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Biodiversity genomics for species at risk: patterns
of DNA sequence variation within and among
complete mitochondrial genomes of three species
of wolffish (Anarhichas spp.)

K.A. Johnstone, H.D. Marshall, and S.M. Carr

Abstract: The first marine fish species to be listed under the Canadian Species At Risk Act as Threatened with extinction
are the spotted wolffish (Anarhichas minor Olafsen, 1774) and the broadhead wolffish (Anarhichas denticulatus Krayer,
1844); a third species, the striped wolffish (Anarhichas lupus L., 1758), is listed as a species of special concern. As part
of the recovery plan for wolffish, we determined the complete mitochondrial DNA (mtDNA) genome sequences of all
three species to identify the most variable gene regions for population analysis. Anarhichas genomes comprise either
16519 or 16520 base pairs (bp), among which there are 449 single nucleotide polymorphisms (SNPs). The most variable
protein-coding loci are ND4, CYTB, and ND2, with 4.40, 4.22, and 4.19 SNPs/ 100 bp, respectively. Comparisons of rates
of synonymous and nonsynonymous nucleotide substitutions indicate no evidence of selection. The control region, charac-
terized in many species as hypervariable, was less variable than 9 of 13 protein-coding loci (2.45 SNPs/ 100 bp). Phyloge-
netic analysis shows that A. lupus and A. minor are more closely related to each other than either is to A. denticulatus.
Amplification and sequence analysis of a contiguous block of 6392 bp that spans the ND4, ND5, ND6, and CYTB loci is
an efficient strategy for evaluating patterns of intraspecific mtDNA variability.

Résume : Les premiéres especes de poissons marins a étre placées sur la liste des espéces « menacées » d’ extinction selon
la Loi canadienne sur les especes en péril sont le loup tacheté (Anarhichas minor Olafsen, 1774) et le loup a téte large
(Anarhichas denticulatus Krgyer, 1844); une troisiéme espece, le loup atlantique (Anarhichas lupus L., 1758), est incluse
comme espece « préoccupante ». Comme contribution au plan de récupération des loups, nous avons déterminé les séquen-
ces du génome complet de I’ ADN mitochondrial (ADNmt) chez les trois especes afin d'identifier les régions les plus
variables en vue d'une analyse de population. Les génomes d’ Anarhichas comprennent ou 16519 ou 16520 paires

de bases(pb), parmi lesquelles il y a 449 polymorphismes simple nucléotide (SNPs). Les locus codant pour les

protéines les plus variables sont ND4, CYTB et ND2 qui possedent respectivement 4,40, 4,22 et 4,19 SNPs/ 100 pb. La
comparaison des taux de substitutions synonymes et non synonymes de nucléotides ne révele aucun signe de sélection. La
région de controle, caractérisée d hypervariable chez de nombreuses espéces, est moins variable que 9 des 13 locus codant
pour les protéines (2,45 SNPs/ 100 pb). L’analyse phylogénétique montre que les A. lupus et A. minor sont plus apparentés
I"'un aI’autre que chacun ne I’est avec I’ A. denticulatus. L’amplification et I’ analyse des séquences d’un bloc contigu de
6392 pb qui comprend les locus ND4, ND5, ND6 et CYTB constituent une stratégie efficace pour I’ évaluation des patrons

de variahilité interspécifique de I’ ADNmt.
[Traduit par la Rédaction]

Introduction

The wolffish family Anarhichadidae is a small family of
blenny-like marine fishes found on rocky and hard bottom
areas of the northern oceans (O’'Dea and Haedrich 2002).
Wolffish are sedentary, slow-growing fish with stout bodies
and large, blunt heads (Templeman 1986a, 1986b). Their
dentition comprises large, conica anterior teeth and molari-
form lateral teeth, which gives them a wolf-like appearance
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and enables them to feed on crustaceans and invertebrates
(Scott and Scott 1988). There are two genera, the monotypic
Pacific wolfeel (Anarrhichthys ocellatus Ayres, 1855) and
Anarhichas L., 1758, which comprises four species — the
Bering wolffish (Anarhichas orientalis Pallas, 1814) and
three species in the North Atlantic Ocean, the striped or At-
lantic wolffish (Anarhichas lupus L., 1758), the spotted
wolffish (Anarhichas minor Olafsen, 1774), and the broad-
head or northern wolffish (Anarhichas denticulatus Krayer,
1844). Anarhichas lupus are recognized by a series of dark
transverse bars, whereas A. minor and A. denticulatus are
covered in irregular blackish brown spots, which are some-
what larger in the former than in the latter. All three species
occur on both sides of the Atlantic Ocean and into Arctic
waters (Fig. 1).

