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The common blue mussel (Mytilus edulis) was introduced to British Columbia, Canada, in the 1980s as an aqua-
culture alternative to native mussel species. Since then, the mussel industry in Pacific Canada has expanded and
includes operations utilizing traditional methods of broodstock selection based on visual qualitative and quanti-
tative traits. The impacts of hatchery propagation on genetic diversity and implications for animal fitness have
been previously studied for other aquatic species, and this study further examines the effect of hatchery produc-
tion on threeM. edulis aquaculture populations in relation to a wild originator population. Prior to microsatellite
genetic analysis, animalswere identified to species usingnuclearmarkers andwere found to contain varyingpro-
portions of pureM. edulis aswell as other pure species and hybrids from the ‘Mytilus edulis complex’. Subsequent-
ly sevenmicrosatellitemarkerswere used to genotype 166 pure adultM. edulis individuals, all of which exhibited
high levels of polymorphism. Allele frequencies atmultiple loci did not conform toHardy–Weinberg expectations
and substantially less genetic diversity and very low effective population size estimates (Ne, calculated from link-
age disequilibrium) were observed in farmed populations compared to the wild reference population. All popu-
lations were found to be genetically distinct based on FST estimates. Mean allelic richness was approximately
three times higher in the wild reference population than the three farmed populations (21 compared to 7.51,
7.91 in the two populations selecting for size and 8.24 in the population selecting for a colour morph). Observed
heterozygositywas not significantly decreased in the cultured colourmorph population, butwas significantly dif-
ferent in the two other culture populations in comparison to the wild group. Reduced genetic diversity of the
aquaculture populations is likely at least partially due to small effective breeding groups during hatchery propa-
gation, creating genetic drift over successive generations. Speculations about the influence of broodstock selec-
tion practices are tentative and should be addressed in further temporal studies. These results indicate the
need for the effective management of hatchery operations, the importance of rigorous site inventory, genetic
broodstock characterization, and that ideally pedigree programs should be developed to help maintain healthy
and productive shellfish culture populations with adaptive fitness capacity.
Statement of relevance: Hatchery methods impact species purity and genetic diversity.
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1. Introduction

On the Pacific coast of North America, in British Columbia (BC) Can-
ada, there are fourMytilus species of marinemussels; the nativeMytilus
trossulus (or bay mussel) and M. californianus (California mussel), as
well as two non-native cultured species M. edulis (blue mussel) and
M. galloprovincialis (Mediterranean mussel). Mytilus trossulus, M.
galloprovincialis and M. edulis are considered together as the ‘Mytilus
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edulis species complex’; they are phenotypically similar and are
known to hybridize readily (Shields et al., 2008), hence geneticmethod-
ologies are needed to reliably distinguish individual species or hybrids
(Heath et al., 1995). Whilst there have been introductions of the non-
native species for aquaculture purposes in BC since an initial transfer
in 1987, Heath et al. (1995) speculated that other sources of entry
may have occurred through ballast water or hull-fouling, or that these
species may have been present in BC for a considerable time period
and were not previously accurately identified (N. Bourne, Fisheries
and Oceans Canada, pers. comm.).

Intentional introductions ofM. edulis occurred due to difficulties cul-
turing the native M. trossulus in the 1980s, including post-spawning
mortalities (Bower, 1989; Emmett et al., 1987) and shell breakages in
market processing. Likewise, culture ofM. californianuswas not pursued
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due to very strong byssus attachments and tough meats, making it an
undesirable product from a culture standpoint (B. Kingzett, Vancouver
Island University, pers. comm.). Fisheries and Oceans Canada developed
amussel aquaculture program in 1987, whenM. edulis broodstockwere
intentionally introduced to BC from Prince Edward Island (PEI) (Bill
Heath, BC Ministry of Forests, Lands and Natural Resource Operations,
pers. comm.). This initial introduction is believed to have been the base
broodstock population for a number of aquaculture operations in BC, in-
cluding those sampled in this study. Since that time, aquaculture oper-
ations have undertaken traditional selective M. edulis breeding
programs for different visual qualitative and quantitative traits, such
as colour morphs and larger size, but no pedigree-assisted broodstock
programs are currently being employed.

Artificial selection in domesticated aquatic and terrestrial animals is
an established practice to increase desirable traits in offspring such as
growth rate, disease resistance, and marketability, but the majority of
aquaculture operations do not genetically manage their populations to
maintain diversity, which could have long-term adaptive benefits
(FAO, 2008). Hatchery propagation methods can create small effective
population sizes (Beaumont et al., 2010; Hedgecock and Sly, 1990)
due to the high variation in the number of effective breeders contribut-
ing to progeny, and has been observed in shellfish populations (Boudry
et al., 2002; Gaffney et al., 1993). This will limit the genetic variation
available for the offspring (Hedgecock et al., 2007) and will increase
the effects of random genetic drift. Domestication of aquatic stocks
over generations will also alter a population gene pool (Aho et al.,
2006) by selecting for genetic variants able to exploit hatchery culture
conditions. Over time, this can create a markedly different population
to thewild originator (FAO, 2008) andmay cause deleterious phenotyp-
ic effects, such as reduced performance and viability in non-hatchery
settings (Beaumont and Hoare, 2003). In bivalve aquaculture the
broodstock are either collected from the wild and are therefore geneti-
cally ‘replenished’ annually, or from a cultured population where a
broodstock program may be employed, such as may be the case for
non-native aquaculture species. Selective breeding programs canmain-
tain genetic diversity and have proven successful in increasing yield and
growth rates in many species of bivalves including the Pacific oyster
Crassostrea gigas (Langdon et al., 2003), hard shell clam Mercenaria
mercenaria (Hadley et al., 1991), Catarina scallop Argopecten circularis
(Ibarra et al., 1995; Ibarra et al., 1999) and bay scallop Argopecten
irradians irradians (Zheng et al., 2012; Zheng et al., 2006; Zheng et al.,
2008; Zheng et al., 2004).

