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Offspring from broodstock fed a high-PUFA diet increased 
induction of HSP70 after exposure to handling and han-
dling plus thermal stress relative to offspring of scallops 
fed a low-PUFA diet. Survival of these larvae was also 
enhanced. Feeding adult scallops with appropriate PUFA 
during reproductive conditioning could improve adult 
stress responses and favor stress responses and survival of 
ensuing larvae.

Introduction

Broadcast spawning organisms invest massively in repro-
duction, producing great numbers of energy-rich gametes 
to assure fertilization success and to allow early planktonic 
development without external food. In bivalve molluscs, 
aerobic power requirements of gonad maturation slow vital 
processes such as growth (Iglesias and Navarro 1991), 
escape performance (Brokordt et al. 2000a, b, 2003, 2006; 
Kraffe et al. 2008), and immune responses (Li et al. 2007, 
2010). In many scallop species, macromolecular require-
ments of gonad maturation deplete reserves in digestive 
gland and muscle (Barber and Blake 1983; Brokordt and 
Guderley 2004). For the scallop Argopecten purpuratus, 
gonad maturation even decreases a crucial element of cel-
lular stress responses, heat shock protein (HSP) production 
(Brokordt et al. 2015). Effectively, the capacity of mature 
and spawned scallops to increase mRNA and protein lev-
els of 70 kDa HSPs following thermal or hypoxia stress is 
markedly reduced compared to that of adult scallops with 
immature gonads. Furthermore, the capacity for mito-
chondrial ATP production, as assessed by citrate synthase 
activity, decreases with gonadal maturation and spawn-
ing (Brokordt et al. 2015). Similar results are found for 
the oyster Crassostrea gigas in which spawning reduces 
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adenylate energy charge, glycogen levels and heat shock-
induced levels of HSP72 and HSP69 (Li et al. 2007). In 
summary, for oysters and scallops, reproductive investment 
decreases metabolic capacities and reduces the capacity for 
HSP70 induction during stress responses. In many bivalves, 
reproductive maturation and spawning occur during peri-
ods of strong fluctuations in temperature and oxygenation 
(Cheney et al. 2000; Tomaru et al. 2001; Cabello et al. 
2002; Xiao et al. 2005; Li et al. 2007; Zhang et al. 2010), 
and under these conditions, a decrease in stress response 
capacity would be particularly problematical. It is revealing 
that mass mortalities often coincide with periods of repro-
ductive activity for broadcast spawning bivalves (Tremblay 
et al. 1998; Xiao et al. 2005; Samain et al. 2007).

The production and activity of HSPs require consid-
erable metabolic support (Hofmann and Somero 1995; 
Somero 2002; Sharma et al. 2010). As molecular chaper-
ones, HSPs assist refolding of misfolded proteins, decrease 
aggregation of unfolded proteins and facilitate channeling 
of irreversibly damaged proteins toward proteolytic degra-
dation (Parsell and Lindquist 1993). The impact of repro-
ductive investment on aerobic power budgeting and energy 
availability could reduce stress response performance (Li 
et al. 2007; Guderley and Pörtner 2010; Brokordt et al. 
2015). Hence, physiological mechanisms that enhance met-
abolic capacities could mitigate the impact of reproductive 
investment on cellular stress tolerance in the broodstock 
and potentially improve offspring performance. One such 
mechanism involves adjustments in lipid composition.

Lipids store energy and provide the matrix of cellu-
lar membranes. Lipid quality is crucial for both roles, as 
both membrane function and energy mobilization require 
dynamic transformations of lipid structure (Pernet et al. 
2007). Phospholipids are the major component of biologi-
cal membranes and their molecular composition sets mem-
brane properties (Hulbert et al. 2005). When phospholipids 
contain higher levels of polyunsaturated fatty acids (PUFA) 
especially n-3 PUFA, such as 22:6n-3 or 20:5n-3, mem-
brane proteins show increased molecular activity. In paral-
lel, cellular metabolic rates are higher in cells with more 
polyunsaturated membranes (reviewed by Hulbert et al. 
2005). This could facilitate metabolic support of vital activ-
ities including stress responses.