Although not recently the targets of directed fisheries,
wolffish populations and habitats have been heavily im-
pacted by bottom-trawling associated with the fishery for
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Fig. 1. Distribution of three species of wolffish from the North
Atlantic Ocean: from top to bottom, striped or Atlantic wolffish
(Anarhichas lupus), spotted wolffish (Anarhichas minor), and
broadhead or northern wolffish (Anarhichas denticulatus) (maps
drawn from descriptions in Scott and Scott 1988).
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Atlantic cod (Gadus morhua L., 1758). Although this de-
creased after the Atlantic cod moratorium in 1992 (O'Dea
and Haedrich 2002), A. minor and A. denticulatus are still
caught in directed fisheries for halibut and crab, and almost
1500 t were taken annually as bycatch between 2000 and
2002 (Department of Fisheries and Oceans 2004). Wolffish
not caught may be injured by groundfish trawls, which dis-
locate the rocks and boulders where wolffish live, nest, and
spawn. Dredging for scallops and clams also promotes re-
suspension of bottom sediments, and can destroy spawning
habitats and damage fish gills (O’ Dea and Haedrich 2002).

Indices of wolffish abundance declined by more than 90%
on the Grand Banks and the Northeast Newfoundland and
Labrador Shelf from the late 1970s to the early 1990s, about
two wolffish generations (O’'Dea and Haedrich 2002; De-
partment of Fisheries and Oceans 2004). Consequently,
A. minor and A. denticulatus became in 2001 the first ma-
rine species to be assessed by the Committee on the Status
of Endangered Wildlife in Canada (COSEWIC) as Threst-
ened with extinction, and were accordingly listed on sched-
ule 1 of the Species At Risk Act (SARA) by the Minister in
2005. Anarhichas lupus were listed in 2000 as a species of
Special Concern and A. orientalis were listed in 2002 as
being Data Deficient (i.e., the available data are insufficient
to assign a status).

Wolffish in the North Atlantic Ocean are currently the
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subjects of a Department of Fisheries and Oceans (now
Fisheries and Oceans Canada) species recovery plan that is
intended to identify and correct the factors responsible for
the observed decline. This plan includes a genetic analysis
of their population structure to determine whether any of
the species comprises distinctive subcomponents consistent
with a stock structure (cf. Pepin and Carr 1993) or designat-
able units under SARA. Preliminary genetic studies of mito-
chondrial DNA (mtDNA) sequence variation in more than
400 wolffish from all three species showed very little varia-
tion within the species in the control region (K.A. John-
stone, H.D. Marshall, and S.M. Carr, unpublished
observation), a gene region considered ‘“hypervariable” in
many fish species (Faber and Stepien 1997). These data
gave no indication of population structure within species,
and pairwise genetic differentiation among species was
small, which is indicative of recent speciation that might
also explain the low intraspecific variation.

To clarify the evolutionary, population, and conservation
genetic status of wolffish, we obtained the complete mtDNA
genome sequences of all three species to identify loci most
suitable for population genetic analysis. Interspecific diver-
gence should predict intraspecific variability at selectively
neutral loci, as both are functions of the neutral mutation
rate (Kimura 1983). Along with comparative genomic data
on codfish, including G. morhua, which has also been as-
sessed by COSEWIC as Endangered, this study represents
the first genomic study of Canadian species at risk under
SARA.

Materials and methods

Frozen hearts were collected at sea by Department of
Fisheries and Oceans personnel from bycatch fish of all
three species. Preliminary experiments indicated that DNA
obtained from most of these samples consisted of fragments
of low molecular weight. To obtain high molecular weight
DNA for long-range polymerase chain reactions (PCR; see
below), we obtained a live A. lupus under a Department of
Fisheries and Oceans' incidental harm permit at the Bonne
Bay Marine Station on the west coast of the island of New-
foundland (Northwest Atlantic Fisheries Organization
(NAFO) division 4R). Fresh heart, muscle, and liver tissues
were collected from the fish immediately after being euthan-
ized. DNA from frozen specimens was obtained from indi-
vidual A. minor and A. denticulatus from NAFO divisions
30 and 3L, respectively. mtDNA was extracted with the
QlAamp DNA Mini Kit (QIAGEN, Valencia, Caifornia),
and the tissue protocol provided by the manufacturer was
followed.

Initial studies of Anarhichas mtDNA employed the “uni-
versal” primers of Kocher et al. (1989) for the CYTB and
control region (CR) loci. Of the 18 primer pairs designed
by Coulson et al. (2006) for amplification and sequencing
of Gadus and related gadiforms, three pairs successfully am-
plified Anarhichas spp.: a fish primer wCR2F and a mam-
malian primer Cytb811R for a region spanning the 3' end of
the CYTB locus and the 5" end of the CR locus, g14F and
g14R for part of the ND4 locus, and gO8F and gO8R for
part of the COX1 locus. By pairing Cytb811R with gl4F,
g14R with g08F, and g08R with wCR2F, and modifying
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Fig. 2. Schematic diagram of the wolffish mitochondrial genome,
with three regions >4 kbp amplified by long-range PCR. Forward
primers are in roman type and reverse primers are in italic type.
The 466 bp fragment of the genome between the 5 ends of the
cytb811R and wCR2F primers spans the 3" end of the CYTB locus
and the 5" end of the control region (CR) locus, for which the
sequence was aready known.