The aims of this study are to compare neutral genetic diversity at
DNAmicrosatellite markers inM. edulis from three aquaculture popula-
tions in BC and one wild reference population from PEI, to gain insight
into if and how hatchery propagation methods may have altered pat-
terns of genetic diversity within farmed populations. Genetic diversity
in farmed populations may be affected by random genetic drift caused
by hatchery methods, trait selection, and/or a past population bottle-
neck. While we requested only pure M. edulis individuals from mussel
hatcheries for our analysis, we tested to confirm species and discovered
the presence of hybrid and non-M. edulis individuals in these farmed
stocks. Thus an additional aim of our study became to determine the
species composition of the farmed populations and provide possible ex-
planations for the occurrence of hybrids. Genetic diversity analysis was
only performed on genetically confirmed pureM. edulis individuals. Re-
sults are interpreted in the context of their implications for subsequent
mussel aquaculture in BC.

2. Materials and methods

2.1. Sample collection and DNA extraction

Marine mussels were collected from the licensed field tenures of
three different aquaculture populations in British Columbia (BC); Blue
Frontier Adventures Inc. (BFA) (50°09′30.68″N, 125°11′28.37″W),
Island Sea Farms (ISF) (50°03′01.21″N, 124°59′26.64″W) and Taylor
Shellfish Canada (TSC) (49°59′57.64″N, 124°42′51.44″W). At the time
of sampling, the hatchery propagation strategies of the three farmed op-
erations were as follows: BFA were breeding the F13 generation of a
blond colour morph of M. edulis; ISF were culturing M. edulis and M.
galloprovincialis, as well as producingM. edulis –M. galloprovincialis hy-
brids and use these as broodstock lines for subsequent seed generation;
and TSC were collecting M. edulis broodstock from operations in
Okeover Inlet BC, generating seed in a hatchery with seed juveniles
on-grown in BC. Each of these aquaculture on-growing operations is lo-
cated in nearshore coastal zones and all animals are cultured on ropes
suspended from rafts or longlines. All samples provided for analysis
were phenotypically identified by aquaculture operators as pure M.
edulis individuals, regardless of other broodstock operations, such as hy-
brid development, thatmay be occurring by the same operator. Samples
provided were also from the same hatchery cohorts, according to the
author's knowledge. Reference wild populations were collected from
two locations in Prince Edward Island; North London (46°28′10.52″N,
63°30′49.48″W) and Murray River (46°00′29.39″N, 62°31′23.48″W).
These two reference populations are derived from wild seed inputs
and combined to form one genetically diverse wild reference group,
whereas all the above aquaculture populations are derived from hatch-
ery-generated individuals. Laboratory processing of samples beganwith
excision of a piece of mantle tissue and preservation in 96%
undenatured ethanol for subsequent DNA extraction, which was done
using Qiagen DNeasy® preparation kits.
2.2. Species identification

Morphologically based species identification is not possible for the
M. edulis species complex so previously developed molecular methods
were used for species identifications. Known M. edulis, M.
galloprovincialis and M. trossulus standards were obtained from the Pa-
cific Biological Station, Fisheries and Oceans Canada in Nanaimo, BC
(courtesy R. Withler) and were used as positive controls. DNA frag-
ments were PCR-amplified, and individuals identified to species level
using the following four co-dominant marker loci. All PCR reactions
were 25 μL in volume and contained 1.5 μL DNA, 10 pmol each forward
and reverse primer, 200 μM dNTPs, 0.65 U HotStar™ Taq polymerase
(QIAGEN) in 1 × reaction buffer. A PCR-RFLPmethod based on the inter-
nal transcribed spacer region of ribosomal DNA (ITS) developed by
(Heath et al., 1995) was used to discriminate M. trossulus from M.
edulis/M. galloprovincialis using the following cycling conditions: initial
denaturation at 95 °C for 15 min, followed by 35 cycles 94 °C for
1 min (denature), 50 °C for 1 min (annealing), 70 °C for 2 min (exten-
sion), with a final elongation step of 70 °C for 5 min. PCR products
were digested with HhaI (New England Biolabs). Glu-3′ and Glu-5′
markers amplify different segments of the polyphenolic adhesive byssal
thread protein and can identify all three Mytilus species (Rawson et al.,
1996).Glu-3′was amplified using primers JH-4 and PR-8 (Rawson et al.,
1996), but modified so that JH-4 was labelled with a HEX tag and PR-8
with a poly-A tail, using the following thermal cycling conditions: initial
denaturation of 95 °C for 15 min, followed by 30 cycles of 94 °C for 30 s
(denaturation), 52 °C for 30 s (annealing), 72 °C for 30 s (extension),
with a final elongation step of 70 °C for 5 min. The same cycling condi-
tions were used to amplify Glu-5′ using primers JH-5 and JH-54
(Rawson et al., 1996), modified by the attachment of a 6-FAM fluores-
cent tag to the 5′ end of JH-5 and the addition of a poly-A tail to the 5′
end of JH-54. The fourth marker, Mytilus Anonymous Locus-1 (Mal-1)
can discriminate M. trossulus from M. edulis/M. galloprovincialis
(Rawson et al., 1996), and was amplified with a cycling protocol of: ini-
tial denaturation of 95 °C for 15 min, followed by 35 cycles of 94 °C for
30s (denaturation), 54 °C for 1 min (annealing), 70 °C for 1 min (exten-
sion), with a final elongation step of 70 °C for 5 min. PCR products were
digested with SpeI (New England Biolabs).
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Depending on the marker, digested or undigested PCR products
were visualized using DNA 7500 Agilent chips (Cat. No. 5067-1506),
analysed using the 2100 Agilent Bioanalyzer, and identified to species
or hybrid complex based on fragment lengths compared to known stan-
dards and according to published methods. Additional TSC samples
were required to produce sufficient M. edulis for later genotyping and
only those individuals confirmed to be pure M. edulis from all popula-
tions were used in subsequent genotyping studies. The type of species
and species composition between the groups was compared using
Chi-squared analysis (χ2) in Excel and post-hoc Fisher Exact pairwise
analysis was used to determine statistically significant groupings using
Microsoft Office 2007.

