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ABSTRACT
A study on the origin of a newly colonized population of the Atlantic rock crab, Cancer irroratus
Say, 1817, in Icelandic coastal waters based on mtDNA variation revealed a challenging problem.
Variation of the mitochondrial cytochrome oxidase subunit I gene (COI), which has played a pivotal
role in phylogeographic studies, was assessed. Most individuals were found to carry two or more
different genetic fragments and several ambiguous sites, with two segregating nucleotides, both
within the Icelandic population and in samples from North America (Newfoundland, New Brunswick
and Nova Scotia). Analyses of the DNA fragments, from clones and separate DNA extractions from
the mitochondria and nucleus from undeveloped eggs and their mothers, support that ambiguous sites
are caused by mitochondrial fragments incorporated in the nuclear genome (numts). A comparison
of the variation in the newly colonized population in Iceland and the North American populations
did not reveal any detectable bottleneck in the Icelandic population.

RÉSUMÉ
Une étude sur l’origine d’une récente population colonisatrice du crabe commun de l’Atlantique
Cancer irroratus Say, 1817, sur les côtes d’Islande basée sur l’ADN mitochondrial a révélé un
problème intéressant. Des variations du gêne de la sous-unité I de la cytochrome oxydase (COI)
qui a joué un rôle majeur dans les études phylogéographiques ont été établies. La plupart des
individus ont été trouvés porteurs d’au moins deux fragments génétiques différents et de plusieurs
sites ambigus, avec deux nucléotides ségrégeants, à la fois dans la population islandaise et dans
les échantillons d’Amérique du Nord (Terre Neuve, Nouveau Brunswick et Nouvelle Ecosse). Les
analyses des fragments d’ADN, à partir de clones et les extractions d’ADN des mitochondries et des
noyaux séparément à partir d’œufs non développés et de leur mère, suggèrent que les sites ambigus
sont causés par des fragments mitochondriaux incorporés dans le génome nucléaire (numts). Une
comparaison de la variation dans la nouvelle population colonisatrice d’Islande et les populations
Nord Américaines n’a pas révélé de goulot d’étranglement détectable dans la population islandaise.
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INTRODUCTION

The Atlantic rock crab, Cancer irroratus Say, 1817, has recently been observed
in Icelandic coastal waters. The first record of the species in Icelandic waters was in
2006 but prior to that its distribution was only known along the east coast of North
America, from South Carolina to Labrador (Sastry, 1977). Today the species is
distributed along the southwest and the west coast of Iceland (Gíslason, 2009).
In order to study the origin and diversity of C. irroratus in Iceland we looked at
the variation of the mitochondrial cytochrome oxidase subunit I (COI) gene, which
has been widely used for molecular identification of species across diverse taxa
(e.g., Barrett & Herbert, 2005; Costa et al., 2007; Tavares & Baker, 2008; Becker
et al., 2011). The gene has played a pivotal role in a global effort of DNA barcoding
(Hebert et al., 2003) and continues to be the marker of choice in phylogeographic
studies (e.g., Pavesi et al., 2011; Garcia-Merchan et al., 2012; Li et al., 2012).
Concerns have been raised about some published COI sequences, and several
crustacean COI sequences deposited in GenBank have been found to have stop
codons present in the open reading frame or indels leading to stop codons, socalled “COI-like” sequences (Buhay, 2009). While such sequences may represent
simple errors in manual editing and lack of quality control, others may actually be
nuclear copies of mitochondrial genes, often referred to as numts (Ibarguchi et al.,
2006). The first observation of numts in eukaryotes was in the grasshopper Locusta
migratoria Linnaeus, 1758 (cf. Gellissen et al., 1983) and numts have since then
been observed in numerous organisms (e.g., Zhang & Hewitt, 1996; SchneiderBroussard & Neigel, 1997; Bensasson et al., 2000, 2001; Richly & Leister, 2004;
Kim et al., 2006; Martins et al., 2007; Hazkani-Covo et al., 2010). Such fragments
may coamplify with the mitochondrial target sequence or even be amplified
instead of it (Zhang & Hewitt, 1996) and hence negatively affect the quality of
the molecular identification. Another challenge for assessing the mitochondrial
DNA (mtDNA) variation has been the identification of heteroplasmy which could
rise due to mutations segregating within the mtDNA pool inherited from the
mother (Rand, 2001; Doublet et al., 2008) or alternatively due to transmission of
mtDNA from both parents as observed in blue mussels (Zouros, 2000; Breton et
al., 2007). Because numts and heteroplasmy both result in the amplification of
multiple and often very similar sequences from a single individual during PCR,
distinguishing them can be difficult (Ibarguchi et al., 2006). These “COI-like”
sequences are present throughout the crustaceans, for instance in krill, crabs,
amphipods, crayfish, squat lobsters, shrimps, isopods, barnacles, and copepods
(Buhay, 2009).
The original aim of this study was to assess the mtDNA variation in a
newly colonized population of Cancer irroratus in Iceland and compare its
variation to three populations from North America. In the course of studying the
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phylogeographic structure, a high number of ambiguous sites were encountered.
Therefore, we further analysed the source of this variation to verify whether the
variation could have arisen from insertion of the mtDNA to the nuclear genome.