WCR2F
cyth811R

4276 bp

standard PCR protocols to amplify fragments >5 kbp, we
were able to amplify the entire genome (except for a 1 kbp
portion that included the CR locus, the sequence of which
was aready known) of A. lupus as three overlapping frag-
ments of >4 kbp each (Fig. 2). In the process of DNA se-
guencing, 42 Anarhichas specific primers were designed and
were used along with 19 Gadus specific primers and 1 mam-
malian primer (Table 1).

For long-range PCR amplification of mtDNA from A. lu-
pus, the TripleMaster system and High-Fidelity PCR proto-
col were used (Eppendorf, New York, New York). The
reaction mixture was prepared in two parts. The first mix-
ture comprised 8.4 uL of distilled deionized water (ddH,0),
0.3 pL each of the 10 pumol/L forward and reverse primers,
and 1 pL of the template DNA. The second mixture com-
prised 7.4 uL of ddH,O, 2 puL of 10x High-Fidelity buffer
with Mg?*, 0.4 uL of 40 nmol/L dNTP, and 0.2 uL of Tri-
pleMaster polymerase mix. The two mixtures were com-
bined and immediately preheated to 94 °C for 2 min to
denature the double-stranded DNA template. The PCR cycle
was 94 °C for 20 s, 54 °C for 15 s, and 68 °C for 4 min,
which was repeated for 35 cycles. The reactions were there-
after cooled to 5 °C. Size of amplicons were estimated by
electrophoresis of 4 uL of the PCR product through 1% or
2% agarose gel with 8 pL of ethidium bromide in 1x TBE
buffer at 60 V, for up to 6 h according to the expected sizes.
PCR products were purified with the QIAGEN QIAQuick
PCR purification kit according to the manufacturer’s direc-
tions.

For low molecular weight DNA from A. minor and A.
denticulatus, standard PCR reactions for amplicons with ex-

153

Table 1. Primers used to amplify and (or) sequence the mitochon-
drial genomes of Anarhichas species.

Primer DNA sequence (5'—3) 5 base
g20R GGCAGGACATTAAGGGCATTCTCAC 29
wCR1F ACCTCCCACCCCTAACTCCCAAAGC 53
wCR1R GGCATGCTGGGTTATCTCGCTTATG 161
wCR2F ATTCCTGACATTTGGCTCCTACTTC 176
wCR2R CTAGGGCCCATCTTAACATCTTCAG 739
wCR2F1 TGGTATCAGGCACATCTCTAGTGAG 870
go1F CTGAAGATATTAGGATGGACCCTAG 1358
g02F CCAAAAACGTCAGGTCGAGGTGTAG 1499
gOo2R CTATTCATTTCACAGGCAACCAGCT 2019
wO02F TGTTCCGCTGAAATTGGCCCTGAAG 2176
g03F ACCCCGAAACTGAGCGAGCTACTCC 2618
gOo3R TAAGCCCTCGTGATGCCATTCATAC 2 841
g04F TTTACCAAAAACATCGCCTCTTG 3276
g04R TGAACCTCTGTAGAAAGGGCTTAGG 3954
wO4F TTCAGACCGGAGTAATCCAGGTCAG 4020
gO05R ATGTTCGGGGTATGGGCCCAAGAGC 5026
wO5F AGTATGCTCTTATCGGAGCCCTTCG 5107
wO6F GTGCTTCCACTACACCACTTCCTAG 5225
wO06R GATGGCGACAGGAAGAGTAAGTTGC 5293
gOGR AGCTTAATTAAAGTATTTGTTTTGC 5931
wO07R CTGGTTTGAGCGCTTAGCTGTTAAC 6 296
g07F AAACTAGACCAAGGGCCTTCAAAGC 6 407
wO8R CAGAGGTAAAGTAAGCGCGTGTGTC 6 950
wO08F1 CCCTTCACCTAGCAGGAATTTCTTCAATCC 7165
gO08F ATGGGTATAGTCTGAGCTATGATGG 7 498
gO08R TAACCCACAATTCTGCCTTGACAAG 7 908
wO8F ACAACGAATGTGGAGTGACTACACG 8473
gOo9R ACCCATATTAGCTTCTTAGTGAGG 8 585
wO9F GGCCATCAGTGGTACTGAAGCTATG 9169
g10R AGAGGGCGAATGAATAAACTAATTG 9 904
w10F1 ATGCGAAACCAACCAACCCATGCTC 10 274
w11R TTGATCTCCTCAGGGTAGC GTAGTAG 10 459
wi1F CTACACTTGACCCATTTGAAGTGCC 10812
wi12R1 TGAGTGAGAGTTGTGGGTCACAGT 11 044
w13R TACCTGCGTTTAGTCGTTCGGTTTG 11 258
g13F CTTTCTCCGCTTGTGAAGCAAG 11 594
w14R ACCCATATGGCTTACGGAGGAGTAGG 11 670
g14F CTGTTGCAGGCTCAATAGTTCTTGC 11 893
g14R TTCGAGGGAGCCTTGGGGTCTAACC 12 358
wi14F CCTCTATATATTTCTTATAACCCAGCGAGG 12915
w14F2 GAACATCTTCTTATGGCCCTTCACC 13 025
w15R CTAGCTGGCTTGATGTTGAGAAAGC 13515
wi15F TCGCCATAGTCATTCTAGTGACAGC 13535
wi16R GCTTGTTTGTTAGGGA TAGTTC 13 842
w16F CCACAGCTTGAATGACGAGCAAGAC 14 216
wi17R TAACGCGAGGATTAAGTCGAGGAAC 14 519
wi17F TTTACCACTCCACCACTTCTCCAAC 14 893
wi18R AGCAAAGGCCGAGTAGGGAACCAAAGTTTG 14 915
wCytbR GTTGTCAACTGAGAAGCCTCCTCAG 15593
w18F CCGCTACAACAACCAACCCTAAAGC 15631
cytb811R CTGCCATTTTTTGGTTTACAACAC 16 060
g19F GAGGAGGTTTCTCAGTAGATAATGC 16174