2.3. Microsatellite genotyping of M. edulis

Samples were genotyped at seven previously isolated microsatellite
loci (Lallias et al., 2009). All loci were amplified using a single-reaction
nested PCR method using forward primers with fluorescently labelled
M13 tail attached to their 5′ ends (Schuelke, 2000). Reverse primers
were ‘PIG-tailed’ to improve scoring (Brownstein et al., 1996). All PCR
reactions were 10 μL in volume and contained 5–50 ng genomic DNA,
200 μMdNTP, 2 pmol each of fluorescently labelled M13 primer and re-
verse primer, 0.5 pmol of M13-labelled forward primer, and 0.5 U Plat-
inum Taq (Invitrogen) in 1× PCR amplification buffer. Reactions for loci
Med362, Med740, and Med747 contained 1.5 mM MgCl2, whereas for
Med367, Med379, Med733, and Med737, 1× PCRx Enhancer Solution
(Invitrogen) and 2.0 mM MgSO4 were used instead. All loci except
two specified below were amplified using the following ‘touchdown’
after a 3 min initial denaturation step at 95 °C: 30 s at 95 °C, 30 s at
62 °C to 54 °C (dropping 2 °C every two cycles), 30 s at 72 °C; followed
by23 cycles of 30 s at 95 °C, 30 s at 54 °C, 30 s at 72 °C, and onefinal cycle
of 10 min at 72 °C. Med367 was amplified using a similar touchdown,
except that only 5 touchdown cycles were used (from 65 °C to 53 °C
dropping 3 °C every cycle) and 30 cycles of annealing at 54 °C were
used. Med737 was amplified using 10 cycles of 30 s at 95 °C, 1 min at
63 °C, 1 min 72 °C; followed by 25more cycles with the annealing tem-
perature dropped to 53 °C, and ending with one final cycle of 10 min at
72 °C. PCR products were capillary electrophoresed using an ABI 3130xl
Genetic Analyzer. Data were analysed using GeneMapper v4.0 (Applied
Biosystems).

2.4. Microsatellite data analysis

MICRO-CHECKER v2.2.3 (Van Oosterhout et al., 2004) was used to
check for null alleles and scoring errors due to stuttering or large allele
dropout at each microsatellite locus in each population. Tests for
Hardy–Weinberg equilibrium (HWE) and linkage disequilibrium were
performed using GENEPOP (Raymond and Rousset, 1995), with the
dememorization number set at 1000 and the number of batches at
300 batches (2000 iterations/batch) for each test. Weir and
Cockerham's (Weir and Cockerham, 1984) inbreeding coefficient (f)
for each locus in each population was also calculated in GENEPOP
with significance values interpreted after Bonferroni correction formul-
tiple tests (Rice, 1989). At the population level, the inbreeding coeffi-
cient FIS was generated using an analysis of molecular variance
(AMOVA) (Excoffier et al., 1992) in Arlequin v3.5.1.2 (Schneider et al.,
2000) with significance testing by 1023 permutations. Descriptive di-
versity measures for each locus including allele number and observed
and expected heterozygosities were generated using GenAlEx v6.3
(Peakall and Smouse, 2006). Tests for population genetic structure on
a global and pairwise population basis were done using FST derived
fromanAMOVA, again using Arlequin software and 1023 data permuta-
tions. To ensure that results were not confounded by possible null al-
leles, FST estimates were generated using all loci and excluding the
four loci that deviated from HWE in the wild population, for which
some of the conditions required for HWE are more plausible (e.g. large
population size, randommating, and panmixia). For a visual representa-
tion of genetic patterns, a principal co-ordinates (PCO) analysis of
pairwise population FST values was performed (using GenAlEx).

