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Fishery production, considering both capture and aquaculture, is a major animal pro-

tein source for humans [1], and fish consumption has increased enormously in the last 

decades, averaging nowadays around 20 kg/person/year [2]. As capture fisheries have 

stagnated in the last decades, this increased availability of fish products for human con-

sumption comes essentially from aquaculture. Indeed, aquaculture is the fastest-growing 

animal production sector in the world, with an annual growth rate, since 2000, averaging 

5.3% [2]. Aquaculture production for human consumption has surpassed that of fisheries 

in 2016 and it is estimated that by 2030 it will represent circa 60% of the world's food fish 

consumption [2]. 

Aquaculture is, thus, fundamental to assure food security for the human population 

and to meet future population needs, both due to the expected increase in world popula-

tion and also to the increased demand for fisheries expected of a wealthier society. 

Aquaculture is also a major source of n-3 long-chain polyunsaturated fatty acids, 

which are proved to provide several health benefits for humans, namely protection 

against cardiovascular diseases, brain development, and some cancers. Aquaculture also 

provides high-quality and highly digestible protein and is a good source of minerals, in-

cluding Se, I, Zn, Fe, and vitamins A and D. 

Contrary to other animal production sectors in which production is based on a few 

species, aquaculture is highly diversified with more than 420 organisms being exploited 

[2]. Diversification of production is, thus, a major characteristic of aquaculture, and con-

sumers seem to valorize this diversity. Nevertheless, 10 species are responsible for around 

54% of aquaculture production, and 22 species account for around 75% of the total pro-

duction [3,4].  

Aquaculture concerns a high diversity of organisms, including fish, shellfish, echi-

noderms, mollusks, and algae, with very different life cycles, husbandry specificities, nu-

tritional requirements, and disease problems [5]. Moreover, many aquaculture organisms 

also comprise larval stages in their life cycle, with specificities, regarding nutritional, 

physiological, and husbandry requirements, that are quite different from that of juveniles 

and on-growing animals, making the rearing process complex. This poses additional dif-

ficulties and specializations within the field. 

Several aquaculture organisms still do not have all life cycle controlled and rely on 

wild broodstock for the obtention of eggs and juveniles. Until all life cycle is controlled, 

animals cannot be fully domesticated, and selective breeding cannot be pursued. This is 

of paramount importance, as the genetic selection of broodstock is expected to provide 

enormous gains in growth performance, feed utilization, and the selection of beneficial 

traits—for instance, regarding fillet yield or meat quality [6]. 

Aquaculture production also occurs in diversified environmental conditions, namely 

regarding water salinity (freshwater, brackish, and saltwater) and temperature (cold, 

warm, and tropical) under different rearing conditions (flow-through, ponds, and cages) 

and rearing sites (on-land, coastal, and off-shore). 
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Abstract: Mussels often hybridise to form the Mytilus species complex comprised of M. edulis and
M. galloprovincialis as the main species cultivated in Europe and, where their geographical distribution
overlaps, the species M. trossulus. It has been suggested that M. trossulus have a weaker shell than
the UK native M. edulis and hybridisation reduces farmed mussel yields and overall fitness. Here,
we investigate the hypothesised link between species and shell weakness, employing multi-locus
genotyping combined with measurements of six different phenotypes indicative of shell strength
(shell thickness, flexural strength, Young’s modulus, Vicker’s hardness, fracture toughness, calcite and
aragonite crystallographic orientation). Historic evidence from shell strength studies assumed species
designation based on geographical origin, single locus DNA marker or allozyme genetic techniques
that are limited in their ability to discern hybrid individuals. Single nucleotide polymorphic markers
have now been developed with the ability to better distinguish between the species of the complex
and their hybrids. Our study indicates that shell strength phenotypic traits are less associated with
species than previously thought. The application of techniques outlined in this study challenges
the historic influence of M. trossulus hybridisation on mussel yields and opens up potential for the
environment to determine mussel shell fitness.