Note: Primer codes beginning with “g” were designed for Gadus spp.
(Coulson 2004). Forward primers are in Roman type and reverse primers
are in italic type.

pected sizes <1 kbp were done according to previously pub-
lished methods (Coulson et al. 2006).

To sequence the PCR products, 5 uL of the PCR product
was dried by evaporation or under vacuum. The segquencing
cocktail comprised 1.0 or 2.0 uL of Big Dye (version 3.0
chemistry; Applied Biosystems Inc., Foster City, California),
1.6 pL of 2 umol/L primer forward or reverse, and 2.2 uL
ddH,0. The sequencing cycle was an initial denaturation at
96 °C for 2 min, followed by 50 cycles of a 96 °C denatura-
tion for 2 min, 50 °C annealing for 15 s, and 60 °C exten-
sion for 4 min. Excess reactants were removed by
isopropanol precipitation. The DNA was resuspended in
5 pubL of a 5:1 mixture of deionized formamide and
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Table 2. Phenetic comparison of genome differentiation in Anarhichas species and Gadus codfish mtDNA genomes.

(A) Sequence differences among the genus Lycodes and Anarhichas species.

Lycodes A. denticulatus  A. minor A. lupus
Lycodes 0 1708 1706 1732
A. denticulatus 99.66 0 298 340
A. minor 98.79 17.44 0 283
A. lupus 100.85 20.22 16.64 0
(B) Number of SNP differences/kbp (p distances) among Gadus species.
G. (= T.) chalcogrammus  G. morhua G. macrocephalus  G. m. ogac
EPac EAtl EPac WAL
G. (= T.) chalcogrammus WPac 4.77 38.46 40.18 40.25
G. morhua WAl 38.26 3.32 39.58 39.25
G. macrocephalus WPac 39.85 38.72 491 3.25
G. m. ogac WAl 39.72 38.46 451 [1.33]

Note: In A, the sequence differences were calculated as the absolute number of differences in the aligned complete sequences
(upper haf of the matrix), or the number of SNPs/kbp for the 15082 bp aligned between zoarcoid and gadid sequences, less the CR
locus, and missing or ambiguous sequences (lower half of the matrix). In B, the number of SNP differences’kbp (p distances) was
calculated over the same 15082 bp (after Coulson et a. 2006). In B, interspecific and intraspecific differences are compared across
oceans (italic type); the Gadus macrocephalus ogac Richardson, 1836 comparison (brackets) is for two individuals from the western
Atlantic Ocean (cf. Carr et a. 1999; Coulson et a. 2006). EPac, eastern Pacific Ocean; EALl, eastern Atlantic Ocean; WAL, western

Atlantic Ocean.

25 mmol/L Na,EDTA buffer, heated to 95 °C for 2 min, and
cooled rapidly to 5 °C. The denatured samples were spotted
onto a paper comb and electrophoresed in an ABI377 auto-
mated DNA sequencer. The ABI Data Collection (version
2.6) software was used to collect the trace data and the Se-
guence Analysis (version 3.2) software was used to extract
the sequence chromatograms.

Sequencer version 4.1.2 (GeneCodes, Ann Arbor, Michi-
gan) was used to assemble and edit the mtDNA fragments
of the three Anarhichas species. These fragments were ini-
tially aligned against the G. morhua reference sequence
(NCBI accession No. NC002081), in which the positions of
the initial primer sets were known.