Genetic diversity in wild and farmed mussels was examined in the
context of the hypothesis that farmed mussels may have lost diversity
through a population bottleneck associated with a founder event
when originally introduced to the West coast of Canada (from the East
coast), and/or through inbreeding effects associated with broodstock
selection. Either of these is expected to cause a significant reduction in
effective population size, which in turn is expected to cause a popula-
tion to lose substantial genetic variation, corresponding to a reduction
in allele number and heterozygosity at polymorphic loci (Chakraborty
andNei, 1977; Nei et al., 1975).We tested for heterozygosity differences
among all populations across all loci, with non-proportional heterozy-
gote and homozygote data, using a Cochran–Mantel-Haenszel (χ2

MH)
contingency test. This was followed by a generalized linear effects
model using the binomial family applied to observed non-proportional
heterozygote data to determine population differences, using R (version
2.11.1; R Development Core Team 2010). We used the method of
Cornuet and Luikart (1996) for detecting recent population bottlenecks
based on the expectation that bottlenecked populations experience a
transient phase whereby the observed heterozygosity is higher than
the expected heterozygosity at mutation-drift equilibrium (Piry et al.,
1999). A one-tailedWilcoxon signed rank test implemented in the pro-
gramBOTTLENECK (Piry et al., 1999)was used to test for heterozygosity
excess under the two-phasemutationmodel with the proportion of sin-
gle stepmutations set to 95% (as recommended by Piry et al. (1999) for
microsatellite data) and using 1000 data permutations. Tests were per-
formed separately on each population and after pooling the farmed
populations. As an alternative to using heterozygosity as the basis for
detecting low population sizes, evidence of a restricted number of
breeders in the hatchery propagated populations was assessed by esti-
mating effective populations sizes (Ne) in all four sampled populations
using the linkage disequilibrium method in NEESTIMATOR v2 (Do et al.,
2014). This method is based on the principle thatNe decreases as genet-
ic drift with few parents generates non-random associations among al-
leles at unlinked loci (Luikart et al., 2010). Ne estimates were generated
excluding alleleswith frequencies smaller than 0.02 to reduce bias relat-
ed to rare alleles (Waples and Do, 2008) and 95% confidence intervals
(CI) are reported.
3. Results

3.1. Species composition of sampled populations

All mussel samples were phenotypically identified by operators as
pure Mytilus edulis individuals at time of provision for analysis. It was
therefore assumed that all “M. edulis” farmed populations would con-
tain pure M. edulis individuals, but the sampled populations unexpect-
edly contained other pure species and hybrids from the ‘Mytilus edulis
complex’ in varying proportions, and therefore all individuals were ge-
netically identified to species. The four genetic markers used for molec-
ular species identification revealed that the only pure Mytilus edulis
population was the wild reference population from Prince Edward Is-
land. In addition to some pure M. edulis individuals, the aquaculture
populations also contained pureM. galloprovincialis, M. trossulus and hy-
brids (Table 1). The degree of hybridization and species observed
depended upon the population sampled. The BFA population contained
predominantly pureM. edulis individuals (98%) and a small percentage
of M. trossulus X M. edulis hybrids (2%). The ISF and TSC populations
contained 37% and 53% M. edulis X M. galloprovincialis hybrids, respec-
tively. Fisher's Exact pairwise analysis (Fisher, 1922) revealed highly
significant differences in the species composition observed between
the wild and BC aquaculture populations (p b 0.001). Specifically, the
PEI and BFA populations were significantly different from the ISF and



Table 1
Mytilus species composition based on genotype data (%) for thewild reference population
(PEI) and three B.C. aquaculture populations.

Population N

Pure species Hybrid species

M.e M.g M.t M.e:M.g M.e.:M.t

PEIa 100 100 0 0 0 0
BFAa 100 98 0 0 0 2
ISFb 100 58 5 0 37 0
TSCc 100 32 15 0 53 0

(M.e = M. edulis, M.g = M. galloprovincialis, M.t = M. trossulus, PEI = Prince Edward Is-
land, BFA=Blue Frontier Adventures Inc., ISF= Island Sea Farms and TSC=Taylor Shell-
fish Canada). Letters denote statistically significant groupings following Fisher exact
pairwise analysis tests.
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TSC populations (Table 1). In addition, therewere significant differences
in population species composition between the ISF and TSC populations.

3.2. Microsatellite analyses of M. edulis

The seven microsatellite loci analysed here exhibited high levels of
polymorphism; the number of alleles per locus across all populations
varied from 18 to 54, with allelic diversity within populations ranging
from 4 to 38 alleles per locus (Table 2). Several locus/population com-
parisons showed significant departures from HWE. Before Bonferroni
correction for multiple tests, 21 of 28 tests were statistically significant;
after the correction, 14 remained significant (Table 2). These large devi-
ations from HWE did indeed correspondwith highly significant FIS esti-
mates at the population level, as follows: PEI (FIS= 0.20, p b 0.0001), ISF
(FIS = 0.20, p b 0.0001), BFA (FIS = 0.10, p b 0.01), and TSC (FIS = 0.26,
p b 0.0001).