Keywords: Mytilus species complex; biominerals; material properties; micro-indentation; aquaculture

1. Introduction

Mussels Mytilus edulis and Mytilus galloprovincialis are the common species cultivated
in Europe and both freely hybridise with Mytilus trossulus wherever their geographical
distribution overlaps [1,2], forming the European Mytilus Species Complex [3]. Various
degrees of hybridisation of the common blue mussel, M. edulis with M. trossulus, have
been reported to produce mussels with weaker shells [4,5] more vulnerable to damage
by predation and prone to fracture during commercial harvesting. Mussel productivity is
reportedly limited by the occurrence of M. trossulus and its hybrids in certain areas [6,7].
M. trossulus has been listed as a commercially damaging species under the Aquaculture and
Fisheries (Scotland) Act 2013 [8]. Current legislation has been informed by previous reports
which correlate weaker shells and the genotype of tested individuals using single-locus
DNA markers. The single locus DNA marker Me15/16 is the most commonly applied
sequence in the gene that encodes for the polyphenolic foot protein, sometimes in com-
bination with allozymes, to identify species within the European Mytilus complex across
the world including Scotland [5,9], Ireland [10] and Chile [11]. The number of individuals
identified as ‘pure’ can be overestimated using this approach [3], therefore association
between weaker shells and genotype remain dubious [6]. To establish a link between
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genotype and shell strength, it is important to employ suitable methods to unequivocally
assign individuals to species or hybrids and to assess shell material properties without
confounding factors (e.g., shell geometry). Shell strength tests employed so far have been
conducted using crush tests on whole shells, for example, using an electric force gauge
applied at the widest part of the shell, omitting the impact of the heterogeneous shell shape
and geometry on the results [12]. The standardisation of whole shell crushing tests and
comparisons between individuals with heterogeneous shell shapes are therefore unreliable.
Historic theories, that hybridisation with M. trossulus result in a weaker shell, is also limited
by the use of single locus genotyping, combined with the difficulties in the standardisation
of the methods used to determine shell strength.

Here, we challenge the hypothesised link between species and shell weakness, we
employ multilocus genotyping combined with the measurements of six different phe-
notypes indicative of shell strength (shell thickness, flexural strength, Young’s modulus,
Vicker’s hardness, fracture toughness, calcite and aragonite crystallographic orientation).
We target commercially grown mussels grown in a sympatric population exhibiting the
same environmental conditions to rule out the influence of environment. This is the first
study to combine micro-indentation, three-point bending and crystallographic orientation
to evaluate the material properties of the shell in combination with a nine diagnostic Single
Nucleotide Polymorphic (SNP) marker genotyping [3] to establish the link more robustly
between shell phenotypes and mussel genotype.

2. Materials and Methods
2.1. Sample Sourcing

Mussels belonging to the same cohort (60 mussels, 3 years of age) were collected from
a commercial farm in Loch Fyne (Argyll, Scotland, UK) and transported to the laboratory
where shells were gently cleaned by hand scraping (shell length, 66.75 ± 7.04 g and wet
weight, 26.6 ± 5.82 g). Mussels were dissected, the foot removed and stored in 95% ethanol
at 4 °C awaiting DNA extraction. The cleaned empty shells were kept in cold storage at 4 °C
until dry and were subsequently prepared for material properties testing. The temperature
and salinity profiles of the first 10 m in depth (relevant for mussel farming) for the study
location have been gathered as secondary data from the Scottish Environment Protection
Agency (SEPA) database.

2.2. DNA Extraction and Quantification

Mussel foot tissue was digested overnight at 60 °C in a lysis buffer (200 µL SSTNE
buffer, 20 µL 10% SDS, 5 µL Proteinase K (10 mg/mL) and 5 µL RNase A (2 mg/mL).
Proteins were precipitated down, removed and the DNA was precipitated in isopropanol
which was spun down to form a pellet. The pellet was washed twice in ethanol, which was
then evaporated, and the DNA re-suspended in 20 µL, 5 mM Tris (pH 8.0). The DNA yield
was quantified on the nanodrop (ND 1000, Thermo Fisher Scientific) using 5 mM Tris as a
blank. Each sample was diluted down to 50 ng/mL using 5 mM Tris as a buffer. The DNA
was run on agarose gel using a Lambda Hind III ladder as a quality control step.