Phylogenetic and phenetic analyses were carried out using
the phylogenetic analysis using parsimony (PAUP*) pro-
gram version 4.0b10 (Swofford 2002). The exhaustive
search algorithm was used to evaluate the properties of each
of the three bifurcating trees possible with the complete ge-
nomes of the three Anarhichas species and another zoarcoid
perciform species, the eelpout Lycodes toyamensis (Ka-
tayama, 1944) (NCBI accession No. NC004409), as the out-
group. A bootstrap analysis with 10000 replicates was done
to estimate the statistical significance for the nodes of the
tree. Neighbor-joining phenetic analysis of uncorrected aver-
age pairwise distances (p distances) was also done. To com-
pare the extent of intra- and inter-specific mtDNA genome
differentiation with other fish species, the four zoarcoid ge-
nome sequences were aligned with those of seven gadid cod-
fish (Gadus sensu lato; Carr et al. 1999) described in Coulson
et a. (2006) (NCBI accession Nos. DQ356937-DQ356941
and DQ356946), with the addition of a second sequence
from Gadus (= Theragra) chalcogrammus Pallas, 1814
(NCBI accession No. NC004449) from the western Pacific
Ocean. CR locus sequences, which were not available for all
gadines, were removed, and PAUP* was used to removed any
missing and (or) ambiguous characters. For the consensus
data set of 15082 bp, p distances were calculated and are
shown as humbers of changes per kilo base pairsin Table 2.

Variability of individual Anarhichas genes within ge-
nomes was calculated three ways: first as the average of the
three pairwise sequence divergences among species (p dis-
tance) and second as the density of interspecific single nu-
cleotide polymorphisms (SNPs), calculated as the ratio of
the number of SNPs observed among all three species to
the total gene length, expressed as the number of
SNPs/100 bp. The two indices are closely related: the for-
mer will underestimate the actual extent of nucleotide diver-
gence by not correcting for multiple-hit nucleotide
substitutions at the same site, whereas the latter will under-
estimate variability by not counting the homoplasic changes
implied by the inferred phylogeny. The latter provides a
more intuitive measure of observed variability. The third
measure of variability is the difference between the rates of
synonymous (ds) and nonsynonymous (dy) hucleotide sub-
stitutions in each gene, according to the algorithm of Nei
and Gojobori (1986) as implemented in MEGA version 3.1
(Kumar et al. 2004). This measure detects unusual patterns
of amino acid substitution, for example, as a result of selec-
tion (cf. Coulson et a. 2006). The expected Poisson distribu-
tion of SNPs over tRNA loci was calculated by the recursive
algorithm described by Zar (1999: 181). Nonparametric
rank-order correlations of SNP density among protein-coding
loci between the three Anarhichas species and the three
Gadus codfish species (G. morhua, G. (= T.) chalcogram-
mus, and Gadus macrocephalus Tilesius, 1810) (Coulson et
al. 2006) (DQ356938, DQ356939, and DQ356946), and
comparisons of variability indices among Anarhichas loci
made independently of absolute magnitude, were calculated
by Kendall’s coefficient of rank correlation (7) as imple-
mented in BIOMstat version 3.30m (Applied Biostatistics,
Inc. 2002; Sokal and Rohlf 1995: 593).

Results

The long-range PCR procedure amplified more than 97%
of the complete mtDNA genome of A. lupus in three over-
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Fig. 3. Phylogenetic relationships among the mitochondrial genomes of Anarhichas species and Lycodes toyamensis. The minimum length
tree requires 2074 changes, with branch lengths as shown. The tree indicates that A. lupus and A. minor are each other’s closest relatives;

this arrangement is supported by 96.9% of bootstrap replications.
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lapping fragments of 6835, 4555, and 4276 bp (Fig. 2). The
sequence of the remaining 466 bp segment of the genome
(including the 3" end of the CYTB locus and the 5" end of
the CR locus) had been determined previously. The genomes
of the other two wolffish species were amplified with vari-
ous combination of the Anarhichas and Gadus specific pri-
mers in Table 1. The three genomes were sequenced with
the same set of primers.

The mtDNA genome sequences comprised 16519 bp in
A. lupus and 16 520 bp in the other two species. The sequen-
ces have been submitted to GenBank and assigned the ac-
cession numbers EF427916, EF427917, and EF427918 for
A. lupus, A. minor, and A. denticulatus, respectively. The
gene order is identical to that of L. toyamensis, except that
L. toyamensis has an extra 169 bp segment 3’ to the tRNA—
Va locus that is not present in Anarhichas species. This
segment has been deleted from the alignment analyzed here.

