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APPeNdix 1: CoNtAMiNANts

iNtroduCtioN

Contaminants: Mercury and PFCs

in the Arctic, concentrations of the neurotoxic form of 
mercury (hg), methylmercury, in aquatic, marine, and ter-
restrial apex predators often exceed consumption guide-
lines for humans (Who or health Canada), posing risk to 
local populations that harvest these traditional food items 
(AMAP, 2009). the majority of anthropogenic mercury 
in the Arctic environment is considered to originate from 
emissions in industrialized areas to the south, particularly 
from eurasia (Pacyna et al., 2006). Atmospheric trans-
fer is facilitated by the long atmospheric residence time 
of mercury (up to 1.5 years) (Lindberg et al., 2007). Arctic 
lakes receive hg through wet and dry deposition, as well 
as runoff from the surrounding catchments (Muir et al., 
2009; Gantner et al., 2010). Anthropogenic emissions have 
doubled the background concentrations of hg in northern 
Quebec lakes (Muir et al., 2009). once in lakes, hg is meth-
ylated by microbial communities in sediments and anoxic 
lake bottom waters, and it enters the food web, where it is 
biomagnified along trophic levels. Catchments can also 
influence hg concentrations in char; large catchments sur-
rounding small lakes yield greater hg concentrations in 
char (Gantner et al., 2010). Lake Pingualuk, widely lack-
ing this catchment influence, represents a unique oppor-
tunity to determine anthropogenic hg concentrations in 
arctic char, which (theoretically) must originate solely from 
atmospheric deposition to the lake itself. 

Perfluorinated chemicals have been detected world-
wide in humans, in wildlife, and in the global environ-
ment, including remote locations such as the high Arctic 
(Martin et al., 2004; houde et al., 2006; stock et al., 2007; 

young et al., 2007). these persistent, human-made sub-
stances have been used over the last 50 years in an array 
of industrial and commercial products such as cosmet-
ics, and water and grease repellent coatings for fabrics and 
food packaging (e.g., 3M: “scotch Gard”, duPont: “zonyl”) 
(kissa, 2001). however, unlike legacy PoPs that accumu-
late in lipid-rich tissues, PFCs bind to blood proteins and 
are found mainly in the liver, kidneys, and bile secretions. 
the two most widely studied PFCs globally have an eight- 
carbon backbone: perfluorooctanoate (PFoA) and perfluoro- 
octane sulfonate (PFos). Both PFos and PFoA are the 
final degradation products of volatile precursors that are 
subject to long-range atmospheric transport to the Arctic 
(table 1; stock et al., 2007; young et al., 2007). An alter-
native pathway that would explain their presence in remote 
regions is via oceanic transport, as suggested by several 
groups (yamashita et al., 2005, 2008; Prevedouros et al., 
2006). PFCs with eight or more carbons have a tendency to 
bioaccumulate and biomagnify through food webs (tomy et 
al., 2004; houde et al., 2006; Conder et al., 2008), and fish 
consumption has been identified as a contributing source 
of PFCs to human populations (Falandysz et al., 2006; 
Gulkowska et al., 2006). toxicological studies have demon-
strated that these anthropogenic contaminants could have 
an impact on human and wildlife health (Lau et al., 2007).

MAteriALs ANd Methods

Detection Limits for PFCs

instrument detection limits (idLs) were defined as three 
times the signal-to-noise ratio for the lowest standard on the 
calibration curve divided by the volume or the mass of the 
sample analyzed. idLs of the different compounds ranged 
from 1 to 11 pg g-1 for fish and from 0.1 to 0.9 pg L-1 for 
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the water (tables 2 and 3). Method detection limits (MdLs) 
were defined as three times the standard deviation of the 
mean blank divided by the volume or the mass of the sam-
ple analyzed (table 2). Because the PFC levels in the lab 

tABLe 2. Mean recoveries (sd) of 13C-labelled internal standards 
from fish and water. results are from Veillette et al. (in press) 
because fish and water samples were analyzed at the same time as 
those from Pingualuk and LaFlamme Lakes.