2.3. Kompetitive Allele Specific PCR (KASP) Assay

KASP assays were performed according to Wilson et al. [3]. Each 5 µL reaction con-
sisted of 2.5 µL KASP master mix (containing Taq polymerase, free nucleotides, MgCl2
and FRET cassettes; one with the SYBR dye and one with the HEX™ dye), 0.07 µL KASP
assay mix (containing two allele specific forward primers and one reverse primer), 1.43 µL
milli-Q® water and 1 µL DNA sample as per the manufacturer’s guidelines. As well as the
DNA samples collected in this study, DNA from known pure homozygous populations
was included in the PCR analysis, three samples for each species (M. edulis, M. trossulus and
M. galloprovincialis) as reference populations. Reference M. edulis samples came from Rascar-
rel Bay in Scotland, M. trossulus from Penn Cove in North America and M. galloprovincialis
from the Bay of Piran in Slovenia. In total, nine plates were run with different SNP as-



Aquac. J. 2021, 1 5

says, three were homozygous for M. edulis (E1, E2 and E3), three were homozygous for
M. trossulus (T1, T2 and T3) and three were homozygous for M. galloprovincialis (G1, G2
and G3). The diagnostic ability of all markers used here has been verified in previous
work [3]. All plates were run on a Biometra TAdvanced thermocycler under standard
KASP conditions: 94 °C or 15 min; [94 °C for 20 s followed by 61–55 °C for 120 s (0.6 °C
drop per cycle)] ×10; and [94 °C for 20 s and 55 °C for 120 s] ×40. Following PCR, the
fluorescent signals were detected on a Techne Quantica real time PCR thermocycler, using
Quansoft software to record each genotypic assay based on the relative fluorescence levels
of the SYBR and HEX™ dyes. Homozygous for all three ‘M. edulis’ alleles were consid-
ered pure M. edulis, homozygous for all three ‘M. trossulus’ alleles were considered pure
M. trossulus, homozygous for all three ‘M. galloprovincialis’ alleles were considered pure
M. galloprovincialis and heterozygous for all six ‘M. edulis/M. trossulus’, or ‘M. edulis/M. gal-
loprovincialis’, or ‘M. trossulus/M. galloprovincialis’ alleles were considered F1 hybrids. The
returned genotype for each individual was then used to identify corresponding shells for
the assessment of shell physical properties, discarding all individuals presenting ancestries
more complex than F1 hybrids to avoid confounding factors.

2.4. Micro-Indentation

Shells belonging to M. edulis, M. trossulus and F1 hybrids individuals (Table 1), were
used for fracture toughness analysis using Vicker’s hardness micro-indentation (Wilson®

Vickers 401 MVA micro-indentation hardness tester) method [13]. Shells were embedded
in resin, sliced transversely, and polished through to 0.06 mm colloidal silica. Resin blocks
were polished by hand for 2–4 min using grit papers (P320, P800, P1200, P2500, and P4000),
followed by further polishing for 4 min on cloths using 1 µm and 0.3 µm alpha alumina,
and 8 min using colloidal silica to produce a smooth cross-sectional shell surface [13]. A
total of 10 pyramid shaped indents were made in the calcite region of each shell using a
0.5 kg force applied for 10 s. The lengths of the diagonals of each indent were measured
to calculate Vicker’s hardness (H) and the length of the cracks coming outwards from the
corners of the indent (c) were measured to calculate fracture toughness (KIC) using the
following equation, where a is half the average length of the diagonals of the indent [13,14]:

KIC = 0.16(
c
a
)−1.5 ·

√
H(a). (1)

Table 1. Detailed genotypes for each individual mussel sample from the KASP assays and the
performed assessment of the phenotypes (see details in Tables 2 and 3). TT1 Thickness and Three-
point bending; M2 Micro-indentation; S3 Scanning Electron Microscopy with Electron Back Scatter
Diffraction (SEM-EBSD).