A total of 449 SNP sites were observed among the indi-
viduals representing the three species. Anarhichas lupus and
A. minor differed by 248 pairwise differences (226 transi-
tions and 22 transversions), A. minor and A. denticulatus by
274 differences (248 transitions and 26 transversions), and
A. lupus and A. denticulatus by 286 differences (254 transi-
tions and 32 transversions) (Table 2A). Interspecific p dis-
tances among Anarhichas species range from 16.64 to 20.22
substitutions/ kbp (subs/kbp), which is approximately one-
half that among Gadus species (from 38.46 to 40.25 subs/kbp)
(Table 2B) and about four to five times as large as the dif-
ferences among transoceanic individuals within Gadus spe-
cies (from 3.25 to 4.77 subs/kbp).

With L. toyamensis included as an outgroup, there are
1944 variable sites, of which 146 are phylogeneticaly infor-
mative (sensu Nei 1987). The three possible bifurcating trees
for four terminal taxa had lengths of 2074, 2094, and 2100
changes. The shortest tree indicates that A. lupus and A. mi-
nor are more closely related to each other than they are to
A. denticulatus; this tree is supported by 96.9% of 10000
bootstrap replicates (Fig. 3). Random resampling of 1, 2, 4,
or 8 kbp of the complete genome supported the same tree in
57.2%, 66.2%, 77.4%, and 89.4% of bootstraps, respec-
tively. This tree is also supported by neighbour-joining dis-
tance analysis (p distances) in 96.3% of bootstraps, as well

L. toyamensis €5

A. denticulatus

A. minor

A. lupus

as by weighted parsimony and various distance models with
>95% bootstrap support in al cases (results not shown).

The most variable protein-coding loci as measured by
SNP density were ND4, CYTB, and ND2, with 4.40, 4.22,
and 4.19 SNPs/ 100 bp, respectively. The least variable loci
were ATP8 (also the shortest region), COX2, and ND3, with
1.19, 1.57, and 1.99 SNPs/100 bp, respectively (Table 3).
The CR locus was less variable than 9 of 13 protein-coding
regions (2.45 SNPs/100 bp) (Table 4). Most tRNA loci
were either invariant or had only 1 SNP site, and the 20
tRNA loci collectively showed only 18 SNP sites over 1410
bp (1.28 SNPs/ 100 bp), which was lower than all except 1
protein-coding locus. Although 3 tRNA loci had three or
more SNP sites and were thus more variable than any pro-
tein-coding locus (tRNA-Val, tRNA-Arg, and tRNA-
Trp: >4 SNPs/ 100 bp), the observed distribution did not de-
part significantly from the expected random Poisson distri-
bution of 18 SNPs over 20 tRNA loci (x§os;3 = 421,
0.10 < p < 0.25). The 16S and 12S rRNA loci were the least
variable gene regions (1.18 and 0.35 SNPs/ 100 bp, respec-
tively). The relative ranks of locus variability as measured
by SNP density and mean p distance are highly correlated
(Kendall's 7 = 0.9731, p << 0.01), as are the rankings of
SNP density and the rate of synonymous substitution (ds)
(Kendall's 7 = 0.7871, p << 0.01) and p distance vs. dg
(Kendall’s 7 = 0.8387, p << 0.01). The correlations of SNP
density and p distance with dy — ds were dlightly lower
(Kendall’'s 7 = 0.7179 and 0.7949, respectively), but still
p << 0.01 in both cases.

Similarly, there is a significant rank-order correlation of
SNP densities between Anarhichas species and Gadus spe-
cies (Kendal’'s 7 = 0.4615, p = 0.0140), but the association
is far from exact. ND4 ranked first in Anarhichas and sec-
ond in Gadus, however, the second- and third-ranked loci in
Anarhichas (CYTB and ND2) ranked seventh and sixth in
Gadus. The most highly ranked locus in Gadus (NDG6)
ranked fourth in Anarhichas, and the ATP6 and ND3 loci
also had substantialy lower ranks in Anarhichas (ninth and
eleventh vs. fourth and fifth, respectively) (Fig. 4).

Discussion
The determination of the complete mtDNA genome se-

© 2007 NRC Canada


Dr Steven M Carr
Highlight


156

Can. J. Zool. Vol. 85, 2007

Table 3. Length (bp), SNP occurrence, SNP density (no. of SNPs/ 100 bp), mean pairwise difference (p),
rates of synonymous (ds) and nonsynonymous (dy) nucleotide substitutions, and the difference of the latter
two measures for protein-coding loci of the mitochondrial genomes among Anarhichas species.