MATERIAL AND METHODS

Sample collection, PCR amplification and sequencing
Ninety-five adult Cancer irroratus were sampled at four locations, one from Iceland (35 individuals) and three different locations in North America: Newfoundland, New Brunswick and Nova Scotia (20 individuals from each location) (fig. 1).
Leg muscles were excised and preserved in 96% ethanol.
DNA was extracted using 6% Chelex 100 (Bio-Rad). Two coding regions of the
mitochondrial cytochrome oxidase subunit I (COI) gene were amplified, a 658-bp
region, using primers LCO-1490 and HCO-2198 (Folmer et al., 1994), and an
adjacent non-overlapping 838 bp region, using primers COIf (Palumbi & Benzie,
1991) and TL2N (Quan et al., 2001). The second primer set was tested, after an
observation of multiple sequences obtained with the LCO-1490/HCO-2198 primer

Fig. 1. The four collection sites of Cancer irroratus Say, 1817: Iceland (IC), Newfoundland (NF),
New Brunswick (NB) and Nova Scotia (NS).
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set, to see if the problem persisted. PCR amplifications were performed in 10 μl,
containing 2 mM dNTPs, 10% Tween, 1× Taq buffer, 0.5 mg/ml BSA, 0.35 μM
of each primer, 0.5 U Taq and 10-100 ng of template.
The cycling parameters for the LCO-1490 and HCO-2198 primers included an
initial denaturation step of 94°C for 4 min, followed by 40 cycles of 94°C for 30 s,
45°C for 1 min and 72°C for 1 min, followed by one cycle of 72°C for 6 min. The
amplification for the COIf and TL2N primers were performed using one cycle of
94°C for 5 min, followed by 38 cycles, each of 94°C for 1 min, 56°C for 30 s and
72°C for 1 min, followed by one cycle of 72°C for 7 min.
Prior to sequencing a mixture of exonuclease I and Antarctic phosphatase (NEB)
were added to the PCR product and incubated at 37°C for 15 min to remove
residual primers and dNTPs, followed by 15 min at 95°C to heat deactivate
the enzymes. Amplicons were sequenced with BigDye™ (Applied Biosystems)
terminator cycle sequencing, purified with ethanol precipitation with glycogen,
dried down, resuspended in high-deionized formamide, and analyzed with an
ABI Prism™ Genetic Analyzer with Sequencing Analysis software (PE Applied
Biosystems). Raw sequences were edited and aligned by eye using BioEdit 7.0.9.0
(Hall, 1999).
All observed segregating sites were verified by sequencing both strands. The
observed variation within individuals was verified by various procedures. Firstly
the DNA extraction of two individuals was repeated and reanalysed. Secondly, the
segregation of the sequence variants were studied by comparison of sequences
obtained from mothers and offspring by analysing three egg bearing females
captured in Iceland. When hatched, three larvae were taken from each female
and preserved in 96% ethanol. DNA from the mothers and the larvae was then
extracted, amplified and sequenced as above. Thirdly, sequence variation within
seven individuals were studied by cloning and sequencing the PCR products,
resulting in 38 sequences. The PCR products were isolated from an agarose gel,
purified using the NucleoSpin® Extract II kit (Macherey-Nagel), cloned into PCR®
4-TOPO® vector using the TOPO TA Cloning® kit (Invitrogen) and transformed
into One Shot TOP 10 competent cells following the manufacturer’s instructions
(Invitrogen). Positive colonies were grown overnight in Luria Bertani (LB) broth at
37°C with shaking and then screened for presence of the appropriate size insert by
digestion with EcoR 1. Plasmids were isolated with the NucleoSpin® Plasmid kit
(Macherey-Nagel) and then sequenced using LCO-1490 and HCO-2198 primers
and analyzed with an ABI Prism™ Genetic Analyzer with Sequencing Analysis
software (PE Applied Biosystems). Sequences from Maine (EU329150) and Gulf
of St. Lawrence (FJ581560.1-FJ581567.1) (Radulovici et al., 2009) were retrieved
from GenBank for comparison.
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Fourthly, the mitochondrial DNA was isolated from the nuclear DNA by
extracting mitochondria from fresh undeveloped eggs from seven egg bearing
females. For each isolation, 10-15 eggs were taken and washed two times in an
1.5 ml Eppendorf tube with 50 μl of TEK solution. A motor-driven grinder for
disrupting soft tissue (Kontel Pellet Pestle Mixer Motor, KT-749540-0000) was
then used to crush the eggs in 50 μl of TEK solution. To spin the nuclei down the
solution was spun for 6 min at 700 × g. The supernatant was transferred to another
Eppendorf tube and spun for 10 min at 10 000 × g to precipitate the mitochondria,
most of the supernatant was then removed and discarded. Tubes with isolations
were kept open and let to dry in room temperature for 10 min to remove most of
the liquid. DNA from the separate nucleus and mitochondrial isolations were then
extracted, amplified and sequenced as above. Three of the seven nuclear isolations
were cloned with the same method as before.
Sequence analysis
Number of haplotypes, haplotype diversity (h) and nucleotide diversity (π )
for each population and the overall data were calculated using the program
Arlequin 3.11 (Excoffier et al., 2005). Two median joining networks were drawn
using NETWORK (Bandelt et al., 1999), one of them illustrating the relationship
amongst haplotypes of the combined coding region (COIa and COIb) for the four
sample locations, and the other illustrating the COIa mtDNA haplotypes from the
cloning and egg isolations. Differences in genotype frequencies among sample
sites were tested with Fisher’s exact test. The invertebrate mitochondrial code
(Drosophila) in the software package DNA Sequence Polymorphism (DnaSP)
(Librado & Rozas, 2009) was used to scan for stop codons in all sequences.