Species Sample ID E1 E2 E3 T1 T2 T3 TT1 M2 S3

M. edulis 72 GG TT AA AA TT CC - Yes Yes
M. edulis 75 GG TT AA AA TT CC - Yes -
M. edulis 77 GG TT AA AA TT CC Yes - -
M. edulis 78 GG TT AA AA TT CC Yes - -
M. edulis 81 GG TT AA AA TT CC - Yes Yes
M. edulis 87 GG TT AA AA TT CC - Yes -
M. edulis 91 GG TT AA AA TT CC Yes - -
M. edulis 95 GG TT AA AA TT CC - Yes -
M. edulis 96 GG TT AA AA TT CC Yes - -
M. edulis 107 GG TT AA AA TT CC Yes Yes -
M. edulis 108 GG TT AA AA TT CC Yes - -
M. edulis 109 GG TT AA AA TT CC Yes - -
M. edulis 122 GG TT AA AA TT CC - Yes -
M. edulis 123 GG TT AA AA TT CC Yes - -
M. edulis 126 GG TT AA AA TT CC - Yes -
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Table 1. Cont.

Species Sample ID E1 E2 E3 T1 T2 T3 TT1 M2 S3

M. edulis 128 GG TT AA AA TT CC Yes - -
M. edulis 129 GG TT AA AA TT CC Yes - -
M. edulis 132 GG TT AA AA TT CC Yes - -
M. edulis 138 GG TT AA AA TT CC Yes - -
M. edulis 144 GG TT AA AA TT CC - Yes -
M. edulis 153 GG TT AA AA TT CC Yes - -
M. edulis 154 GG TT AA AA TT CC - Yes Yes
M. edulis 159 GG TT AA AA TT CC Yes - -
M. edulis 161 GG TT AA AA TT CC Yes - -
M. edulis 166 GG TT AA AA TT CC Yes - -
M. edulis 172 GG TT AA AA TT CC Yes - -
M. edulis 178 GG TT AA AA TT CC Yes - -
M. edulis 183 GG TT AA AA TT CC - Yes -

F1 83 AG GT AT AG GT CT Yes Yes Yes
F1 168 AG GT AT AG GT CT Yes - Yes
F1 14 AG GT AT AG GT CT - Yes Yes

M. trossulus 1 AA GG AT GG GG TT - Yes -
M. trossulus 3 AA GG TT GG GG TT - Yes -
M. trossulus 6 AA GG TT GG GG TT - Yes -
M. trossulus 8 AA GG TT GG GG TT - Yes -
M. trossulus 44 AA GG TT GG GG TT - Yes -
M. trossulus 82 AA GG TT GG GG TT Yes Yes Yes
M. trossulus 112 AG GG AT GG GG TT Yes Yes Yes
M. trossulus 125 AA GG TT GG GG TT - - Yes

Table 2. Individual mussels tested for Vickers hardness and fracture toughness (mean ± SD).

Vickers Fracture
Species Sample ID Hardness (MPa) Toughness/KIC (MPa)

M. edulis 72 214.90 ± 21.37 27.79 ± 17.28
M. edulis 75 165.45 ± 25.48 23.20 ± 19.45
M. edulis 81 215.83 ± 13.08 63.13 ± 59.77
M. edulis 87 192.20 ± 26.38 16.63 ± 13.51
M. edulis 95 206.59 ± 11.31 8.95 ± 6.92
M. edulis 107 154.65 ± 37.12 16.63 ± 13.51
M. edulis 122 202.31 ± 5.48 66.09 ± 22.50
M. edulis 126 199.04 ± 21.41 79.94 ± 72.84
M. edulis 144 199.04 ± 21.41 95.54 ± 63.11
M. edulis 154 199.93 ± 6.48 75.38 ± 37.65
M. edulis 183 186.92 ± 16.56 36.75 ± 20.04

F1 83 175.73 ± 11.97 92.36 ± 63.61
F1 14 203.00 ± 10.08 38.37 ± 39.70

M. trossulus 1 206.38 ± 18.47 28.00 ± 20.85
M. trossulus 3 208.62 ± 8.11 55.40 ± 36.03
M. trossulus 6 234.98 ± 17.22 62.22 ± 29.48
M. trossulus 8 190.40 ± 13.28 26.39 ± 19.73
M. trossulus 44 203.11 ± 16.46 86.64 ± 70.53
M. trossulus 82 190.66 ± 13.97 54.73 ± 25.57
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Table 3. Individual mussels tested for flexural strength, elasticity and shell thickness (mean ± SD).