Gene Length SNP occurrence SNP density p ds dn dv —ds
ND1 975 36 3.69 2.57 0.0858 0.0000 —0.0858
ND2 1048 44 4.19 254 0.0857 0.0054 —-0.0803
COX1 1554 50 3.15 211 0.0728 0.0018 -0.0710
COX2 699 11 157 1.05 0.0424 0.0000 —0.0424
ATP8 168 2 1.19 0.80 0.0374 0.0000 -0.0374
ATP6 684 17 2.49 1.66 0.0568 0.0014 -0.0554
COX3 786 19 2.42 161 0.0538 0.0036 -0.0503
ND3 352 7 1.99 123 0.0416 0.0030 —0.0385
ND4L 297 8 2.69 1.80 0.0671 0.0000 —-0.0671
ND4 1386 61 4.40 3.01 0.0837 0.0079 -0.0758
ND5 1839 59 3.21 1.90 0.0609 0.0060 —0.0550
ND6 523 21 4.02 2.55 0.0857 0.0035 -0.0822
CYTB 1162 49 4.22 2.64 0.0905 0.0047 —-0.0851

Note: The regions are listed in their linear order in the genome.

Table 4. Length (bp), SNP occurrence, and SNP density (no. of
SNPs/ 100 bp) for the Control Region (CR),rRNA-coding, and

tRNA-coding loci of the mitochondrial genomes of Anarhichas
Species.

Gene Length SNP occurrence  SNP density
CR 981 24 2.45
12S rRNA 948 3 0.32
16S rRNA 1697 20 1.18
tRNA—Phe 68 0 0
tRNA-Va 72 4 5.56
tRNA—Leu 74 0 0
tRNA-Ile 70 1 143
tRNA-GIn 68 0 0
tRNA-Met 69 0 0
tRNA-Trp 70 3 4.29
tRNA-Ala 72 0 0
tRNA-Asn 74 0 0
tRNA—Cys 66 1 152
tRNA-Tyr 67 1 1.49
tRNA—Ser 71 0 0
tRNA-Asp 69 1 1.45
tRNA-Lys 74 1 1.35
tRNA-Gly 69 1 145
tRNA-Arg 69 3 435
tRNA-His 64 0 0
tRNA—Ser 72 1 1.39
tRNA—Leu 73 0 0
tRNA-Glu 79 1 127
All tRNAs 1410 18 1.28

guences of Anarhichas species provides benchmark data for
the investigation of their genetic biodiversity. The analysis
presented here can better inform a recovery plan for these
species by identifying the gene regions of highest variabil-
ity, which would best be able to identify any distinctive fish-
ery stocks and (or) designatable units under SARA.

The molecular analysis shows that A. lupus and A. minor

are more closely related to each other than either is to
A. denticulatus. The genomic difference between A. lupus

Fig. 4. Total number of SNPs observed among three species of
Anarhichas and three species of Gadus (G. morhua, G. macroce-
phalus, and G. (= T.) chalcogramma) (Coulson et a. 2006), ex-
pressed as number of SNPs/ 100 bp of gene length. Solid boxes
indicate loci at which the relative rank of SNP density is higher in
Anarhichas than in Gadus and shaded boxes indicate the reverse;
ATP8 ranked last in both genera.
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and A. minor (~20 subs/kbp) is about half that found be-
tween pairs of Gadus species (~40 subskbp), including an-
other COSEWIC-assessed species, G. morhua. Because of
the close relationships of the three species, the entire ge-
nome is required to resolve their branching order at >95%
confidence. In contrast, Coulson et a. (2006) found that a
random sample of about one-half of the genome sequence
was sufficient to resolve amost al interspecific branches
among gadines at >95% confidence. Given the estimated
time of divergence of Atlantic G. morhua and Pacific
G. macrocephalus at 3.5 million years before present, at the
time of the last opening of the Bering strait (Carr et al.
1999; Coulson et al. 2006), extrapolation suggests that the
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three Anarhichas species separated from one another ca. 2
million years ago.

A closer relationship of A. lupus and A. minor is sup-
ported by an examination of several morphological and eco-
logical characters. For example, both are typica
benthophages with teeth adapted for feeding on bottom-
dwelling invertebrates (echinoderms, molluscs, and crusta-
ceans), in contrast to A. denticulatus, which has teeth
adapted for feeding on mobile invertebrates (ctenophores
and jellyfish) (Albikovskaya 1982). All three species are
pan-Atlantic (Fig. 1) but appear to have rather different
niche requirements in this region. Anarhichas denticulatus
have the widest distribution, found in the eastern Atlantic
Ocean from lceland to Novaya Zemlya and in the western
Atlantic Ocean from Mould Bay to Sable Island Bank.
They also have the greatest range of depths, from 151 to
600 m, and are known to feed close to the surface in open
water — behaviours that are uncommon in the other two
species. Anarhichas lupus are found in the eastern Atlantic
Ocean from lceland to the west coast of France, and from
Greenland to the Gulf of Maine, and are thus the most
southerly distributed species. They are the most abundant
species in the area of Newfoundland and Labrador, where
they are found from 101 to 350 m (Albikovskaya 1982). Anar-
hichas minor have the most restricted distribution, from Ice-
land to Bergen and from Greenland to the Grand Banks,
where they are usualy restricted to depths >450 m (Scott
and Scott 1988). Given the phylogenetic relationships shown
here, we can hypothesize that A. lupus and A. minor repre-
sent aternative, derived specializations at more restrictive,
benthic strata, in contrast to a more widespread, generalist
ancestral type represented by A. denticulatus.