Many animals, particularly filter feeding bivalves, are 
unable to synthesize n-6 or n-3 PUFA de novo and rely 
heavily on dietary PUFA. In bivalves, as in mammals 
(reviewed by Hulbert et al. 2005), fatty acid composition of 
storage and membrane lipids is strongly influenced by the 
abundance of dietary n-6 and n-3 PUFA (Delaporte et al. 
2003, 2006; Martínez-Pita et al. 2014). Dietary PUFA lev-
els are positively correlated with PUFA content in gonads, 
digestive gland, gills and eggs (Caers et al. 2003; Delaporte 
et al. 2006; Martínez-Pita et al. 2014). Mitochondria from 

A. purpuratus fed a microalga rich in PUFA show increased 
oxidative capacities compared to those fed a diet lacking in 
PUFA (Guderley et al. 2011). Dietary lipids accumulated 
in eggs provide material for growth and energy until lar-
vae are able to feed (Ehteshami et al. 2011; Martínez-Pita 
et al. 2012a, b). In bivalves, PUFA levels during reproduc-
tive conditioning or in the larval diet can strongly influence 
larval survival (Berntsson et al. 1997; Martínez et al. 2000; 
Hendricks et al. 2003). Thus, providing adult scallops with 
the appropriate dietary PUFA during reproductive con-
ditioning could improve adult stress responses and favor 
stress responses and survival of the ensuing larvae.

Therefore, the objectives of this study were (1) to evalu-
ate whether A. purpuratus fed a diet rich in PUFA during 
reproductive conditioning will improve their capacity to 
respond to stress through HSP70 synthesis (at transcrip-
tion and protein levels) and (2) to examine whether larvae 
produced from scallops fed a diet rich in PUFA will have 
improved survival and synthesis of HSP70 in response to 
hatchery manipulations (i.e., handling and thermal stress).

Materials and methods

Animal procurement and holding conditions

Adult A. purpuratus (70–80 mm shell height; n = 300) 
with immature gonads were obtained from the aquaculture 
concession belonging to Universidad Católica del Norte at 
Tongoy Bay in Coquimbo, northern Chile (30º16′ S; 71º35′ 
W), during the summer 2011 (where seawater temperature 
ranged from 16 to 18 °C). The flaccid and pale gonads of 
immature individuals were identified using a visual scale 
following Disalvo et al. (1984) and Martínez and Pérez 
(2003) for this hermaphrodite scallop. The scallops were 
transported to the Universidad Católica del Norte’s labora-
tory in Coquimbo. To recover from transport, the scallops 
were placed in 1000-L tanks supplied with filtered, aerated 
and running seawater (16–18 °C) and fed a diet of 50 % 
Isochrysis galbana and 50 % Chaetoceros calcitrans for 
3 days. The stress trial (see below) was given to 30 scal-
lops to evaluate stress response capacity before gonad 
maturation. One group of 90 scallops was returned to the 
aquaculture concession at Tongoy Bay for gonad matura-
tion; here they had access to a natural diet and no addi-
tional feeding. This group was termed the “natural environ-
ment” treatment. The other 180 scallops were conditioned 
until maturation (25 days) under laboratory conditions with 
two microalgal diets, one high and the other low in PUFA 
(n = 90 each). Scallops were haphazardly assigned to a 
dietary treatment. Each treatment group was split into three 
200-L tanks (n = 30 scallops per tank) in which they were 
fed (see below for details) by a continuous drip system. The 
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water was changed daily, and temperature was between 17 
and 18 °C.

Microalgal diet composition

The diets were isocaloric and isoproteic mixtures of labo-
ratory and endemic microalgae. The microalgae, I. gal-
bana (var T-iso) and Nanocloropsis oculata, were obtained 
from our culture facility in exponential growth phase at 
5–6 × 106 cells mL−1. Endemic microalgae were obtained 
in exponential growth phase at 5–6 × 106 cells mL−1 from 
Chañar Blanco S.A. As the identity of the endemic micro-
algae is an industrial secret, they are identified with a code 
(Table 1). Scallops were fed approximately 6 % of their dry 
mass per day. The high-PUFA diet contained 80 % I. gal-
bana and 10 % each of M35 and M53. For the low-PUFA 
diet, 84 % N. oculata was combined with 8 % each of 
M19 and M22. Table 1 shows the proportions (%) of total 
lipids, saturated fatty acids (SFA), monounsaturated fatty 
acids (MUFA) and polyunsaturated fatty acids (PUFA) in 
each microalga, as well as the levels of total lipids and total 
SFA, MUFA and PUFA (mg g−1) in the diets. Both diets 
contained similar concentration of lipids (mg g−1), but the 
high-PUFA diet contained 2.6 times more PUFA than the 
low-PUFA diet (Table 1).

Experimental design

Dietary conditioning lasted 25 days, the period necessary 
for gonad maturation. After this, 30 scallops per treatment 
were given the stress trial (where 15 were stressed and 15 
not stressed), and 60 scallops per treatment were stimulated 
to spawn for the larval experiments. We did not observe 
mortality among adult scallops during the experimental 
period.

