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Abstract

Shell thickness in mollusks is generally consid-
ered adaptive because of their effects on fitness.
However, little is known about the genetic basis
of shell thickness. This is important, because the
response to selection and the subsequent adap-
tive microevolution of a trait, such as thickness
is only possible when that trait exhibits additive
genetic variation. Here, we estimated the nar-
row-sense heritability (h?: ratio between additive
genetic variance and phenotypic variance) for
the traits ‘shell thickness’” and ‘shell length
growth’ in a 34-month-old cohort of the mussel
Mytilus chilensis obtained by using a half-full
sib design and grown in the field. Also, pheno-
typic and genetic correlations were estimated
between both traits. We found that h? showed
significant values for shell thickness
(0.294 £+ 0.194) and length (0.731 + 0.379).
The phenotypic correlation between both traits
was positive and significant; however, the
genetic correlation between these traits was not.
These results suggest both traits can evolve
adaptively by selection, but because these traits
did not show genetic correlation, it is possible
that selection pressure affecting one trait may
not affect the other.

Keywords: heritability, shell thickness, mussels,
Mytilidae, Chile, Southeast Pacific, genetic covari-
ances

Introduction

Dissecting phenotypic variation into its genetic
and plastic components represents a major chal-
lenge that permits not only a better understanding
of the proximate mechanisms underlying morpho-
logical diversity, but also has potentially broader
implications for evolutionary theory (McCairns &
Bernatchez 2012). One way to demonstrate the
interaction between genetic and environmental
effects on morphological traits has been the imple-
mentation of common garden experiments and
reciprocal transplants (e.g. Prada, Schizas & Yosh-
ioka 2008; Bronmark, Lakowitz & Hollander
2011; Hice, Duffy, Munch & Conover 2012). But,
even when these studies can reveal the plastic nat-
ure of the phenotype; the genetic component of it
often remains implicit (McCairns & Bernatchez
2012). Without evidence for heritable variation
underlying any focal trait, subsequent inference
regarding its adaptive potential will remain sus-
pect.

The narrow-sense heritability (h?) is an impor-
tant parameter of a quantitative trait because
allows us to estimate the proportion of the total
variance which is heritable (additive genetic varia-
tion) (Falconer & Mackay 1996; Roff 1997; Lynch
& Walsh 1998). A trait can evolve by selection,
either natural or artificial, when there is presence
of additive genetic variation in the trait of interest
(Roff 1997). The h? is not only fundamental when
surveying the potential for genetic improvement of
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a trait with a putative commercial value (Falconer
& Mackay 1996), but also is important in evolu-
tionary terms, because its value can indicate the
potential for adaptive microevolutionary changes
(Roff 1997), and its closeness with fitness (Mous-
seau & Roff 1987). Genetic correlations are also
important parameters for a quantitative adaptive
trait, if selection acts on only a single trait; other
traits, which can be genetically correlated, may
also evolve (e.g. Lande 1979).

The analysis of shell morphology and body size
variation in bivalve mollusks plays an important
role in many fields such as, taxonomy, genetics,
selection, evolution, functional anatomy and also
in fisheries management and genetic improvement
of mollusks (Signorelli, Marquez & Pastorino
2013). In gastropod and bivalves mollusks, the
intra- and inter-specific variation in shell morphol-
ogy (i.e. shell shape and thickness) could be due to
phenotypic plasticity and/or adaptive traits (e.g.
Stanley 1970; Boulding & Hay 1993; Parsons
1997; Beadman, Caldow, Kaiser & Willows 2003;
Ubukata 2003; Hulsey, Hendrickson & Garcia de
Leon 2005; Nagarajan, Lea & Goss-Custard 2006;
Signorelli et al. 2013; Chen, Wu, Chen & Liu
2015). Among the shell characteristics, the shell
thickness and the valve length are the most influ-
ential factors for shell strength (Hamilton, Nudds
& Neate 1999; Nagarajan et al. 2006; Lombardi,
Chon, Lee, Lane & Paynter 2013). A positive cor-
relation has been shown to exist between mussel
length and force required to crush the mussels
(Hamilton et al. 1999). The shell thickness can
protect individuals against physical stressors (Seed
& Richardson 1999; Pascoal, Carvalho, Creer,
Mendo & Hughes 2012) such as the destructive
effects of intense wave action (Guinez 1996; Stef-
fani & Branch 2003), as well as a protection
against predation (Reimer & Tedengren 1996; Leo-
nard, Bertness & Yund 1999; Smith & Jennings
2000; Caro & Castilla 2004), or can provide a
mechanical support for the effects of density and
packing/aggregation in mussel beds or matrices
(Guinez & Castilla 1999; Guinez, Petraitis & Cas-
tilla 2005; Briones, Rivadeneira, Fernandez &
Guinez 2014). However, despite the ecological,
evolutionary and productive importance of the
shell thickness in bivalves, according to our
knowledge, there is no a single report in the litera-
ture on the estimation of its heritability (h?). In a
critical search and analysis of the literature, we
found two studies that measured the heritability of