The 449 SNPs observed in the mtDNA of the three indi-
vidual representatives of the Anarhichas species occur at an
average density of 26.8 SNP<s/kbp, which varies from 3.2 to
44.0 SNPgkbp among the major gene regions. SNP density
among protein-coding loci in these individuals is exactly
one-half of that among three individuals representative of
three Gadus species (3.0 vs. 6.0 SNP</100 bp), which is in
agreement with the twofold difference in intrageneric ge-
netic distances (18.8 vs. 39.58 subs’kbp) (Table 2). Such a
correspondence is expected on the assumption of selective
neutrality (Kimura 1983), as is the observation that all meas-
ures of locus variability are highly correlated. Rates of non-
synonymous substitution are very low at every locus, and
the difference (dy — dg) is aways negative, so that Fisher's
exact test of the distribution of synonymous and nonsynony-
mous substitutions (Zhang et a. 1997) would not approach
significance for any comparison. There are thus no indica
tions of unusual patterns of selection at work on Anarhichas
genomes. The significant rank-order correlation of SNP den-
sity among protein-coding loci between Anarhichas and Ga-
dus indicates that patterns are broadly similar; however,
there are many exceptions. The three most variable loci in
Anarhichas ranked second, seventh, and sixth, respectively,
in Gadus; this includes the CY TB locus (second vs. seventh)
for which a large number of SNP variants have been identi-
fied in G. morhua (Carr and Marshall 1991; Pepin and Carr
1993; Arnason 2004). Whether such intergeneric differences
are a function simply of variation in the neutral mutation
rate among loci, or instead indicate differing patterns of nat-
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ural selection, can be evaluated by further comparison of in-
traspecific patterns of nucleotide substitution in Anarhichas
and Gadus with the interspecific patterns shown here
(Kreitman 2000).

Although many studies of fish and other populations have
used the CR locus on the expectation that it is routinely hy-
pervariable (Brown et a. 1979; Kocher and Carleton 1997;
Ingman et al. 2000), in wolffish this region is one of the least
variable (less than 9 of 13 protein-coding loci) and is not a
good candidate for intraspecific comparisons. The available
population data confirm this (K.A. Johnstone, H.D. Marshall,
and S.M. Carr, unpublished observation). As shown by this
study and others (Faber and Stepien 1997), hypervariability
of the CR locus is often not the rule in nonmammalian taxa.
Other studies have advocated the use of loci in the NADH
gene complex for single- and multi-locus population analyses
(Russo et al. 1996). Recently, use of the 5" end of the COX1
locus as a ““barcode” across species and taxa, including fish,
has been advocated, with the expectation that the locus will
be routinely variable among species and less so within
(Ward et al. 2004). Again, the present data do not show a
uniform pattern among taxa: COX1 is more variable interspe-
cifically in Anarhichas species than in Gadus species (ranked
sixth vs. tenth). The present data should emphasize that pat-
terns of locus variability are not readily generalized across
even relatively closely related taxa (zoarcoid perciform
fishes) and that preliminary investigation of taxon-specific
patterns is routinely warranted before carrying out a full-
scale population genetic study.

The results of this study suggest several strategies for
population genetic investigation of Anarhichas species. A
single-locus analysis would best target the ND4 locus with
primers gl3F and g14R, which would amplify this gene
within a fragment of 1476 bp. Where amplification of frag-
ments of this size from samples with predominantly low mo-
lecular weight DNA is difficult, amplification of the ND4
region in two PCR reactions, with primer pairs of gl3F
w14R (896 bp) and g14F—g14R (781 bp), should be feasible.
A second strategy would be a multi-locus analysis of the
contiguous ND4, ND5, CYTB, and COX1 genes, which in-
cludes two of the most variable loci. Use of long-range PCR
amplification with the primers wi3F and cytb811R would
amplify a 6329 bp fragment that includes these four loci,
and provide more than one-third of the genome for analysis.
Alternatively, whole-genome approaches are also available
that would examine variation in the complete 16.5 kbp ge-
nomes (Carr and Marshall 2005; Carr et a. 2007).

Note added in proof

The origina description of the walleye pollock is Gadus
chalcogrammus Pallas, 1814 in Pallas Zoographia rosso-
asiatica. Volume 1 of this work was published in 1811,
which is often cited as the year of publication of this combi-
nation (e.g., Cohen et a. 1990), but the description of the
pollock occurs in volume 3, which was published in 1814,
according to International Commission of Zoological No-
menclature opinion 212. The correction should also be ap-
plied to the discussion in Carr et al. (1999) and Coulson et
al. (2006).
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