Analyte Fish (n = 56) Water (n = 29)

PFhxs na1  180 (23)
PFos 84 (29) 123 (19)
PFoA (C8) 122 (35) 102 (16)
PFNA (C9) 92 (29) 54 (9)
PFdA (C10) 71 (25) 88 (13)
PFunA (C11) 71 (25) 72 (19)
PFdoA (C12) 48 (26) 55 (13)
6:2 PFuA na 56 (22)
8:2 PFuA na 63 (31)
10:2 PFuA na 43 (29)

 1 na = not analyzed. 

tABLe 3. range of PFC concentrations and percent of samples with detectable PFCs, along with instrument detection limit (idL) and 
method detection limit (MdL) for fish and water samples. 

 Fish (pg g-1)  Pingualuk char (n = 20) Laflamme char (n = 9) Water (pg L-1)
 idL MdL range % detected range % detected idL MdL Pingualuk (n = 1)

PFBs 11.0 11.0 < 11 0 < 11 0 0.9 0.8 6.4
PFhxs 2.8 2.8 < 2.8 – 26 19 < 2.8 0 0.2 0.7 3.1
PFhps 6.0 6.0 < 6.0 0 < 6.0 0 0.5 0.3 0.8
PFos 6.0 6.0 < 6.0 – 48 86 < 6.0 – 55 56 0.5 14.5 28
PFds 3.0 3.0 < 3.0 0 < 3.0  –  4.0 33 0.2 1.0 1.8
PFhxA (C6) 2.5 2.5 < 2.5 – 34 5 < 2.5  0 0.2 16.3 30
PFhpA (C7) 2.5 2.5 < 2.5 – 40 90 < 2.5 – 52 56 0.2 16.3 33
PFoA (C8) 1.3 1.3 < 1.3 0 < 1.3 – 19 33 0.1 15.3 62
PFNA (C9) 1.2 1.2 < 1.2 – 6 5 < 1.2 – 23 22 0.1 9.0 32
PFdA (C10) 1.4 1.4 < 1.4 – 24 90 < 1.4 – 19 78 0.1 6.6 25
PFunA (C11) 1.0 1.0 < 1.0 – 31 24 < 1.0 – 114 67 0.1 3.4 30
PFdoA (C12) 1.2 1.2 < 1.2 – 25 33 < 1.2 – 13 33 0.1 3.6 2.9
PFosA 1.1 1.1 < 1.1  –  8.0 14 < 1.1 – 14 56 0.1 1.0 3.8
6:2 PFuA 4.2 4.2 < 4.2 0 < 4.2 0 0.3 4.4 4.7
8:2 PFuA 1.0 1.0 < 1.0 – 1.0 10 < 1.0  –  2.0 67 0.1 1.5 5.3
10:2 PFuA 1.0 1.0 < 1.0 – 2.0 29 < 1.0 0 0.1 1.5 0.1
ΣPFCs (mean)   28  64    
ΣPFCs (range)   < 10 – 87  < 10 – 179    total = 269

tABLe 1. Nomenclature of PFCs.

Compound Acronym Number of carbons

Perfluorocarboxylates (PFCAs):
 perfluorohexanoate PFhxA C6
 perfluoroheptanoate PFhpA C7
 perfluorooctanoate PFoA C8
 perfluorononanoate PFNA C9
 perfluorodecanoate PFdA C10
 perfluoroundecanoate PFunA C11
 perfluorododecanoate PFdoA C12
 perfluorotridecanoate PFtrA C13
 perfluorotetradecanoate PFtA C14

Perfluorosulfonates (PFSAs):
 perfluorobutane sulfonate PFBs C4
 perfluorohexane sulfonate PFhxs C6
 perfluoroheptane sulfonate PFhps C7
 perfluorooctane sulfonate PFos C8
 perfluorodecane sulfonate PFds C10
 perfluorooctane sulfonamide PFosA C8

Unsaturated Fluorotelomer Acids:
 2h-hexadecafluoro-2-octenoicacid 6:2 PFuA 
 2h-hexadecafluoro-2-decenoicacid 8:2 PFuA 
 2h-octadecafluoro-2-dodecenoicacid 10:2 PFuA 

blanks were low, it was possible to calculate MdLs for all 
compounds in the water sample (MdLs: 0.3 – 16.3 pg L-1). 
Lab blanks for fish analysis typically had non-detectable 
analyte concentrations, and therefore idLs were used as the 
MdLs. Values less than idLs were reported as non-detecta-
ble (nd). All reported concentrations were blank-subtracted 
with the mean lab blank values. For the calculation of the 
means, nd values were treated as idLs.
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APPeNdix 2: ArCtiC ChAr GeNetiCs

iNtroduCtioN

Genetics Endpoints

Major histocompatibility (Mh) receptors present path-
ogen-derived peptides to t-lymphocytes, which then initi-
ate an immune response (dixon and stet, 2001). there are 
two types of Mh receptors present in most jawed verte-
brates, Mh Class i and Mh Class ii. the latter are com-
posed of two subunits: Class ii α and Class ii β. the second 
exon of the genes encoding these molecules encodes the 
α 1 and β 1 domains, respectively. these form the groove 
in the receptor that binds to the pathogenic peptides, the 
peptide binding region, and are highly variable in sequence 
(Goldsby et al., 2000).