the shell thickness in mollusks, Chaves-Campos,
Coghill, Al-Salamah, DeWitt and Johnson (2012) in
the snail Mexipyrgus churinceanus, and Jin, Bai, Fu,
Zhang and Li (2012) in the bivalve Hyriopsis cumin-
gii. However, Jin et al. (2012) properly measured
the body maximum latero-lateral length axe (see
Fig. 1 in Guinez & Castilla 1999), also defined as
shell width by Wada (1986), and shell breadth by
Wang, Du, Li and Liu (2010), but they did not
measure the shell thickness as traditionally defined
(the valve thick). Much more focus has been done
with estimations of heritability values for body size,
and all of its surrogates: mass, length and other lin-
ear dimensions (e.g. Newkirk 1980; Gjedrem 1983;
Collet, Boudry, Thebault, Heurtebise, Morand &
Gerard 1999; Jones, Bates, Innes & Thompson
1996; Toro, Alcapan, Vergara & Ojeda 2004b;
Alcapén, Néspolo & Toro 2007; Jin et al. 2012).
The aim of this research was to estimate the
heritability (h*) and the phenotypic and genetic
correlation of shell thickness and maximum
length, as a surrogate of body size, in a 34-month-
old cohort of M. chilensis, using a half/full-sib
design. In M. chilensis larger shell thickness have
been reported within wild individuals in contrast
to suspended cultivated populations (Valladares,
Manriquez & Suarez-Isla 2010); and it has been
suggested that wild mussel bed populations may
face higher predation pressures or other environ-
mental stress factors than cultured mussels. How-
ever, shell thickness in M. chilensis could be an
adaptive or a plastic phenotypic trait.
The Chilean blue mussel, Mytilus
(Hupe) is a common intertidal and subtidal bivalve

chilensis

Length

Figure 1 Shell length dimension (mm) and location of
the point where shell thickness (mm) using an outside
point caliper was measured in each valve. [Colour fig-
ure can be viewed at wileyonlinelibrary.com].
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species of Central-South Chile (Krapivka, Toro,
Alcapan, Astorga, Presa, Perez & Guinez 2007),
they can be found forming dense beds in sedimen-
tary areas of the inland coast of the north Patago-
nic archipelagos of the Chilean coast (ca. 40-
43°S), and their role as ecosystem engineers has
been also studied (Duarte, Jaramillo, Contreras &
Figueroa 2006; Buschbaum, Dittmann, Hong,
Hwang, Strasser, Thiel, Valdivia, Yoon & Reise
2009; Aldea & Rosenfeld 2011). This mussel is
also under intensive aquaculture production in
southern Chile and these cultured mussels are
mainly exported to Spain, France, and the United
States (SERNAPESCA 2014). This mussel industry
(over 350 000 t year ') until now relies only on
natural spat fall (Sernapesca 2014). However, if a
breeding programme could develop faster growing
mussels, with specific properties, farmers would
readily use hatchery-produced spat. Hence, the
study of quantitative genetics of size-related traits
and other properties, such as the shell thickness,
in the blue mussel are important either because of
basic (i.e. ecological-evolutionary knowledge) and/
or practical (i.e. animal production and wild bed
management) purposes. Studies performed in this
species have reported narrow-sense heritability
values on larvae and adult size-related traits, gen-
erating the quantitative genetics basis for applied
production programmes (Toro 1995; Toro & Pare-
des 1996; Toro, Alcapan, Ojeda & Vergara 2004a;
Toro, Alcapan, Vergara et al. 2004b; Alcapan
et al. 2007).