Heterozygosity analysis using a Cochran–Mantel-Haenszel test
found significant differences among populations (χ2MH = 36.526,
df=3, p b 0.0001). Further analysis using a generalized linearmixed ef-
fect model (binomial family) found that the BSF population (co-
Table 2
Estimates of the number of alleles per locus (NA), allelic richness (AR) and the expected (HE) a
confirmed Mytilus edulis mussels in British Columbia (N = sample size at each locus).

Population Med362

Locus

Med367 Med379

PEI N 43 47 44
NA 21 20 38
AR 17.64 15.91 29.3
HE 0.91 0.89 0.96
HO 0.51 0.81 0.93
f 0.45 0.1 0.04
p b0.001* 0.15 0.26

ISF N 45 43 41
NA 6 6 15
AR 6.00 5.92 13.61
HE 0.82 0.68 0.82
HO 0.8 0.35 0.81
f 0.03 0.49 0.03
p b0.05 b0.001* b0.05

BFA N 45 46 45
NA 9 6 13
AR 8.85 5.22 11.24
HE 0.84 0.61 0.85
HO 0.67 0.52 0.84
f 0.21 0.16 0.02
p b0.01 b0.01 0.2

TSC N 41 37 37
NA 8 6 15
AR 7.76 5.50 14.09
HE 0.77 0.65 0.9
HO 0.32 0.49 0.89
f 0.6 0.27 0.02
p b0.001* 0.2 b0.05

Population names are abbreviated as follows: Prince Edward Island (PEI), Island Sea Farms (
Cockerham's (1984) inbreeding coefficient, p values are from Hardy–Weinberg exact tests, * d
efficient = −0.2761, p = 0.1338) did not significantly differ in levels
of heterozygosity to the wild population, whereas both ISF (co-effi-
cient = −0.7367, p b 0.001) and TSC (co-efficient = −1.0473,
p b 0.001) did differ significantly. Plot analysis and Table 2 show that
TSC showed by far the lowest levels of heterozygotes at loci Me362,
Me740 and Me747 whereas ISF showed the lowest levels at loci
Me367 and Me733. There was no evidence of heterozygosity excess
(as evaluated by Wilcoxon signed ranks tests in BOTTLENECK) when
farmed populations were considered separately or together.

Results of MICRO-CHECKER indicated possible null alleles for 16 of
28 locus/population comparisons and cited an excess of homozygotes
as the reason for suspicion in all cases. All 14 of the locus/population
comparisons that yielded highly significant p values (i.e. p b 0.001) in
the HWE exact tests (see Table 2) were among those suspected as hav-
ing null alleles. MICRO-CHECKER also returned the TSC population at
Med367 and the BFA population at Med362 as possibly having null al-
leles. Scoring errors and large allele dropoutwere not implicated except
for in two of the 28 locus/population comparisons, which suggested
stuttering causing a scoring problem at locusMed733 in TSC population
and locusMed362 in the PEI population. However, we considered it un-
likely that a scoring error would manifest in only one of four popula-
tions genotyped.

Tests for linkage disequilibriumwere statistically significant for nine
out of 84 locus/population tests before Bonferroni correction (Rice,
1989). Five tests remained significant after correction, all of which
were in farmed populations: Med367/Med379 in all three farmed pop-
ulations and Med747/Med737 and Med733/Med362 in BFA. No evi-
dence of linkage disequilibrium was found for any of the locus pairs in
the wild PEI population here (or in a wild population from the Irish
Sea tested by Lallias et al. (2009)). Ne estimates indicated very small
contemporary effective population sizes in all three farmed populations
(ISF: Ne = 49, CI 31–95; BFA: Ne = 33, CI 24–49; TSC: Ne = 47, CI 27–
115) whereas there was no evidence of a limited population size in
the wild PEI population (Ne = ∞).
nd observed (HO) heterozygosities for 7 microsatellite loci in 4 populations of genetically

AverageMed733 Med740 Med747 Med737

46 46 45 34 43.6
13 20 42 27 25.9
11.46 16.02 32.03 24.75 21.02
0.85 0.86 0.92 0.94 0.9
0.28 0.8 0.73 0.71 0.68
0.67 0.07 0.25 0.27
b0.001* 0.33 b0.001* b0.001*
43 47 41 39 42.7
4 8 6 10 7.9
3.96 7.80 5.68 9.63 7.51
0.39 0.79 0.8 0.84 0.73
0.12 0.68 0.37 0.64 0.54
0.71 0.15 0.55 0.25
b0.001* b0.05 b0.001* b0.001*
44 46 44 39 44.1
5 7 12 11 9
4.51 6.55 10.80 10.54 8.24
0.66 0.79 0.83 0.86 0.78
0.21 0.89 0.52 0.8 0.64
0.7 0 0.38 0.09
b0.001* 0.31 b0.001* 0.19
36 36 30 28 35
7 8 6 8 8.3
6.46 7.64 5.93 8.00 7.91
0.64 0.7 0.77 0.83 0.76
0.36 0.33 0.23 0.71 0.48
0.44 0.54 0.71 0.15
b0.001* b0.001* b0.001* b0.05

ISF), Blue Frontier Adventures Inc. (BFA), Taylor Shellfish Canada (TSC). (f = Weir and
enotes significant p values after Bonferroni correction).