Mh receptors are very polymorphic at the population 
level because of the large number of potential pathogens 
that may be encountered (Grimholt et al., 2003). thus, pop-
ulations that confront similar pathogens carry common pat-
terns in their Mh alleles, while populations that encounter 
different pathogens accumulate different allele composi-
tions (Bonneaud et al., 2006), and a large number of dif-
ferent alleles can be maintained within a given population 
(Messaoudi et al., 2002). therefore, the set of Mh alleles 
within distinct populations arises from genetic background 
of the founding population as a result of selective pressure 
by pathogens in their environment (de eyto et al., 2007). 
this selection can happen rapidly, making Mh allele stud-
ies useful in cases of recent population divergences, like 
that of Pacific salmonids (Miller et al., 2001) or, as in this 
study, arctic char.

MAteriALs ANd Methods

Major Histocompatibility Complex

Major histocompatibility (Mh) allele analyses were 
used to infer genetic relationships of the arctic char popu-
lations of Pingualuk and Laflamme Lakes, as it has been 
proven to be useful in cases of recent population diver-
gences, like Pacific salmonids (Miller et al., 2001). For 
amplification of Mh class ii β exon 2, the following prim-
ers were used for cloning the initial PCr products: P1 
(5 – GAtACtCCtCAAAGGACCtG – 3′) and P3 (5′-tCAt-
ACtGtAAtGkCACtAC-3′), which should amplify an 
approximate product of 300 bp, including all of exon 2 and 
part of intron 2. the PCr amplicons were separated by 
agarose electrophoresis in a 1% gel to verify size and then 
extracted directly from the gel using GeneluteAgarose 
spin Columns (sigma-Aldrich, st Louis, Missouri). the 
fragments were inserted in pGeM-t vectors as per manu-
facturer instructions (Promega Corporation, Madison, 
Wisconsin). xL-blue strains of E. coli bacteria were made 
competent by washing them twice and then re-suspending 

them with thawing buffer (10 mM PiPes, 15 mM CaCl-
2h2o, 250 mM kCl, 55 mM MnCl2-4h2o, ph 6.7). the 
bacteria were transformed by the inoue procedure (sam-
brook et al., 2001) and grown in LB plates with ampicillin 
(100 μg/ml) plus 1 μM iPtG and 100 μg/ml x-gal. eight 
to twelve white colonies were selected and grown in LB 
media. 

For amplification of the products to be analyzed by dena-
turing gradient gel electrophoresis (dGGe), the primers 
used were P, as used above, and P2 (5′-CGGGCGGGGGCG-
GCGGGCCGGGCGCGGGGCGCGGCGGGCGCCAG-
tACGGCGCtGtAG), which amplifies 191 bp of exon 2. 
Amplifications were performed in a PJ 200, in 30 μl PCr 
reaction mixture containing 150 ng of dNA template, 30 
pmol of each of the primers, 1× PCr reaction buffer, 30 µm 
dNtP and 0.21 units taq polymerase (Fisher scientific). 
PCr conditions were as follows: denaturation for 2 min at 
95˚C, followed by 35 cycles of denaturation for 30 s at 95˚C, 
annealing for 30 s at 57˚C and primer extension for 1 min at 
72˚C. the final extension was for 5 min at 72˚C. PCr prod-
ucts resulting from amplification with P1 and P2 were run 
on 8% 19:1 acrylamide:bisacrylamide parallel dGGe gels 
containing 1× tAe buffer and a 20 – 45% gradient of urea 
and formamide at 60 V for 15.5 h (Bio-rad Laboratories, 
richmond, California).