Material and methods

Adult individuals of Mytilus chilensis were obtained
from natural subtidal beds at Yaldad Bay
(43°50'24"S, 73°30'5"W) and transferred to Huei-
hue (41°50'24"S, 73°30’5"W) on the East coast of
Chiloé Island (Chile). Breeding was implemented as
a half/full-sib design (Lynch & Walsh 1998): each
male (sire) was bred with five females (dams).
Spawning was induced in water baths at 19.5°C,
during 2 h, male and female gametes were col-
lected separately and breeding was performed as a
half — sib configuration (Lynch & Walsh 1998):
each male (= sire) was bred with five females (=
dams). To accomplish this, spawning of females
was induced by adding 80 mlL of water with the
specific sire gametes to the selected dam, and
observing cellular division after 1.5 h. A total of
19 sires and 95 dams were successfully spawned.

Larvae were maintained in water at 18 + 1°C in
an open circulation system, and fed daily with
micro — algae mostly composed by Isochrysis gal-
bana (10° cells mL™") (Toro & Paredes 1996). The
embryos from each family were placed into a
200 L fibre-glass tank containing 1 um filtered
and U.V. treated fresh sea water (FSW) 16 + 1°C,
at a density of 100 individuals per ml. After 24 h
(D-stage larvae) the density was adjusted to 5 lar-
vae per millilitre. A high cell concentration of the
micro algae Isochrysis galbana (Parke 1949) and
Chaetoceros gracilis (Schuett) were used 100 000
cells mL™! as food concentration (Toro & Paredes
1996). Every day, the water in each tank was
passed through a 45-micron ‘nitex’ screen to
retain the larvae. Each tank was rinsed with fresh
water followed by seawater. The larvae were then
resuspended in FSW and algal food was added
daily at the desired cell concentration. Juveniles
from each family were settled on netlon mesh and
maintained in culture tanks until a mean size of
3 £ 1 mm. Then, families distributed in labelled
pearl nets were transferred to the field (Que-
talmahue; 41°51’S, 73°55'W) in long lines (sus-
pended culture), until 10 month of age. At this
age, they all individuals within each family were
tagged and then separated into three groups,
maintaining the sib composition (i.e. each half-sib
family was divided by three). One group was ran-
domly distributed in pearl nets and maintained in
Quetalmahue, the second group was moved to
Putemuin (42°25'50"S, 73°43’45"W) and the
third to Hueihue (41°51'S, 73°30'W). After
34 months, a storm affected severely the families
from Quetalmahue and Hueihue, but we were able
to rescue almost all the families with the exception
of three full-sib families lost from the locality of
Putemun. So, in this study, we used only the indi-
viduals from Putemun with 12 half-sib families
and 60 full-sib families. Each mussel was mea-
sured for shell thickness and length at both left
and right valves, and both values (left and right)
were averaged for statistical analyses. The shell
thickness was measured as the valve’s thickness,
at the mid-point of each valve using an outside
point caliper (£0.0005 mm), and the length as
the maximum antero-posterior value with a cali-
per (+£0.005 mm) (Fig. 1).

All the linear-mixed models were run with
PROC MIXED (SAS Institute Inc., Cary, NC, USA)
using restricted maximum-likelihood method
(REML), which was used instead of least squares
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methods because our design was unbalanced (Lit-
tell, Milliken, Stroup & Wolfinger 1996). A full/
half-sib design was conducted, using a nested
where the trait of each offspring of each dam was
the dependent variable. The first level was sires
and the second level, nested within sires was
Therefore, genetic variances/covariances
and heritabilities estimates included sire and dam

dams.