Flexural
Species Sample ID Strength (MPa) Elasticity (MPa) Thickness (mm)

M. edulis 77 31.28 ± 3.97 13.39 ± 3.85 1.22 ± 0.08
M. edulis 78 36.05 ± 6.31 26.61 ± 9.36 1.18 ± 020
M. edulis 91 47.66 ± 7.43 27.86 ± 10.85 1.30 ± 0.12
M. edulis 96 56.43 ± 2.14 22.88 ± 8.77 0.78 ± 0.02
M. edulis 107 48.36 ± 14.44 19.97 ± 5.07 1.17 ± 0.18
M. edulis 108 66.11 ± 18.83 33.04 ± 6.06 1.01 ± 0.14
M. edulis 109 64.54 ± 19.33 39.69 ± 8.28 0.98 ± 0.05
M. edulis 123 33.98 ± 4.73 21.40 ± 5.70 0.83 ± 0.14
M. edulis 128 19.32 ± 4.47 14.31 ± 0.81 1.18 ± 0.14
M. edulis 129 35.81 ± 10.59 22.02 ± 6.09 1.33 ± 0.30
M. edulis 132 60.31 ± 6.86 21.54 ± 5.38 0.89 ± 0.12
M. edulis 138 52.67 ± 17.05 30.89 ± 10.29 1.05 ± 0.32
M. edulis 153 27.25 ± 7.31 11.23 ± 1.24 1.24 ± 0.23
M. edulis 159 55.47 ± 17.27 22.65 ± 3.60 1.09 ± 0.07
M. edulis 161 38.12 ± 10.28 19.80 ± 0.56 1.06 ± 0.06
M. edulis 166 65.47 ± 17.02 31.82 ± 5.67 0.92 ± 0.04
M. edulis 172 40.99 ± 11.79 29.84 ± 6.80 1.36 ± 0.29
M. edulis 178 29.42 ± 6.94 13.19 ± 4.59 1.11 ± 0.26

F1 83 31.90 ± 8.55 25.71 ± 14.39 1.09 ± 0.20
F1 168 91.13 ± 38.45 32.67 ± 7.54 0.97 ± 0.15

M. trossulus 82 42.83 ± 8.92 16.88 ± 4.55 0.80 ± 0.06
M. trossulus 112 31.86 ± 10.17 21.38 ± 4.46 1.22 ± 0.17
M. trossulus 125 52.76 ± 26.18 27.21 ± 12.42 1.01 ± 0.33

2.5. Shell Thickness and Material Properties

Mussel shells were cut into strips lengthways using a circular saw (Dremel). Three
strips were cut from the hinge to the centre of the right valve and analysed blind (the
analyst was not aware of the corresponding genotype). The width and depth for each
strip was measured with an electronic calliper (RS Pro 150 mm digital calliper). The strips
were loaded onto a Zwick/Roell 22.0 universal testing machine to perform the three-point
bending test to determine the material properties of shell flexural strength and Young’s
elastic modulus. This had a standardised 35 mm gap between points, a 2.5 kN load cell
and a loading rate of 0.2 mm per minute was used. Each strip was placed with the outside
convex curvature of the shell facing upwards, hinge left side and with the curved ends of
the strip out with the 35 mm gap to minimise the effect of shell curvature on the breaking
force. This measured the force (N) and displacement (mm) needed to break each strip. The
flexural strength (in megapascals, MPa) of each strip was calculated using the equation [15]:

Flexural strength (σ) =
3FL
2bd2 , (2)

where F is the force applied (N), L is the length of the span supporting the sample (stan-
dardised to 35 mm), b is the width of the sample and d is the depth of the strip. Young’s
modulus (in MPa) was calculated using the following equation:

Young’s Modulus (E) =
L3m
4bd3 , (3)

where L, b and d are as described above, and m is the gradient of the straight line in the load
deflection curve (plot of force versus deflection). The mean value from the three strips was
used to describe the flexural strength of each individual tested. Measurements of shell thick-
ness of each individual were taken in the middle of each strip using electronic callipers.
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2.6. Aragonite and Calcite Crystallographic Orientation