Of the scallops per condition (i.e., immature; matured in 
the natural environment; and matured with a diet high or 
low in PUFA), 15 were subjected to a sudden temperature 
increase from 18 to 24 °C and then maintained at 24 °C for 
6 h (i.e., stressed scallops). A previous study indicated that 
this change in temperature increases HSP70 levels 1.5-fold 
in muscle, 2.0-fold in mantle and threefold in gills, com-
pared with controls from unstressed A. purpuratus scallops 
(Brokordt et al. 2015). Therefore, here we focused on gills. 
An additional 15 scallops per dietary condition were main-
tained at 18 °C over the same 6 h and served as unstressed 
scallops. Following the stress trials, each individual’s gills 
were removed; one portion was frozen in liquid nitro-
gen and stored at −80 °C for later HSP70 quantification. 
Another portion was stored in RNA later (Ambion) at 
−20 °C until processing for hsp70 gene transcription deter-
minations. Gonads from mature scallops were dissected 
into male and female portions. The female portion was fro-
zen at −80 °C for lipid quantification and fatty acid profile 
determination.

The remaining mature scallops from each dietary condi-
tion (n = 60) were stimulated to spawn by adding excess 
microalgae. Oocytes from spawned scallops were ferti-
lized with sperm from other individuals fed the same diet, 
in a 1:50 proportion oocyte/sperm. Resulting embryos per 
treatment were distributed in three larval-growing tanks of 
200 L each, with filtered (1 μm ø) sea water at 18 °C and 
gentle aeration, at a density of 100 embryo mL−1. After 
48 h of development, when embryos attained the D-shaped 
veliger stage, each tank was completely sieved through a 
50-μm mesh filter. As for all analyses, the larvae need to 
be concentrated by sieving, it was not possible to measure 
unstressed larvae. Three samples of 0.5 mL (concentrated 
larvae) per tank were taken and immediately frozen in liq-
uid nitrogen and stored at −80 °C for later HSP70 quanti-
fication. We considered that these larvae had been exposed 
to handling stress. Heat shock was applied to three samples 
(0.5 mL concentrated larvae per sample) per tank per diet. 
Each sample was transferred to a 250-mL glass container 
filled with filtered sea water and held at 24 °C for 30 min. 
Preliminary experiments showed that 30 min was enough 
to stimulate a significant increase in HSP70, while avoiding 
larval mortality. We considered that these larvae had been 
exposed to handling and thermal stress.

Finally, to evaluate larval survival, three samples of 
fertilized oocytes (2 mL each at 100 eggs mL−1) per tank 
per diet treatment were transferred to 500-mL glass con-
tainers (i.e., three replicates per treatment) filled with fil-
tered sea water and held at 18 °C with gentle aeration. No 
food was provided to the embryos to evaluate the effect of 
parental dietary condition on survival at different larval 
stages. Larval survival was measured at 48, 72 and 96 h 

Table 1  Proportion (%) of total lipids and fatty acids in microalgae 
used in diet treatments, and total lipids and fatty acids (mg g−1) in 
the microalgal mixture used for the high- and low-PUFA diets during 
reproductive conditioning of A. purpuratus

a For each diet, microalgae were mixed in the proportions given in 
“Materials and methods” section

Diet Microalgae Lipids SFA MUFA PUFA

High PUFA Isochrysis galbana 25.0 28.3 23.4 47.6

M35 14.1 60.8 27.8 7.75

M53 18.7 19.0 48.1 29.5

Microalgal mixa 233 70 60 110

Low PUFA Nanocloropsis oculata 22.0 35.7 41.9 19.6

M19 1.3 56.7 37.4 2.58

M22 0.8 59.4 31.2 7.08

Microalgal mix* 222 80 93 43
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post-fertilization, by taking three 1 mL samples per con-
tainer and counting larvae under a microscope.

Dietary and tissue lipid composition

Fatty acid composition of the gills, female gonads (three 
pools of five samples each per treatment) and diets were 
obtained from the Algae Center of Research and Techno-
logical Development (CIDTA) using gas chromatography 
and standard protocols for lipid (Folch et al. 1957) and 
fatty acid extraction. Fatty acid methyl esters (FAMEs) of 
total lipid were prepared by transmethylation with 14 % 
BF3MeOH for 10 min at 60 °C. FAMEs were then obtained 
by a liquid–liquid extraction with hexane and washed with 
20 % NaCl. The organic phase was roto-evaporated and re-
suspended with 1 mL hexane. FAMEs were analyzed with 
a Clarus 600, PerkinElmer gas chromatograph.