nested within sire as random effects. The causal
variance components were calculated using the
estimated variance components (among sire: af;
among dam: aﬁ; among progeny: aﬁ) (Falconer &
Mackay 1996). The additive genetic variance (V,)
was calculated as four times the among-sire vari-
ance (V4 = 4 ¢2), the maternal/common environ-
mental variances as, Vy =07 —od2, and the
residual variance Vi as the among progeny vari-
ance (= within full-sib family variance; Vi = aﬁ).
And the phenotypic variance (Vp), was estimated
as Vp =V, + Vy + Vig. The narrow-sense heri-
tability (h*) was estimated as h> = V,/Vp = 452/
V, (Roff 1997). Significance of the respective
genetic component of each model was assessed by
comparing the full model with a reduced model
lacking the additive genetic component using a
log-likelihood ratio test (Saxton 2004). The stan-
dard error of heritability values was computed
following Roff (1997). In addition, we used
WOMBAT to estimate heritability, the successor
of DFREML — an animal model- implemented by
Meyer (2007) for mixed-model analyses using
REML. The phenotypic correlation between both
traits was determined using Pearson product-
moment correlation using procedure CORR (SAS
Institute). Additive genetic correlation, r,, was
estimated as, r = COVA/YVA; Va> where COV, is
the covariance between the additive genetic val-
ues for the two traits (shell thickness and shell
length) and V,; and V4, are the additive genetic
variances for each trait. Significance of the
genetic covariance was assessed using a likeli-
hood ratio test by comparing the likelihood of the
model containing the genetic covariance compo-

nent with the reduced model in which the
genetic covariance was fixed at O (Saxton 2004).

Results

Shell thickness showed a higher coefficient of vari-
ation (CV) than shell length (Table 1). Nonethe-
less, both CV were high, indicating that they have
high phenotypic variances. Additive genetic vari-
ances (sire component) were significant for both
traits (Table 2) but maternal and common envi-
ronmental effects represented by the dam (sire)
component were significant only for shell length
(P < 0.0001, Table 2). The estimation of heritabil-
ity (h?) values of shell thickness and length were
significantly different from O and similar for both
PROC MIXED and the animal model WOMBAT
(P < 0.0135, Table 3) and highest for shell length
than for thickness (Table 3). Phenotypic correla-
tion was positive and significantly different from 0
(P < 0.0001), but genetic correlation was positive

but not statistically significant (P = 0.147,
Table 3).
Discussion

Our experiment revealed high individual variability
for shell thickness (CV =35.59) and length
growth (CV =11.41) in M. chilensis. However,
this variability could be explained by the presence
of phenotype plasticity or adaptive processes (Pigli-
ucci 2001). Inducible defenses — a type of pheno-
typic plasticity — (Bourdeau, Butlin, Bronmarck,
Edgell, Hoverman & Hollander 2015) are a perva-
sive feature of species found on littoral assem-
blages (Leonard et al. 1999; Bourdeau 2011;
Pascoal et al. 2012), certainly an increase in shell
thickness is a good mechanism of defense to
reduce the efficiency of their predators (Leonard
et al. 1999; Smith & Jennings 2000; Caro & Cas-
tilla 2004; Freeman 2007; Pascoal et al. 2012). In
other cases, the differences in shell thickness
between populations can be explained by adapta-

Table 1 Descriptive statistics of shell length (mm) and shell thickness (mm) of Mytilus chilensis. Mean + 1 standard

error. CV is the coefficient of variation

Trait Sire Dam N Min-Max Mean, mm cv
Length 12 60 345 56.51-99.56 73.34 + 0.45 11.41
Thickness 12 60 351 0.44-2.66 1.07 £+ 0.02 35.59
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Table 2 Estimation of genetic covariance (+ standard error) using linear-mixed model analysis of shell thickness (mm)
and shell length (mm) with PROC MIXED. In round parenthesis, the variance components and in brackets the probabil-

ity of the log-likelihood ratio test

Trait Sire

Dam (sire) Residual

Shell thickness 0.0113 £+ 0.0075
(0.0452 + 0.0298)
[0.0135]

23.1657 + 12.0184
(92.6628 + 48.0736)

[<0.0001]

Shell length

0.0080 + 0.0064
(0.0033 + 0.0106)
[0.1473]

19.3262 + 5.0794
(3.8395 + 13.4295)
[<0.0001]

0.1277 + 0.0106
(0.1051 + 0.0183)
[<0.0001]

30.3123 + 2.5458
(30.3123 + 24.1706)
[<0.0001]