Calcite and aragonite crystallographic orientation was examined using Scanning Elec-
tron Microscopy with Electron Back Scatter Diffraction (SEM-EBSD) with a beam voltage of
20 kV under low vacuum mode (50 Pa) on the FEI Quanta 200F Environmental SEM with
the stage tilted to 70 °C to examine backscatter kikuchi patterns [16] in three individuals of
each identified genotype (pure M. edulis, pure M. trossulus and F1 hybrids), prepared as for
micro-indentation. Crystallographic orientation was imaged across the middle section of
the length of the mussel shell, examining the calcite/aragonite interface. Crystallographic
orientation maps were produced through OIM Analysis v7.0 software. SEM-EBSD re-
sults are presented as crystallographic pole figures and orientation maps with each colour
representing a particular crystallographic orientation (confidence index ≤0.1 removed).

2.7. Statistics

Statistical analyses were performed on Minitab v17 statistical software. When neces-
sary, data were log transformed to improve normality. One-way ANOVA with a Tukey
comparison was used to test for significant differences of the measured phenotypes (shell
thickness, flexural strength, Young’s modulus, Vicker’s hardness and fracture toughness)
between the identified genotypes.

3. Results
3.1. Genotyping

The genotyped individuals were identified as 63.3% pure M. edulis, 16.7% in-
trogressed M. edulis/M. trossulus with various levels of heterozygosity, 15% pure
M. trossulus and 5% M. edulis/M. trossulus F1 hybrids. The SNP markers used here
have been previously validated against Me15/16 for the same population in our pre-
vious work [3]. To compare meaningful shell characteristics between genotypes, we
only report the individuals identified as pure M. edulis, F1 hybrids and pure M. trossu-
lus (Table 1), therefore excluding mixed ancestries, which would instead constitute a
confounding factor. In contrast with previous reports for Scottish waters, which have
used both the same and different markers [3,7], no alleles of M. galloprovincialis were
identified in the analysed sample population (data not shown).

3.2. Phenotyping

None of the measured parameters used here to describe the shell characteristics
(Vicker’s hardness, fracture toughness, flexural strength, shell thickness, elasticity, and
aragonite/calcite crystal orientation), in the analysed sympatric population, have shown a
statistically significant difference between the three identified genotypes (Figure 1).

The micro-indentation tests, which measure fracture toughness and Vickers hardness,
showed the smallest variance compared to the three-point bending results (flexural strength
and elasticity), as shown in Figure 1 and Table 2, with no statistically significant difference
between the identified genotypes (hardness p = 0.75, fracture toughness p = 0.10, M. edulis
N = 11, M. edulis/M. trossulus F1 hybrids N = 2 and M. trossulus N = 6).

These data are further supported by three-point bending tests for flexural strength and
elasticity. We performed this test as this is the most comparable to the whole shell crushing
tests. The results were highly variable between mussel shell strips (three per individual),
further highlighting the need to exclude the shell shape heterogeneity from the whole
shell crushing tests. To reduce variability in the data, only the mussels which showed the
least variation (smaller than 33% of the mean) across the three shell strips were selected
for statistical analysis, leaving 23 mussels (N = 18 M. edulis samples, N = 3 M. trossulus
samples, N = 2 M. edulis/M. trossulus F1 hybrids; Table 3). Once again, out of the three
phenotypes measured here (flexural strength, elasticity, and shell thickness), statistical
analysis showed no significant differences between the three genotypes (Figure 1 and
Table 3). The flexural strength measurements displayed a very large variation between
individuals within the M. edulis and M. trossulus genotypes with no significant difference
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being observed between the three genotypes (Flexural strength p = 0.28). In all cases,
the homozygous M. trossulus and M. edulis/M. trossulus F1 hybrids were not statistically
different from homozygous M. edulis samples. There was no significant difference for
elasticity phenotype between the three genotypes (p = 0.27). The shell thickness phenotype
was also not significantly different between homozygous M. trossulus, M. edulis/M. trossulus
F1 hybrids and homozygous M. edulis (p = 0.50).