Table 3
Patterns of allele presence of genetically confirmedMytilus edulis samples, as indicated by
a symbol, or absence, as indicated by a blank space, at seven microsatellite loci in three
farmed and one wild (PEI) mussel population.
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Allelic diversity patterns in the three farmed populations in British
Columbia were similar to one another, but differed markedly from
those in the wild PEI population (Table 3), so for descriptive measures
of genetic diversity the three farmedpopulations are considered togeth-
er. Across all loci, the total number of alleles and the number of private
(i.e. population-specific) alleles were both much higher in the wild PEI
population than the three farmed populations combined, despite aver-
age sample size per locus being much lower in the former (44) than in
the latter (122) (Table 3). The allelic richness per locus in the wild PEI
population ranged from11.46 to 32.03, whereas that in the farmed pop-
ulations ranged from 3.96 to 14.09 (Table 2); indeed, the mean allelic
richness per locus was 21.02 for the wild population and 7.51 for ISF,
8.24 for BFA and 7.91 for TSC.

Higher allelic diversity at microsatellite loci in wild vs. farmed mus-
sels is consistent with expectations associated with a founder event, in-
breeding, and / or random genetic drift, all of which predict a loss of rare
alleles. Across all loci (Table 2), a total of 181 alleleswere detected in the
PEI population, 125 (69%) of which were private to this population,
compared to 56 alleles sampled from the three farmed populations
combined, 27 (48%) of which were private. We compared the frequen-
cies of alleles private to the wild population with the frequencies of
those that were shared with the farmed populations for evidence that
founder effects or random genetic drift may have eliminated low fre-
quency alleles in the latter. The mean frequency of alleles in wild mus-
sels from PEI that were also found in the farmed mussels in British
Columbia (0.062, n=56)was higher than themean frequency of alleles
unique to the wild population (0.028, n=125), and this difference was
highly significant (p b 0.001). Patterns of allele presence / absence
shown in Table 3 depict a much more continuous distribution of sam-
pled alleles at each locus in the wild compared to the farmed mussels.

FST estimates generated using only the three loci that were in HWE
in the wild population were remarkably similar to those generated
using all seven loci (i.e. including the other four loci that were not in
HWE in the wild population). The global FST across all loci and popula-
tions was 0.068 and 0.076 for the three-locus and seven-locus data
sets, respectively, both of which were highly statistically significant
(p b 0.0001). All pairwise population FST estimates generated from
both the three-locus and seven-locus data sets depicted highly statisti-
cally significant levels of genetic differentiation (p = 0.001; Table 4,
Fig. 1).

4. Discussion

This study sought to examine the impact of hatchery propagation
strategies on the genetic diversity of three aquaculture populations of
marine mussels, in comparison to a wild reference population. We ex-
pected all sampled populations to contain either totally pure or very
high proportions of pure Mytilus edulis; however, high proportions of
M. edulis × M. galloprovincialis hybrids were discovered. There may be
a number of factors influencing the species composition of these popu-
lations. Intuitively, it seems likely that the phenotypic similarity among
species in the M. edulis complex may have resulted in other species
being included as hatchery broodstock for subsequent juvenile
Table 4
FST estimates based on 3 microsatellite loci that were in HWE in the wild population
(above diagonal) and those based on all 7 loci (below diagonal). Each of the twelve
pairwise population comparisons gave highly significant p values (b0.001) based on
1023 permutations. All animals screened were confirmed as pure Mytilus edulis individ-
uals. (PEI=Prince Edward Island, ISF= Island Sea Farms, BFA=Blue Frontier Adventures
Inc., TSC = Taylor Shellfish Canada).

PEI ISF BFA TSC

PEI – 0.079 0.074 0.081
ISF 0.089 – 0.033 0.056
BFA 0.075 0.075 – 0.083
TSC 0.078 0.057 0.089 –
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Fig. 1. Principal coordinates analysis plot of pairwise population FST values for three
farmed populations (TSC = Taylor Shellfish Canada, ISF = Island Sea Farms, BFA = Blue
Frontier Adventures Inc.) and one wild population (PEI = Prince Edward Island) of
genetically confirmedMytilus edulis based on: (A) 3 microsatellite loci, all of which were
in HWE in the wild population; and (B) 7 microsatellite loci, four of which were not in
HWE in the wild population. See Table 2 for results of HWE tests per locus and Table 4
for FST values and significance testing.
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production. Other potential factors include differential adaptation to
hatchery conditions (FAO, 2008), varying survival of genotypes influ-
enced by genotype-environment interactions (Slatkin, 1973; Springer
and Heath, 2007) or the relatively high contribution to progeny of
some contributors (Hedgecock, 1994; Lallias et al., 2010). Such effects
would produce skewed broodstock species compositions and subse-
quent offspring, and be compounded over timewith successive genera-
tions. That ISF produces a hybridM. edulis:M. galloprovincialis line may
have contributed to that farm having the highest level of cross-species
hybridization in this study. The proportions of M. edulis, M.
galloprovincialis and M. edulis × M. galloprovincialis hybrids in the ISF
population conform to random mating expectations (χ2 goodness of
fit p = 0.96), rather than an excess of hybrids. This is consistent with
the tested lines not being purpose-generated hybrids as it suggests
that hybridization occurred randomly due to lines of both species
being co-cultured. The prevention of hybrid introgression into pure spe-
cies parental stocks can be a major challenge for aquaculture opera-
tions (FAO, 2008). A further study examining the potential excess
of hybrids in hybrid production lines would provide useful indicators
of the efficiency in hybrid generation, employing mitochondrial
markers to determine reciprocity and potential disruption in
mitotype regulation in persistently crossed populations.