Total RNA extraction, cDNA synthesis and mRNA 
transcription analysis with quantitative real‑time PCR

For this, we followed Brokordt et al. (2015). Total RNA 
was isolated from gill tissues using TRIzol reagent (Inv-
itrogen) according to manufacturer’s instructions. RQ1 
RNase-Free DNase (Promega, USA) was used to eliminate 
DNA contamination. Equal amounts of RNA from three 
individuals per treatment were pooled (thus the 15 indi-
viduals per treatment became five pools of three individu-
als per treatment). Each RNA pool was reverse-transcribed 
using RevertAid H Minus First Strand cDNA Synthesis kit 
(Fermentas) according to the manufacturer’s instructions. 
We used 200 ng of total RNA for the RT-PCR analysis. 
Hsp70 gene transcription was performed using specific A. 
purpuratus primers (Hsp70F 5′GAGGCCGTCGCCTATG-
GTGC3′; Hsp70R 5′GCGGTCTCGATA-CCCAGG-
GACA3′) (GenBank accession number FJ839890); with 
EF1α (GenBank accession number ES469321.1.) as an 
endogenous control (primers: EF1αF 5′CATGACACA-
GGAACTCCC3′; EF1αR 5′GGTCTGACCGTTCTTG-
GAAA3′). In preliminary studies, the stability of this 
endogenous gene was tested for our species and tissues. 
For both genes, RT-qPCR efficiency was previously set 
between 90 and 110 % through serial dilution of cDNA. 
The designed primers were selected from a conserved 
region that does not discriminate between genes encoding 
for different Hsp70 isoforms and thus between constitutive 
and inducible ones. However, in preliminary studies using 
these primers, Hsp70 mRNA showed a strong increase after 
stress, which indicates that we are measuring the Hsp70 
inducible isoforms (Brokordt et al. 2015).

All qPCR were performed in triplicate in a 20-μL reac-
tion mixture containing 5 μL cDNA, 0.2 mM of each primer, 
using the Maxima SYBR Green/ROX qPCR Master Mix (2X) 

kit (Fermentas). qPCR were run in a StepOne Plus Real-Time 
PCR System (Applied Biosystems, USA). Efficiency of Hsp70 
amplification was similar to that of the housekeeping gene, so 
the comparative method ∆∆ CT (Livak and Schmittgen 2001) 
was applied for relative quantification of A. purpuratus Hsp70. 
For both the target and housekeeping genes, qPCR initial dena-
turing time was 10 min at 95 °C, followed by 40 cycles of 
denaturing at 95 °C for 30 s, annealing at 60 °C for 30 s, and 
extension at 72 °C for 30 s, with a ramp rate of the melt curve 
of 95 °C (15 s), 55 °C (15 s) and 95 °C (15 s).

Extraction and quantification of total protein 
for HSP70 determination

Total protein was quantified for 0.03 g of gill from each 
individual and for each larval sample. Gill and larval pellets 
were homogenized in 150 μL of homogenization buffer 
(32 mM Tris–HCl at pH 7.5, 2 % SDS, 1 mM EDTA, 1 mM 
Pefabloc and 1 mM protease inhibitor cocktail; Sigma). 
The homogenate was incubated for 5 min at 100 °C, then 
resuspended in 100 μL of homogenization buffer and re-
incubated at 100 °C for 5 min. The homogenate was centri-
fuged at 10,600g for 20 min. Total protein was quantified in 
an aliquot of the supernatant with a Micro-BCA kit using a 
microplate spectrophotometer EPOCH (BioTek).

Quantification of HSP70 protein levels

HSP70 was measured in the gill tissue of each individual 
and in pooled larvae by enzyme-linked immunosorbent 
assay (ELISA), which was validated in previous tests by 
comparing ELISA results with immunoprobing of West-
ern blots (Brokordt et al. 2015). Western blot analyses 
(using the same antibodies described later) showed only 
one band at the level of 70 kD-HSP. Total protein (30 μg/
mL) was diluted in 0.05 M carbonate–bicarbonate buffer 
at pH 9.6, and 50 μL of sample per well was incubated in 
an ELISA plate overnight at 4 °C with three blanks (con-
taining buffer only) and various concentrations of cognate 
HSP70 (H8285, Sigma) to generate a standard curve. The 
plate was washed twice with phosphate-buffered saline 
(PBS) (200 μL per well). Next, 200 μL of blocking buffer 
(PBS + 5 % skim milk) was added to each well and incu-
bated for 2 h. The wells were washed again with PBS. 
Subsequently, 100 μL of the primary antibody [polyclonal 
mono-specific anti-epitope that recognizes the inducible 
and constitutive forms of HSP70 specific for A. purpura-
tus, developed in immunized mice with a synthetic pep-
tide epitope (group of immunological markers on aquatic 
organisms, Catholic University of Valparaiso)] diluted 
1:400 in blocking buffer + 0.05 % tween-20 was added to 
each well, and the plate was incubated overnight at 4 °C. 
The plate was then washed four times with PBS, incubated 
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with goat anti-mouse IgG (Thermo Scientific) secondary 
antibody, diluted in blocking buffer + 0.05 % tween-20 for 
2 h at 25 °C and washed again four times with PBS. Next, 
100 μL of substrate solution (10 mg o-phenylenediamine 
dihydrochloride in 25 mL of 0.05 M citrate phosphate 
buffer) was added, followed by incubation of the plate for 
30 min at 25 °C. Finally, the plate was read at 450 nm in a 
microplate spectrophotometer. The absorbance of the sam-
ple was corrected by the mean absorbance of the blanks 
and divided by a conversion factor, estimated from a linear 
regression curve of cognate HSP70. The calculated result 
was the concentration of HSP70 in μg/mg total protein.