Table 3 Heritabilities (bold), genetic correlation (upper
triangle) and phenotypic correlation (lower triangle) (+s-
tandard error) for shell thickness and length in M. chilen-
sis. In brackets probability of the log-likelihood ratio test.
Heritabilities in bold were estimated by linear mixed
model using PROC MIXED, and heritabilities in italic were
estimated using an animal model with a linear-mixed
model via restricted maximum likelihood (REML) as
implemented in WOMBAT. In round parenthesis, the
probability of the Pearson correlation coefficient

Shell thickness Shell length

Shell 0.294 + 0.194 [0.0135]  0.5482 + 0.300 [0.147]
thickness 0.241 + 0.158 [<0.0001]

Shell 0.255 + 0.370 (<0.0001)  0.731 + 0.379 [<0.0001]
length 0.931 + 0.367[<0.0001]

tions to the presence or absence of predators by
selective pressures, as for example, the case of
Mytilus from the North Sea and the Baltic Sea
(Kautsky, Johannesson & Tedengren 1990). Also,
it has been suggested that inducible defenses (e.g.
Shell thickness) are adaptive responses of prey to
environments in which predation pressure varies
spatially or temporally (Leonard et al. 1999; Smith
& Jennings 2000; Freeman 2007; Lowen, Innes &
Thompson 2013; Bourdeau et al. 2015). Despite
these facts, to our knowledge there was no estima-
tion of the additive genetic variance of shell thick-
ness itself and of their plasticity in bivalves. If
there is a significant heritability (h? > 0) then
adaptive microevolutionary changes of the shell
thickness can occur. Indeed, it can be predicted
that shell thickness and shell length growth in
M. chilensis can evolve responding to natural or
artificial selection, as both heritabilities are greater
than zero.

With respect to the growth in shell length, this
is the third report of narrow-sense heritability for

this trait. The first estimate of half-sib heritability
ranged between 0.38 4+ 0.33 and 0.84 + 0.45 in
larval and spat stages (Toro, Alcapan, Vergara
et al. 2004b), the second one ranged between
0.010 + 0.146 and 0.520 + 0.100 at ages
between 12 and 22 months including three locali-
Putemun
(Alcapan et al. 2007) and in this work at
34 months ranged between 0.731 4+ 0.379 and
0.931 £ 0.367. The heritability values estimated
in this study are larger than those described in the
literature for the same species; among some of the

ties (Hueihue, and Quetalmahue)

causes (change in heritability values along the life
animal span or environmental causes), the mea-
sure of right and left valves, and using the average
of both in the analysis could be an explanation.
This procedure reduces significantly the residual
error variance error (Vgr) in the analysis (Briones
& Guinez 2005; Lajus, Katolikova, Strelkov &
Hummel 2015), and therefore decreasing the phe-
notypic variation (denominator) thus increasing
the additive variance.

In addition, we found evidence of a significant
positive phenotypic correlation between shell
thickness and shell length growth. It is well estab-
lished that the shell thickness of mussels has a
phenotypic correlation with their length (Nagara-
jan, Lea & Goss-Custard 2002; Nagarajan et al.
2006), and this might also be taken as an initial
indication of a genetic correlations between these
traits. However, the data presented here showed
that both traits were not genetically correlated,
suggesting that these traits can be affected by a
different set of genes. This indicates that selection
acting on one trait (e.g. shell thickness) may not
necessary affect the other trait (e.g. length shell
growth).

As stated before, the additive genetic variation is
not only important for improvement purposes in
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important economic traits, but also to study the
microevolution of these traits under different sce-
narios. For example, thicker shells found in natu-
ral populations, in contrast to thinner shells in
cultivated populations of M. chilensis (Valladares
et al. 2010) can be the results of selection due to
differential predation pressures acting at both
kinds of populations. In fact, M. chilensis shows
several identified predators (Gordillo & Amuchaste-
gui 1998; Gordillo 2001; Navarro, Leiva, Gallardo
& Varela 2002; Andrade & Rios 2007; Gordillo &
Archuby 2012), so the next step, is to test if the
variation in selective pressures (e.g. by predators)
influences Darwinian fitness (Pigliucci 2001). This
study is contributing to this issue; however, more
field studies are needed, to understand the adapta-
tion under selective pressures in Mytilus chilensis.
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