Species in theMytilus edulis complex are known to readily hybridize,
and indeed non-native hybrid genotypes have been observed on the
east coast of Vancouver Island (Heath et al., 1995; Shields et al., 2010).
In the 1980s there were reports of M. edulis growing alongside
M. trossulus aquaculture lines, indicating that non-native species may
have been present in BCwaters for an extended period (N. Bourne, Fish-
eries and Oceans Canada, pers. comm.), but these observations were not
genetically confirmed.While environmental selection against hybrids is
believed to contribute to reproductive isolation in Mytilus species, the
selection for hybrid performance through the broodstock program
may have increased the hybrid stability (Springer and Heath, 2007),
perhaps also explaining the high numbers of hybrids in the ISF popula-
tion. However, the TSC population displayed the highest level of hybrid-
ization between M. edulis and M. galloprovincialis (53%), and does not
employ a hybrid breeding program, although both species are grown
at operation sites in BC so cross-contamination of lines may have oc-
curred. Blue Frontier Adventures Inc. are selecting for a ‘golden’ colour
morph ofM. edulis, but to date have not reached farm-scale production,
with golden colour mussels being maintained on a smaller scale.
Therefore subsequent broodstock generations may have had contribu-
tions of wild M. trossulus individuals (which also naturally display
‘blond’ colour morphs) through larvae settling upon broodstock rope
lines, which are then inadvertently used as broodstock. This may ac-
count for the small degree of M. edulis × M. trossulus hybrids (2%) ob-
served at that farm in this study, and it would be interesting to
determine if these proportions alter with full-scale production. Overall,
the very low levels of M. trossulus detected in all studied populations
highlights the successful preferential selection of the other species by
aquaculture operators. Another factor in the low levels of observed M.
trossulusmaybe a function of differential, and even asymmetric, gamete
compatibility within the M. edulis complex. Laboratory studies have
shown a strongmaternal effect betweenM. edulis andM. trossulus fertil-
ization success (Rawson et al., 2003), and pure species ofM. edulis and
M. galloprovincialis larvae were observed to grow faster than hybrid lar-
vae (Beaumont et al., 2004), which in combination with the routine
size-culling employed in shellfish hatcheries to select faster-growing
individuals (Taris et al., 2006) may then have assisted in maintaining
the level of pure species observed.

Although not the focus of the current study, there have been a num-
ber of studies examining the occurrence of different species within the
M. edulis complex in British Columbia over the past two decades, with
likely introductions through aquaculture and ship traffic (Crego-Prieto
et al., 2015; Heath et al., 1995; Heath et al., 1996; Shields et al., 2008;
Shields et al., 2010; Springer and Heath, 2007; Yanick et al., 2003).
With the routine exclusion of the native M. trossulus from aquaculture
operations in BC, shellfish culture can be a source of repeated introduc-
tions of non-natives to wild populations (Yanick, 2002). Numbers of
non-indigenous species have increased from 6.2% (Heath et al., 1995)
to 6.6% in 2005 in 2006 (Shields et al., 2010), to 8.7% in 2012 according
to the most recent study (Crego-Prieto et al., 2015). This creates hybrid
zones, where the different pure mussel species are found in close prox-
imity and can produce hybrid offspring. Genotype-environment inter-
actions can affect hybrid performance so if these hybrids were to
exhibit a significant fitness advantage then excessive hybrid zones
would have developed. However, the southern hybrid zone on Vancou-
ver Island (VI) has not extended to the north, likely due to physical dis-
persal barriers such as oceanographic and hydrographic features in the
Strait of Georgia (Shields et al., 2010). This implies that the hybrid zone
within southern VI is relatively stable (due to biological barriers such as
gamete incompatibility or spawning synchrony), and that in open areas
M. galloprovincialis has a higher probability of hybridization than M.
edulis (Crego-Prieto et al., 2015).

An excess of homozygotes was seen in over half of the locus / popu-
lation comparisons, and null alleles were often the suspected cause of
observed deviations from the Hardy–Weinbergmodel. Homozygote ex-
cess and null alleles is a common observation in bivalves in both
allozyme (Gaffney, 1994; Zouros and Foltz, 1984) and microsatellite
markers (Launey et al., 2002; McGoldrick et al., 2000; Reece et al.,
2004). No corresponding heterozygote excesswas observed, suggesting
no distortion of the microsatellite loci used (Reece et al., 2004). Signifi-
cant differences in heterozygosity between the wild and two of the
farmed populations were observed, as has been found in other shellfish
microsatellite (Li et al., 2004; Xiao et al., 2011) and allozyme (Smith and
Conroy, 1992) studies. Both the ISF and TSC populations visually select
broodstock for progeny generation based upon large size, not using ge-
netic trait selection or accounting for environmental interactions in an-
imals that have relatively short generational times, like mussels.
Overtime siblings may have inadvertently been used to produce proge-
ny. The initial founding effect of themussel introduction fromwhich all
these aquaculture populations originated followed by genetic drift dur-
ing hatchery propagation, may be causes for the differential decreased
heterozygosity of these two ‘quantitative’ populations.