Statistical analyses

To evaluate the effect of dietary condition on fatty acid 
contents and profiles in gills and female gonad of mature A. 
purpuratus, we performed a one-way ANOVA. To evaluate 
the effect of dietary condition on hsp70 mRNA levels and 
HSP70 abundance in mature A. purpuratus exposed to ther-
mal stress, we performed two-way ANOVA. Model predic-
tors were dietary treatments (with three levels: high PUFA, 
low PUFA and natural environment) and absence/presence 
of thermal stress (i.e., unstressed vs. stressed). To compare 
these results with those observed before gonad maturation, 
hsp70 mRNA levels and HSP70 abundance in immature 
scallops were introduced in the analysis as a fourth level of 
dietary treatment.

To evaluate the effect of parental dietary condition on 
HSP70 abundance in stressed larvae, we performed a two-
way ANOVA. Model predictors were parental diet (with 
three levels: high PUFA, low PUFA and natural environment) 
and stress intensity (i.e., handling vs. handling plus thermal 
stress). To evaluate the effect of parental diet on larval sur-
vival, we performed a one-way ANOVA for each post-fer-
tilization time (i.e., 48, 72 and 96 h post-fertilization). For 
each ANOVA, normality of the dependent variable was tested 
using the Shapiro–Wilks test (SAS 1999) and homogeneity of 
variances using the Levene test (Snedecor and Cochran 1989) 
to verify that the data met model assumptions. A posteriori 
tests for specific differences were conducted via the multiple 
pairwise comparisons least-square means (Lenth and Hervé 
2015), with significance evaluated at P ≤ 0.05.

Results

Effect of dietary treatment on fatty acid profiles 
and contents in gills and gonads

After 25 days of reproductive conditioning with distinct 
diets, both gills and gonads of mature scallops showed con-
trasting proportions (%) of PUFA and contents (mg g−1) of 

total fatty acid (FA), PUFA and lipids (Tables 2 and 3). Gills 
from scallops fed the low-PUFA diet had lower % PUFA, 
compared with gills from scallops fed the high-PUFA or the 
natural diet (Table 2). In the gills, total FA and PUFA, and 
lipid concentrations were higher in scallops fed the high-
PUFA diet than in those fed the low-PUFA or the natural 
diet. Gonads of scallops fed the high-PUFA diet showed 
the highest % PUFA, while those fed the low-PUFA diet 
showed the lowest % PUFA. Gonadal contents of lipids, FA 
and PUFA were equivalent in scallops fed the high-PUFA 
and the natural diets and higher than in scallops fed the 
low-PUFA diet (Table 3). For both gills and gonads, levels 
of 20:5n-3 and 22:6n-3 in scallops fed the high-PUFA diet 
were closer to those of scallops matured in the natural envi-
ronment than to those fed the low-PUFA diet.

Effect of dietary condition on hsp70 mRNA levels 
and HSP70 abundance in mature scallop exposed 
to thermal stress

Dietary conditions during gonad maturation significantly 
affected the heat shock response in scallop gills (Table 4). 
While under all dietary conditions, thermal stress led 
scallops to increase hsp70 mRNA levels over those of 
unstressed scallops (Fig. 1a), the intensity of this response 
varied with dietary condition. Scallops with immature 
gonads more than doubled relative levels of hsp70 mRNA 
in response to heat shock. After gonadal maturation in the 
natural environment, the production of hsp70 mRNA in 
response to heat stress was reduced, with an induction of 
only 0.5-fold relative to the unstressed individuals. Scal-
lops fed the high-PUFA diet during gonad maturation 
raised hsp70 mRNA levels as much if not more than scal-
lops with immature gonads, i.e., an induction of 2.6-fold 
compared with the respective unstressed scallops. Finally, 
stressed scallops fed the low-PUFA diet increased 0.75-fold 
their levels of hsp70 mRNA in response to heat stress in 
comparison with the respective unstressed scallops.