RESULTS

Sequence alignment resulted in 595-bp sequences common for 95 individuals
of Cancer irroratus from the COIa coding region (primers LCO-1490 and HCO2198) and in nine haplotypes. A combination of the two COI regions (COIa and
COIb) resulted in sequences of 1145 bp and in 42 haplotypes from 67 individuals.
High numbers of ambiguous sites were encountered (table I), which might indicate
the occurrence of numts. The same ambiguous sites that were observed in this
study were also observed in sequences from Gulf of St. Lawrence (sites 25, 319
and 466) (Radulovici et al., 2009) and Maine (sites 415 and 451) obtained from
GenBank. Clear double peaks were observed at the same site in both forward and
reverse sequences (fig. 2). Fifty-one percent of sequenced individuals showed signs
of numts within the COIb region and ninety-nine percent within the COIa region.
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TABLE I
Variation in two regions of the COI gene in Cancer irroratus Say, 1817 at four localities
Site

N

k

h ± SD

π(×100) ± SD

S1

S2

Frequency

COIa

IC
NF
NB
NS

35
20
20
20

9
7
8
5

0.849 ± 0.034
0.826 ± 0.056
0.842 ± 0.060
0.816 ± 0.042

0.140 ± 0.113
0.124 ± 0.107
0.125 ± 0.107
0.159 ± 0.126

3
3
4
4

0
0
0
0

97
100
100
100

COIa and COIb

IC
NF
NB
NS

18
16
18
15

15
10
12
13

0.974 ± 0.029
0.892 ± 0.063
0.915 ± 0.052
0.971 ± 0.039

0.056 ± 0.037
0.043 ± 0.030
0.041 ± 0.028
0.045 ± 0.031

16
11
6
20

0
0
2
0

100
100
94
100

IC, Iceland; NF, Newfoundland; NB, New Brunswick; NS, Nova Scotia; N , number of sequences;
k, number of haplotypes; h, haplotype diversity (composed haplotypes with ambiguity code); π ,
nucleotide diversity; SD, standard deviation; S1, number of variable segregating sites; S2, number of
variable sites with no ambiguous sites; Frequency, percentage of individuals which had ambiguous
sites.

Repeated extraction and sequencing, done to evaluate possible Taq errors, did not
alter the result (double peaks).
The observed diversity for COIa was similar in all populations, gene diversity
(h) ranged from 0.816 in Nova Scotia to 0.849 in Iceland and nucleotide diversities
(π ) were in the range 0.125-0.159, being intermediate in Iceland (table I). When
both primer pairs were taken together, the gene diversity ranged from 0.892 in

Fig. 2. Clear double peaks were observed in both forward and reverse sequences of the COI mtDNA
fragments in Cancer irroratus Say, 1817: a, uneven peaks; b, even peaks.
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Fig. 3. Frequency of composed haplotypes (including ambiguity codes) based on variable sites (25,
319, 325 and 466) in the COIa fragment of Cancer irroratus Say, 1817 from the four locations;
Iceland (IC), Newfoundland (NF), Nova Scotia (NS) and New Brunswick (NB).