All three aquaculture populations were significantly genetically dif-
ferentiated from the wild population they are thought to have arisen
from through a single introduction event in 1992 (Kenn Renaud, Blue
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Frontier Adventures Inc., pers. comm.). The reduction in the number of
alleles and rare alleles in the aquaculture populations is consistent with
a founder effect (Allendorf, 1986; Frost et al., 2006; Yu and Li, 2007) and
genetic drift in hatchery populations (Hedgecock and Sly, 1990). Indeed,
estimates of Ne based on linkage disequilibrium gave strong evidence
for a very small number of breeders in farmed populations (average
43). This method is thought to have similar power to the BOTTLENECK
test for heterozygosity excess for detecting population decline (Luikart
et al., 2010) the latter of which did not generate a signal in this data
set presumably due to homozygote deficiency potentially caused by
null alleles. Despite that the LD- Ne estimator is susceptible to potential
bias caused by other population-level processes (e.g. substructure, ad-
mixture; Luikart et al., 2010), it has been shown to be a precise way of
obtaining Ne for populations with b200 breeders (Waples and Do,
2010).

Without multigenerational analysis and details of broodstock
spawning, the role of selection or inbreeding can only be speculated at
this time. The BFA population selecting for the colour morph was not
found to have significantly different levels of heterozygosity compared
to the wild population. Allelic diversity is more sensitive to bottleneck
events than heterozygosity and therefore there is often delay until
measureable reductions in heterozygosity are observed (Xiao et al.,
2011). Routine size-culling operations in the hatchery may preserve
heterozygotic fitness through eliminating smaller inbred individuals
(Taris et al., 2007; Taris et al., 2006) andhatchery propagatedmarine bi-
valves have been observed to lose only allelic diversity (Carlsson et al.,
2006; Hedgecock and Sly, 1990; Yu and Guo, 2004). In addition, selec-
tion processes operating prior to their sampling as adult individuals
may preserve levels of heterozygotes (Bierne et al., 1998), with the se-
lection of animals that perform best in hatchery conditions (FAO, 2008).

In contrast to the ISF and TSC populations, where larger broodstock
individuals were visually ‘selected’ for progeny generation, the BSF op-
erationwas employing qualitative selection criteria (mussel shell colour
morph) and had the highest mean allele number, heterozygosity levels
comparable to the wild population and lowest FIS of all the farmed pop-
ulations. The initialM. edulis broodstock BSF population had 5% “blond”
individuals, which had increased to 99% by the F2 generation (Kenn
Renaud, Blue Frontier Adventures Inc., pers. comm.) indicating that the
colour morph was highly hereditary. Some report that discrete traits
such as colour polymorphism are related to few genes (Beaumont and
Hoare, 2003), such as the Manila clam Ruditapes philippinarum where
two major genes control the symmetry and ornamentation of observed
shell patterns, and in golden colour variation of the carp Cyprinus carpio
(Beaumont et al., 2010). The selection of rare blond individuals in this
casemay have imposed an especially severe bottleneck: this population
had the lowest effective number of breeders for the generation studied.
The number of initial broodstock that effectively contributed to the first
progeny is unknown.

We can only speculate about whether differences in qualitative ver-
sus quantitative hatchery propagation has led to differential domestica-
tion impacts on genetic structure. Broodstock selection for polygenic
production traits are controlled by numerous genes, and aquaculture
product desirable traits commonly include growth rate (Ward et al.,
2000), age at maturation, disease resistance and marketability
(Beaumont et al., 2010). As the ISF and TSC operations employ visual in-
dicators of production success, such as yield, growth survival and bysuss
thread strength, rather than comprehensive genetically-based pedigree
assessment programs, they therefore do not take into account annual
environmental variations to performance results and subsequent
breeding cohorts. Based on results generated here of low Ne, it is highly
plausible that genetic drift over multiple generations has reduced the
population genetic variation, which is commonly observed in hatchery
stocks (Allendorf and Phelps, 1980; Hedgecock and Sly, 1990; Manzi
et al., 1991; Smith and Conroy, 1992; Xiao et al., 2011). This study
used only one sampling time point, and temporal sampling would be
needed to understand whether specific artificial selection practices
contributed to the observed patterns of low genetic diversity in hatch-
ery populations.

This study highlights the need for the effectivemanagement of shell-
fish hatchery operations, propagation protocols and broodstock popula-
tions, including the monitoring and maintaining of species purity and
genetic diversity, especially in non-native species where limited access
towild broodstockmay create genetic bottlenecks. The difficulty identi-
fyingmussels bymorphologywas reinforced here by the degree of non-
target species and hybrids seen in the three studied aquaculture popu-
lations and highlights the need for rigorous site inventory control. This
would include employing molecular methods of identification and the
maintenance of pure species stocks, to prevent either the desired or un-
desired presence of hybrid individuals. In addition routine temporal
sampling at locations around aquaculture siteswould be useful in deter-
mining the levels of non-native introgression and the stability of any hy-
brid zones. The adaptive capacity of the aquaculture industry is in part a
function of scientific knowledge and support. The use of new genomic,
genetic, husbandry, gene banking and health methods in the future
will help optimize practices for improved long-term production and
mitigation to a changing culture environment.
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