only the alleles that differed between samples were 
selected for dNA sequencing in order to avoid redundan-
cies. those plasmids selected for sequencing were extracted 
from the grown bacteria using Gen elute Plasmid Mini-
prep kit (sigma-Aldrich, st Louis, Missouri) according to 
manufacturer instructions, and sequenced using the t7 and 
sp6 primers with a big dye terminator v3.1 (Applied Bio-
systems, Foster City, California) in a 3130xl Genetic Ana-
lyzer (Applied Biosystems, Foster City, California). Alleles 
were named according to the convention for naming Mh 
alleles (klein et al., 1990): the first two letters of the genus 
and species are combined (Saal for char and Sana for lake 
trout), followed by dAB, indicating that they are alleles 
of beta chain (B) of the first gene (A) Mh class ii (d), fol-
lowed by a four digit number, in which the first two digits 
designate the allele family, while the second two indicate 
the allele number within the family (e.g., *0101, first allele 
in the first family).

Bioedit (hall, 1999) was used to define the open read-
ing frames and to translate dNA sequences into protein 
sequences. Phylogenetic trees were constructed using the 
neighbor-joining method (Nei and Gojorobi, 1986) with 
MeGA 4 software. Arlequin 3.01 software was used to cal-
culate the pairwise F-statistics (Fst).

mtDNA

A total of 30 fish tissue samples, 21 from Pingualuk 
Lake and 9 from Laflamme Lake, were analyzed for spe-
cies identification and mitochondrial dNA sequence vari-
ation. total dNA from the tissue samples was extracted 
using the dNeasy® tissue kit (Qiagen inc.) according 
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to manufacturer’s instruction. the mitochondrial con-
trol region was PCr amplified and sequenced follow-
ing the methods described in Alekseyev et al. (2009). For 
the 30 fish samples from Pingualuk and Laflamme Lakes, 
along with additional reference sequences, a 507 base pair 
sequence was analyzed for variability with the program 
seqscape® software version 2.5 (Applied Biosystems Foster 
City, California). Mitochondrial dNA sequences (table 1) 
were compared to sequences from other studies of species 
in various geographic locations (table 2). included in the 
comparison were representative samples from the major 
phylogeographic groups reported in Brunner et al. (2001). 
Lake trout identification was verified by sequence compari-
son to lake trout reference samples from previous studies 
(J. reist and r. Bajno, Freshwater institute, Winnipeg, 
Manitoba, unpub1. data), and brook trout sequences (not 
shown). A uPGMA tree was constructed using maximum 
composite likelihood model bootstrapped using 1000 rep-
lications with MeGA4 (tamura et al., 2007) to summarize 
the relationship between observed haplotypes.

resuLts ANd disCussioN

MH

A total of 41 alleles of arctic char Mh Class ii β were 
found in the 30 individuals examined from Laflamme 
and Pingualuk Lakes. Among them, the population from 
Laflamme Lake had 16 unique Class ii β alleles and the 
population from Pingualuk had 24 unique alleles. A single 
allele, Saal-dAB*0402, was the only one shared between 
the two populations. F-statistic analysis of population allele 
compositions revealed a significant difference between the 
two populations (Fst = 0.18879, p < 0.001). A phylogenetic 
analysis of the two populations showed that alleles from 
each lake clustered together with high bootstrap values 
(> 75%) in seven of nine cases (Fig. 1). Where clusters con-
tain sequences from both lakes (i.e., Saal-dAB*2601 and 
cluster ii) the bootstrap value is low and the branch lengths 
are long, suggesting that the relationship between the alleles 
is ancient and probably predates the split of the two popula-
tions. these distinct clusters support the Fst analysis. two 
lake trouts were collected from Laflamme Lake. only three 
of the 41 char alleles found in Laflamme and Pingualuk 
Lakes were shared with alleles found in other char popu-
lations, and two of those alleles were found in the nearby 
Lake Aigneau population (ungava peninsula, Quebec) (P. 
Conejeros, university of Waterloo and Catholic university 
of Valparaiso, Chile, unpubl. data). it is interesting to note 
that one of the alleles shared with other populations was 
Saal-dAB*0402, the allele that both populations shared, 
which was by far the most frequently found sequence (21 of 
86 sequences obtained).

the two populations share only a single allele (Saal-
dAB*0402), which was the most common, found in 2 of 7 
Lake Laflamme individuals and 15 of 23 individuals from 