Newfoundland to 0.974 in Iceland (table I). No stop codons were observed for
any of the ambiguous positions in the two fragments (COIa and COIb) and all
segregating sites were synonymous.
The three most common haplotypes in COIa accounted for 77% of the recovered
sequences and were found at all sampling localities (fig. 3). The frequencies
of haplotypes based on four polymorphic sites were similar among the sample
locations (Fisher’s exact test, P = 0.131), although a significant pairwise
difference was observed between Iceland and New Brunswick (P = 0.007).
A median joining analyses of the combined regions (COIa and COIb) using
NETWORK integrated the haplotypes with ambiguous sites to the ones that lack
them, and resulted in 22 haplotypes (Appendix 1). All populations shared the two
most common haplotypes, which accounted for 54% of the recovered sequences.
Significant haplotype differences were observed for the combined coding regions
between New Brunswick and the three other populations (P <0.05) and eight
individuals from New Brunswick shared the same haplotype, not found elsewhere.
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TABLE II
Variation of COIa sequences within individuals of Cancer irroratus Say, 1817
Individual
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Number of sequences

Number of haplotypes

Mean difference (SD)

10
4
9
6
6
5
9
5
3
5
3
3
3
3

5
3
7
4
2
4
6
2
2
3
3
3
3
3

4.6 (2.8)
6.0 (1)
4.1 (1.3)
7.0 (3.1)
8.0 (0)
6.5 (3.6)
4.8 (2.6)
6
5.5
5
7.5
7.5
7.5
8

Sequences from individuals 1-7 were obtained from cloned fragments, sequences from individuals
8-14 were obtained from females and their eggs where nuclear and mtDNA were isolated separately.
Mean difference was calculated between unique haplotypes and for individuals 8-14 the mean
difference from the putative mtDNA sequence is presented.

Analysis of segregation of the sequence variation among mothers and offspring
gave consistent patterns of the ambiguous sites although the relative heights of
peaks varied among the individuals. Two pairs of sibling offspring had an additional segregating sequence (with ambiguity code Y) not observed in the mother
(T), possibly reflecting an allele inherited from an unknown father (Appendix 2).
Sequences of cloned fragments from seven individuals confirmed the variation
within individuals and revealed a larger variation than the direct sequencing of the
PCR fragments; 24 sites were found to be segregating within COIa, constituting 25
haplotypes (table II and see detailed list in the Appendix 3). Differences between
sequences within individuals ranged from 1-12 sites, or up to 2% divergence, and in
some cases all clones from the same individual were different. The sequences from
the nuclear extractions of eggs showed all the same ambiguous sites as observed in
their mothers, but the sequences obtained from the mitochondria extractions gave
only a single or a pure sequence from each individual and present most likely a
fragment of the mtDNA COI gene. No variation was observed within the putative
mtDNA sequences, and larger differences were often found between the mtDNA
sequence and the other sequences than observed among clones within individuals
(table II). To determine further whether the ambiguous sites were caused by numts,
fragments from two nDNA extractions were cloned and sequenced (Appendix 2).
In both cases one sequence was exactly as the sequence from the mtDNA isolation
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Fig. 4. Median-joining network of COIa mtDNA haplotypes obtained by sequences of cloned
fragments in Cancer irroratus Say, 1817. Haplotypes are represented by a pie and the pie area
is proportional to its relative frequency (smallest = 1); dashes on the connecting lines reflect the
number of nucleotide differences between haplotypes; numbers refer to different individuals (see
Appendix 3); haplotypes observed in different individuals are denoted with the letters A-H (see
text in figure). Different shadings represent putative mtDNA (grey), nuclear (black) and undefined
(white) haplotypes.

but another one was different, most likely presenting an inserted COI fragment in
the nDNA. Median joining network of the fourteen individuals (clones and mtDNA
isolations) formed two clusters (fig. 4).