Following thermal stress, scallops with immature gonads 
and scallops fed the high-PUFA diet had significantly higher 
HSP70 protein levels (2.4- and 1.6-fold, respectively) than 
unstressed scallops (Fig. 1b). In contrast, neither scallops 
matured in the natural environment nor those fed the low-
PUFA diet were able to increase HSP70 protein levels after 
thermal stress. Interestingly, basal levels of HSP70 were 
highest in gills of scallops fed the high-PUFA diet.

Effect of parental dietary condition on larval levels 
of HSP70

In general, both parental dietary condition and exposure to 
different levels of stress affected protein levels of HSP70 
in D-shaped veliger larvae (i.e., at 48 h post-fertilization) 
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(Table 5). Larvae from broodstock fed the low-PUFA diet 
showed the lowest HSP70 levels after handling plus ther-
mal stress (Fig. 2). Larvae from broodstock maintained in 
the natural environment and those from scallops fed the 
high-PUFA diet during gonad maturation did not differ in 
their HSP70 levels after the combined stresses, although a 
tendency toward higher HSP70 levels was observed for lar-
vae from scallops fed the high-PUFA diet (Fig. 2).

Effect of parental dietary condition on larval survival

Survival of larvae from broodstock fed the high-PUFA 
diet was consistently significantly higher than that of lar-
vae from broodstock maintained in the natural environment 
or those fed the low-PUFA diet (ANOVA; L-S means a 
posteriori test; P < 0.0001 for each comparison) (Fig. 3). 
Survival of larvae from broodstock fed the low-PUFA diet 
was not different from that of larvae from broodstock main-
tained in the natural environment, except at 72 h post-ferti-
lization, where the former showed lower survival.

Discussion

In broadcast spawning animals, nutritional quality during 
gonadal maturation is crucial for the health and survival 
of the offspring as well as the subsequent performance of 
the adults (Martínez et al. 2000). In scallops, the mature 
gonad can become the largest organ in the body. Gonadal 
growth and gamete maturation lead to significant deple-
tion of energetic reserves in other organs, including mus-
cle and digestive gland (Barber and Blake 1983; Brokordt 
and Guderley 2004) and lead to significant functional 
compromises in escape response performance (Bro-
kordt et al. 2000a, b, 2006; Kraffe et al. 2008) and stress 
responses (Brokordt et al. 2015). The mechanism under-
lying this generalized loss of adult performance may 
well be the decrease in available aerobic power, as the 
costs of gonad maturation increase standard metabolic 
rates leaving less aerobic power available to mount stress 
responses or to carry out repeat escape responses (Gud-
erley and Pörtner 2010). Mobilization of essential fatty 

Table 2  Fatty acid contents 
and profiles in gills of mature 
A. purpuratus fed microalgal 
diets containing different levels 
of PUFA during reproductive 
conditioning

Values are expressed as % of the total fatty acids, except for tissue contents of fatty acids (ΣFA) and PUFA 
(ΣPUFA). Values are shown as mean (standard error). n = 3 (three pools of five individuals per treatment). 
Data followed by different letters differ significantly between dietary treatments (ANOVA; L-S means test; 
P < 0.05)

ND not detectable

Fatty acids High-PUFA diet Low-PUFA diet Environmental diet

SFA

 14:0 1.57 (0.08)c 2.21 (0.03)b 3.11 (0.13)a

 15:0 0.76 (0.18) 0.97 (0.09) 0.83 (0.06)

 16:0 19.1 (0.87) 21.9 (1.09) 22.4 (0.25)

 17:0 ND 0.66 (0.07) ND

 18:0 16.7 (0.63) 18.0 (0.24) 15.8 (0.66)

MUFA

 16:1 3.69 (0.18) 4.77 (0.16) 3.82 (0.49)

 18:1n-9c/18:1n-9t 2.49 (0.01)a 2.05 (0.01)b 1.70 (0.06)c

 20:1n-9 5.98 (0.26) 5.48 (0.15) 5.22 (0.11)

PUFA

 20:2 1.70 (0.13)a 1.11 (0.05)b ND

 20:3n-3 7.93 (0.04)a 7.38 (0.10)b 5.16 (0.04)c

 20:5n-3 10.3 (0.08)a 8.72 (0.25)b 10.7 (0.18)a

 22:6n-3 29.8 (0.17)a 26.7 (0.81)b 31.3 (0.72)a

 ΣSFA 38.1 (0.44)b 43.8 (0.30)a 42.1 (0.38)a

 ΣMUFA 12.2 (0.15)a 12.3 (0.14)a 10.7 (0.25)