0.2

0.6

0.4

0

1.6

1.4

1.2

1.0

0.8

S
h

e
ll
 t

h
ic

k
n

e
ss

 (
m

m
)

20

60

40

0

160

140

120

100

80

F
le

x
u

ra
l 
S

tr
e

n
g

th
 (

M
P

a
)

10

30

20

0

50

40

E
la

st
ic

it
y
 (

M
P

a
)

50

150

100

0

400

350

300

250

200

H
V

 (
M

P
a

)

50

150

100

0

250

200

K
IC

 (
M

P
a

)

M. edulis M. trossulus F1 hybrid

Figure 1. Boxplots comparing the phenotypes flexural strength, shell thickness, elasticity, hardness
and fracture toughness to identified genotypes. The Boxplots show Q2, median and Q3 of samples
and the whiskers indicate maximum and minimum values of each repeat for each sample. No
statistically significant differences were identified between the genotypes by micro-indentation (VH,
Hardness p = 0.75; KIC, fracture toughness p = 0.10; M. edulis N = 11, F1 hybrids N = 2 and M. trossulus
N = 6; see Table 2) or three-point bending tests (Flexural strength p = 0.2, elasticity p = 0.27, shell
thickness p = 0.50; M. edulis N = 18, F1 hybrids N = 2 and M. trossulus N = 3; see Table 3).

These strength test results are further underpinned by the employment of Scan-
ning Electron Microscopy with Electron Back Scatter Diffraction (SEM-EBSD), which
assesses shell crystallographic orientation and provides structural justification for dif-
ferences/similarities in shell strength results [13,16]. The microstructure of M. edulis is well
known and has been described previously [13,16–18]. In Figure 2, the calcite prismatic
layer appears from the outermost part of the shell at the top of the crystallographic ori-
entation maps, to the calcite–aragonite interface, followed by the aragonite tablets, with
the innermost part of the shell at the bottom of the map (Figure 2A–C). The calcite prisms
and aragonite tablets are uniformly layered, as seen in the crystallographic orientation
maps overlaid on the image quality of the SEM crystal structure (Figure 2C). The inverse
pole figures (Figure 2D) demonstrate the spread of the crystallographic orientation data
and highlight the co-orientation of the calcite fibres, clustering in the same angle of ori-
entation on the c-axis as expected [18] for M. edulis and similarly between individuals of
M. trossulus (Figure 2D). The SEM-EBSD data therefore suggest no difference in the shells’
crystallographic structure between the three genotypes.
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Figure 2. Typical examples (samples 72, 1 and 83 respectively) of scanning electron microscopy
electron back-scatter diffraction (SEM-EBSD) data for one individual mussel of M. trossulus, M. edulis
and F1 hybrid. (A) Crystallographic orientation maps for each species according to the colour keys
(E) for calcite [0001] and aragonite [001]. (B) Crystallographic phase maps, the crystallographic
phase maps have been colour coded with aragonite in red and calcite in green. (C) Crystallographic
orientation map overlaid on the image quality of the SEM crystal structure with crystal lattices
indicating the direction of the orientation of the crystal highlighted. (D) Inverse pole figures showing
the crystallographic orientation data as per images (A).

4. Discussion

The whole shell-crushing tests often applied to commercial mussels are performed
using an electronic force gauge screwed onto the shell at the widest part of the shell until it
cracks [4]. Although very practical and inexpensive, allowing for high throughput, results
of this test can be influenced by the variability in mussel shell shape [12]. Here we apply a
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combination of shell strength tests which are independent of the mussel heterogeneous
shell shape and geometry, highlighting instead similarities in the crystal structure (Figure 2)
and the resultant similarities in material properties indicative of shell strength (Figure 1)
between genotypes. This method highlighted no differences in the shells crystallographic
structure between the three genotypes further supporting the strength tests results.

Despite the limitations of this small study, its findings suggest that the current belief
of a direct correlation between genotype and shell strength phenotype, where M. trossulus
equals weaker shells, may not be as straightforward as previously thought (Table 3).
Interestingly, the highest flexural strength was recorded in one M. edulis/M. trossulus F1
hybrid shell (91.13 ± 38.45 MPa) and the lowest one in an M. edulis shell (19.32 ± 4.47 MPa).
This raises new questions around the theory that M. trossulus, as a species, has weaker
shells compared to M. edulis. It is important to note that, in this study, genotypes have been
assigned by a more robust multi-locus genotyping method, which inevitably narrowed
down the opportunity to identify, or misidentify, a larger number of pure M. trossulus
and F1 hybrids. The genotyped individuals revealed only 15% pure M. trossulus and 5%
M. edulis/M. trossulus F1 hybrids, comparable to the higher estimated hybridisation levels
of other shell strength studies using less robust genotyping methods [5] and confirms
previous benchmarking of the employed SNPs against Me15/16 [3]. An overestimation of
hybrid numbers could potentially hide individual variability within M. edulis or M. trossulus
rather than the previously suggested significantly weaker shells of M. trossulus [4,5]. The
use of multi-locus genotyping techniques, combined with state-of-the-art methodologies for
material properties investigation in a sympatric population exposed to stable environmental
conditions, indicates that genotype alone may not be responsible for the presence and
abundance of weaker shells at commercial farm sites.