Pingualuk. this allele, shared only with the char population 
in Aigneau Lake, is one of three alleles shared with other 
char populations. the second shared allele was found in 
the populations of the de la trinité river in southern Que-
bec, while the third was found in the Aigneau population 
and the distant population in resolute, Cornwallis island, 

tABLe 1. sequence results for Pingualuk and Laflamme samples. 
see Figure 2 for sequence data.

sample id# haplotype species

PiN07-01 ArC19 S. alpinus
PiN07-02 ArC19 S. alpinus
PiN07-03 ArC19 S. alpinus
PiN07-04 ArC19 S. alpinus
PiN07-05 ArC19 S. alpinus
PiN07-06 ArC19 S. alpinus
PiN07-07 ArC19 S. alpinus
PiN07-08 ArC19 S. alpinus
PiN07-09 no data unknown
PiN07-10 ArC19 S. alpinus
PiN07-11 ArC19 S. alpinus
PiN07-12 ArC19 S. alpinus
PiN07-13 ArC19 S. alpinus
PiN07-14 ArC19 S. alpinus
PiN07-15 ArC19 S. alpinus
PiN07-16 ArC19 S. alpinus
PiN07-17 ArC19 S. alpinus
PiN07-18 ArC19 S. alpinus
PiN07-19 ArC19 S. alpinus
PiN07-20 ArC19 S. alpinus
PiN07-20a ArC19 S. alpinus
LAF07-01 ArC19 S. alpinus
LAF07-02 ArC19 S. alpinus
LAF07-03 ArC19 S. alpinus
LAF07-04 ArC19 S. alpinus
LAF07-05 ArC19 S. alpinus
LAF07-06 ArC19 S. alpinus
LAF07-07 eLt01 S. namaycush
LAF07-08 eLt01 S. namaycush
LAF07-09 ArC19 S. alpinus

tABLe 2. reference samples, locations, and haplotypes identified 
in this study. haplotype sequence information is reported in 
Figure 2. Genbank accession numbers are given for samples 
reported in Brunner et al. (2001) and for haplotype sequences 
previously described in Alekseyev et al. (2009). 

species Location haplotype Genbank
   
S. alpinus Nalusiaq Lake, Baffin island ArC19 eu310899
S. alpinus Lake Aigneau, Quebec ArC19 eu310899
S. alpinus Beverly inlet, Melville island ArC19 eu310899
S. alpinus Parker river, Banks island ArC19 eu310899
S. alpinus Lake hazen, ellesmere island ArC19 eu310899
S. alpinus kasegalik Lake, Belcher island ArC19 eu310899
S. alpinus Cambridge Bay, Victoria island ArC19 eu310899
S. alpinus Gander Lake, Newfoundland e13A 
S. alpinus Floods Pond, Maine ACd09 eu310898
S. alpinus Loch rannoch, scotland e39A 
S. malma rat river, yukon Ber12 eu310902
S. malma Nome river, Alaska e31A 
S. alpinus thun Lake, switzerland AtL01 AF297991
S. alpinus Goltsovoe Lake, Baikal region siB04 AF298012
S. alpinus Lac rond, Quebec ACd04 AF298048
S. alpinus hall Lake, Melville Peninsula ArC06 AF298032
S. alpinus Charr Lake, Cornwallis isl. ArC10 AF298036
S. alpinus river near isorto Fiord, Greenland ArC15 AF298041
S. malma Auke Creek, Alaska Ber9 AF298026
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Nunavut (P. Conejeros, university of Waterloo and Catholic 
university of Valparaiso, Chile, unpubl. data). since only 3 
of 41 alleles are shared, the data are insufficient for a defini-
tive analysis. 

mtDNA

the results of the mitochondrial sequence data for Pin-
gualuk and Laflamme samples are reported in table 1 and 
Figure 2. All fish except one (PiN07-09) were successfully 
analyzed for mitochondrial dNA sequence data. sequences 
were edited, aligned and compared to the reference 

haplotype (ArC19, table 2). this haplotype appears to be 
fairly common throughout the Canadian range of arctic 
char. the genetic relationship among haplotypes is shown 
in Figure 2. the sequences for LAF07-07 and LAF07-08 
were identical to haplotype sequences found in lake trout 
samples from George Lake, MB, and Lake Quamutis-
siat, QC (data not shown). the position of ArC19 within 
the uPGMA tree was expected and is consistent with the 
Arctic phylogeographic group reported by Brunner et al. 
(2001). the lake trout haplotype eLt01 was expectedly out-
side of the char clusters.
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