 ΣPUFA 50.0 (0.51)a 44.0 (1.21)b 47.2 (1.41)ab

 22:6n-3/20:5n-3 2.89 (0.04)b 3.06 (0.03)a 2.93 (0.02)ab

Tissue contents (mg g−1)

 ΣFA 8.10 (0.41)a 5.90 (0.19)b 5.70 (0.18)b

 ΣPUFA* 4.10 (0.12)a 2.54 (0.07)b 2.68 (0.13)b

 Lipids 13.9 (0.07)a 10.2 (0.07)b 9.79 (0.10)b
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acids from somatic to reproductive tissues may under-
lie some of this loss of performance. Our current study 
was predicated upon the assumption that supplementing 
broodstock with essential PUFA during gonadal matu-
ration could mitigate the loss in adult performance and 
favor that of the larvae. Our results support this concept. 
We found that feeding a diet rich in polyunsaturated fatty 
acids (PUFA) during reproductive conditioning enhanced 
the capacity of adult Argopecten purpuratus to induce 
HSP70 in response to thermal stress. Further, early lar-
vae from broodstock fed a diet rich in PUFA showed an 
increased capacity to induce HSP70 after exposure to 
handling and handling plus thermal stresses relative to 
offspring of scallops fed a low-PUFA diet. These larvae 
also showed enhanced survival compared with larvae 

from broodstock matured in the natural environment and 
those fed a low-PUFA diet.

In A. purpuratus, gonadal maturation decreases 
branchial capacity to induce HSP70 upon stress exposure. 
A loss of aerobic capacity in gills accompanies this loss of 
HSP70 induction (Brokordt et al. 2015). A reduction in aer-
obic power due to metabolic requirements of gonadal mat-
uration may account for some of the loss of performance in 
other traits such as escape responses (Guderley and Pörtner 
2010). Our results suggest that depletion of essential PUFA 
from gill membranes during gamete maturation may under-
lie the reduced heat stress response. A deficiency of PUFA 
could reduce gill aerobic capacity, decreasing ATP avail-
ability for HSP production and action. Herein, we observed 
that scallops fed a mixture of microalgae high in PUFA 
during gonad maturation showed 60 % more PUFA in their 
gills (mg g−1) than those fed a mixture of microalgae low 
in PUFA, and 40 % more PUFA than those maintained in 
the natural environment during the same period. Heat shock 
response intensity paralleled gill PUFA contents, with the 
strongest response occurring in scallops fed the high-PUFA 
diet. Higher proportions of PUFA in cell membranes should 
augment the activity of membrane-linked cellular processes 
that are major contributors to energy metabolism (Hulbert 
et al. 2005). The membrane pacemaker theory (Hulbert 
and Else 1999, 2000) suggests that higher levels of PUFA 
increase the rates at which the membrane proteins catalyze 
their reactions, due to a greater transfer of energy during 
collisions between membrane proteins and the more freely 

Table 3  Fatty acid composition in female gonads of mature A. pur-
puratus fed with microalgal diets with different levels of PUFA dur-
ing reproductive conditioning

Values are expressed as % of the total fatty acids, except for tis-
sue contents of total fatty acids (ΣFA) and total PUFA* contents 
(ΣPUFA) expressed in mg g−1. Values are shown as mean (standard 
error). n = 3 (three pools of five individuals per treatment). Data fol-
lowed by different letters differ significantly between dietary treat-
ments (ANOVA; L-S means test; P < 0.05)

Fatty acids High-PUFA 
diet

Low-PUFA 
diet

Environmental 
diet

SFA

 C14:0 4.88 (1.77) 6.67 (0.01) 4.27 (0.39)

 C16:0 15.1 (1.03)b 18.4 (0.34)a 17.0 (0.60)ab

 C18:0 6.82 (1.03) 8.56 (0.06) 7.05 (0.03)

MUFA

 C16:1 5.21 (1.10) 7.07 (0.08) 7.88 (0.49)

 C17:1 2.47 (0.14) ND 3.64 (2.82)

 C20:1n-9 1.63 (0.57) 1.25 (0.23) 1.47 (0.16)

PUFA

 C18:2n6c 1.63 (0.57) 1.19 (0.04) 0.73 (0.08)

 C18:3n3 1.63 (0.45) 0.92 (0.11) 0.57 (0.01)

 C20:2 1.25 (0.86) ND 0.39 (0.01)

 C20:3n-6 1.17 (1.00) ND 0.42 (0.01)

 C20:4n-6 2.94 (0.52) ND 2.34 (0.13)