DISCUSSION

All individuals of Cancer irroratus were found to have more than a single
variant of the COI mtDNA, with several sites differing among the haplotypes
within individuals. This causes difficulties to infer about the genetic relationship
of the populations studied. The data show that the newly colonized Icelandic
population harbors similar diversity as the Canadian populations and shows only
signs of differentiation from the New Brunswick population.
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The origin of the variation in PCR-amplified fragments can be diverse. It may
be caused by nuclear integration of mitochondrial sequences, by mitochondrial
heteroplasmy, or simple Taq polymerase errors such as single base changes, insertions or deletions (Frey & Frey, 2004). As polymerase can introduce errors at low
frequency during amplification, fragments were sequenced in both directions and
several individuals were extracted and amplified again to eliminate putative Taq errors. However, the repeated procedure did not alter the result and, considering the
high frequency of segregating sites at the same loci, this source of variation can be
excluded. Assessing variation of the two COI regions applying higher annealing
and fewer cycles during the PCR did not affect the result. Variation within individuals was studied further by cloning, and up to four different haplotypes were
observed from the same individual, suggesting incorporated mtDNA fragments in
the nuclear genome (numts). The mtDNA and nDNA isolations performed confirmed this. Only one sequence variant was found per individual when the mitochondria were studied separately but the nDNA sequences in offspring had the
same ambiguous sites as observed in the mothers, possibly including both mtDNA
and nuclear copies. Our method proved to be an easy and effective way to isolate
mtDNA. Undeveloped or infertile eggs are among the purest sources of mtDNA,
they are rich in mitochondria and can have a very small nucleus or embryo relative
to the large cytoplasm when the eggs are large and relatively undeveloped or infertile. Other tissues, e.g., liver and heart, may also be an option due to their high
mtDNA content, but they also contain a large amount of potentially contaminating
nDNA (Ibarguchi et al., 2006).
Pseudogenes may occur far more often than is realized and it seems that, with
increased search for numts, the more common they appear to be (Magnacca &
Brown, 2010). In the case of COI in Cancer irroratus it appears that the insertion of
the mtDNA fragment in the nuclear genome is recent or it may be under purifying
selection as the divergence of the different types is modest and no indels or stop
codons are observed, possibly indicating functional role of the inserted fragment.
The largest difference within individuals was 2%, which corresponds to the average
estimate of the COI divergence per million years (Knowlton & Weigt, 1998), but
on average the divergence from the putative mtDNA sequence was 1%. The study
of numts is of considerable evolutionary interest because they provide a window
on the dynamics of genome evolution and intergenomic interactions (Bensasson
et al., 2000). In any event, all estimates, in combination with the high number of
integration events, suggest that transfer of COI to the nuclear genome has occurred
repeatedly over millions of years (Williams & Knowlton, 2001). As we saw for
Cancer irroratus, numts detection can vary among populations within species
and it may further vary among tissues of the same individual (Bensasson et al.,
2001; Ibarguchi et al., 2006; Koutroumpa et al., 2009). Our findings support the
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hypothesis that the multiple sequences amplified for Cancer irroratus individuals
are not solely of mtDNA nature.
Detection of numts makes any inference about the phylogeography and the
genetic patterns difficult, as the observed variation reflects both the time to
common ancestry of two individuals and the time since an insertion of the mtDNA
fragment into the nuclear genome occurred. Although this may provide valuable
information when tracing the history of different populations it becomes necessary
to distinguish the mtDNA and the nuclear markers, and to sample the nuclear
copies within each individual sufficiently, in order to assess the variation. However,
considering that the population in Iceland is only founded recently, it is of interest
to see that the amount of the observed variation in Iceland is in a similar range
as observed for the native populations in Canada. Whether this just reflects the
variation within individuals due to numts or if it reflects a relatively large effective
size of the population in Iceland, compared to the populations in Canada, is a
subject for further studies.
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APPENDIX 1

Additional fig. Median joining network of Cancer irroratus Say, 1817 haplotypes with combined
coding regions, COIa and COIb, from four locations; Iceland (IC), Newfoundland (NF), New
Brunswick (NB) and Nova Scotia (NS). The size of the circles is proportionate to the number of
individuals.
APPENDIX 2
Comparison of sequences of Cancer irroratus Say, 1817 from mothers and their offspring, for coding
region COIa. Ambiguous sites are marked: R = A or G and Y = C or T. Nucleotides at the ambiguous
sites which showed a higher peak than the other in a chromatogram are presented, but the site is
marked with the ambiguity code in parentheses

APPENDIX 3
Sequences of cloned COIa fragments from seven individuals of Cancer irroratus Say, 1817 (1-7) that showed signs of numts and sequences from seven
females (8-14) where nuclear and mtDNA were isolated from their eggs and their nuclear isolations were cloned (c1-c8). Ambiguous sites are marked
with R (A or G) and Y (C or T). Nucleotides at ambiguous sites which showed higher peak than the other in a chromatogram are presented, but the site is
marked with the ambiguity code in parentheses
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