coding mtDNA genes (Mishmar
et al. 2003). In animal mitochondria, the amino acid sub-
stitution rate for the 13 protein-coding genes has been
calculated by Lynch & Jarrell (1993), who demonstrated
that the mean amino acid substitution rate (per billion
years) is lowest for COI (0.30) followed by Cyt b (0.49)
and A6 (0.99). A low amino acid substitution rate for COI
is also confirmed in another study where this gene has
been used to differentiate between phyla, order and
species (Hebert et al. 2003). However, the substitution
rate may vary between different taxa (Martin et al. 1992).
In the present study, COI had the lowest amino acid sub-
stitution rate of the 3 genes sequenced, with only 26

amino acid changes, despite the fact that this gene had a
high nucleotide substitution rate (Table 2). Closely fol-
lowing COI is A6 with 29 amino acid changes, while
Cyt b has the highest substitution rate with a total of 43
amino acid changes. 

The amino acid substitutions found in Lepeoph-
theirus salmonis are dispersed throughout Cyt b, COI
and A6. Hence, the substitutions are present in both
conserved and variable regions of the 3 proteins, when
we compare the amino acid sequences of L. salmonis
with conserved domains and motifs of Drosophila
yakuba. This is also in agreement with the localisation
of the amino acid substitutions found in Cyt b, COI and
A6 in humans (Mishmar et al. 2003)

In summary, the present study showed that the 4 mito-
chondrial genes (A6, COI, 16S rRNA and Cyt b) display
a high degree of intraspecific variation. Little evidence of
population genetic structuring was observed between
the 3 Norwegian Lepeophtheirus salmonis samples, or
between samples from Norway, Scotland and Russia.
Similar results, using microsatellites, have recently been
published (Todd et al. 2004). However, salmon lice from
Canada showed a weak degree of differentiation com-
pared to the other North Atlantic samples. Moreover,
salmon lice from the Pacific Ocean (Japan) displayed a
high amount of sample-specific polymorphisms suggest-
ing that this sample was genetically distinct, probably as
a result of isolation from the North Atlantic samples.
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