Coastal environmental parameters, such as temperature, salinity, pH and dissolved
inorganic carbon, are in fact also likely to influence shell characteristics. These are often
amplified in coastal areas, where mussel farming takes place, by climate change through
temperature rises, CO2 induced ocean acidification and increased frequency of meteorolog-
ical events causing high rainfall run-off [19]. It has been suggested that the variability of
mussel shell shape is indeed directly influenced by environmental gradients; in particular,
salinity was observed to be influential on shell shape, producing elongated and narrower
shells in Mytilus sp. in different latitudinal regions [12]. Climate change driven CO2 in-
duced ocean acidification has been well documented to cause changes to shell growth and
the resultant shell strength phenotypes including reduced shell thickness and mechanically
weaker shells in mussels [13,20], and oysters [21,22], often as a result of a reduced ability
to biomineralise [23]. Here, we have focussed on one sympatric population of mussels,
where historical temperature and salinity records at the study site for the past 10 years have
shown a relatively homogenous marine environment with an average annual temperature
of 9.5 ± 2.6 °C and average salinity of 31.7 ± 1.6 ppt [24]. In this study, the potential influ-
ence of highly variable environmental parameters on the mussel shell strength is therefore
minimised. Even within a relatively stable coastal environment and by employing methods
which minimise confounding factors, the variability in shell traits observed in this study is
very high; this may contribute to the absence of statistical differences observed here.

Although further studies are required to validate the observations reported here, the
data suggest that the influence of complex interactions between genotype and environ-
ment could be more linked to the presence and prevalence of weaker shells than genotype
alone. Longline cultivated mussels show a weak correlation with species introgression and
shell strength, but stronger effects of the environment such as depth and salinity on shell
strength [25]. Commercial mussel productivity is reported to be limited by the occurrence
of M. trossulus and its hybrids in certain areas [3,5,9]. Based on the data presented in this
study and that by Michalek et al. [25], we suggest that the evidence linking negative shell
phenotypic traits with genotype within the European Mytilus Species Complex may be
weaker than previously thought. Under the conditions of this study, different genotypes
of the complex present similar phenotypic shell traits. Further research is required to un-
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derstand the specific interactions between all key environmental parameters (temperature,
salinity, pH and food availability) and phenotypic traits in all species of the complex. This
would open up the possibility to investigate specific genotypes linked to shell strength at
the individual/family level and therefore significantly beyond the mere observation of
species classification.

Furthermore, to apply the tools described here to investigate the very practical problem
of shell weakness in mussel farming, the set of phenotypes that better describes the
shell weakness observed during harvesting still needs to be identified. The identification
of a clear phenotype (flexural strength/elasticity/shell thickness/hardness or fracture
toughness) directly linked to the observation of shell breakage during harvest will open up
the possibility for genome wide association studies to identify the genes controlling for
this significant commercial trait.

5. Conclusions

The hybridisation of the common blue mussel, M. edulis with M. trossulus, has been
reported to produce mussels with weaker shells [4,5] more vulnerable to damage by
predation and prone to fracture during commercial grading and harvesting. The findings
of this study, and others [25], call into question the validity of the hypothesised strong
link between species and shell fragility. Despite the limitations of this small-scale study
(limited sample size) and the large variance observed in many of the phenotypes, we
found no correlation between shell strength and species alone. Further study is required
to identify the true cause of shell weakness, including the consideration of environmental
data (temperature, salinity, pressure, water current), biomineralisation mechanisms, and
gene allele frequency.
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