 C20:5n-3 29.9 (0.17)a 24.6 (0.65)b 27.0 (0.91)a

 C22:6n-3 23.8 (0.20)b 21.7 (0.30) 25.6 (0.13)a

 ΣSFA 26.8 (1.28)b 33.6 (0.14)a 28.3 (0.34)b

 ΣMUFA 9.31 (0.60)b 8.32 (0.16)b 12.9 (1.16)a

 ΣPUFA 62.4 (0.74)a 48.4 (1.28)c 57.1 (1.18)b

 22:6n-3/20:5n-3 1.25 (0.09) 1.13 (0.06) 1.05 (0.14)

Tissue contents (mg g−1)

 ΣFA 30.0 (1.50)a 21.1 (1.06)b 30.4 (1.52)a

 ΣPUFA* 18.6 (0.93)a 10.1 (0.55)b 17.3 (0.87)a

 Lipids 55.9 (0.26)b 47.5 (0.81)c 60.6 (1.42)a

Table 4  Two-way ANOVAs comparing Hsp70 mRNA and HSP70 
protein levels between A. purpuratus exposed to different dietary con-
ditions during gonad maturation, and subjected to thermal stress

Condition: feeding high-PUFA and low-PUFA diets, natural envi-
ronment food; and reproductive immaturity. Stress level: unstressed 
(18 °C), stressed (24 °C). For gene expression, n = 5 replicates per 
condition (each replicate includes the total RNA of three individuals). 
For protein levels, n = 8–12 individuals per condition

Source df F P

Hsp70 mRNA levels after stress

 Model 1 573.8 0.000000

 Condition (C) 3 43.60 0.000000

 Stress level (SL) 1 90.82 0.000000

 C × SL 3 10.90 0.000026

 Error 38

HSP70 protein levels after stress

 Model 1 607.79 0.000000

 Condition (C) 3 17.42 0.000000

 Stress level (SL) 1 26.86 0.000002

 C × SL 3 6.37 0.000623

 Error 81
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moving membrane phospholipids (Hulbert and Else 1999). 
This would elevate aerobic capacities and may increase 
energy available for HSP70 synthesis. A. purpuratus fed 
mono-specific diets with higher 22:6n-3 contents increased 
adductor muscle and female gonad mitochondrial oxida-
tive capacities (Guderley et al. 2011). Interestingly, we 
observed that basal levels of HSP70 (i.e., in non-stressed 
scallops) were highest in gills of A. purpuratus fed the 

high-PUFA diet. This may be associated with an increased 
rate of protein turnover and demand for HSP70 during 
translation (i.e., chaperoning).

During gonadal maturation, dietary lipids, in particular 
essential PUFA, are directed to the developing gametes 
(Marty et al. 1992; Utting and Millican 1997; Martínez 
et al. 2000). The integration of PUFA ingested by the par-
ents into larval membranes seems to influence larval per-
formance. Larvae produced by scallops fed a low-PUFA 
diet have reduced stress responses compared to those pro-
duced by parents fed the high-PUFA or natural diets. In 
contrast to the pattern observed in the gills, gonadal PUFA 
concentrations in animals fed the natural diet were similar 
to those of scallops fed the high-PUFA diet, supporting the 
concept that dietary PUFA are targeted to the gonad during 
gonadal maturation. A functional impact of this preferen-
tial integration is suggested by larval stress responses 48 h 
after fertilization. While the stress response in gills of scal-
lops fed the natural diet was attenuated compared to that 
of scallops fed the high-PUFA diet, larval stress responses 
were similar in the groups fed the natural and the high-
PUFA diets. As in early larval life, 22:6n-3 is maintained in 

Fig. 1  Hsp70 gene transcrip-
tion (a) and HSP70 protein 
levels (b) in gill tissue of A. 
purpuratus scallops exposed 
(stressed) and not exposed 
(unstressed) to thermal stress at 
immature and mature reproduc-
tive stages. Mature scallops 
were conditioned in the natural 
environment or fed laboratory 
diets high or low in PUFA. Val-
ues represent mean ± S.E. (for 
mRNA levels, n = 5 replicates 
per condition, each replicate 
includes three individuals’ 
total RNA; for protein levels, 
n = 15 replicates per condition). 
Means sharing the same letter 
are not significantly different 
(P ≥ 0.05) as indicated by a 
posteriori multiple comparisons 
(LS means)

Table 5  Two-way ANOVAs comparing the effect of parental dietary 
condition and stress level on HSP70 protein levels in A. purpuratus 
D-shaped veliger larvae

Parental diet levels: high PUFA, low PUFA and natural environment. 
Stress level: handling and handling plus thermal stress (24 °C). n = 3 
larval pools per condition

Source DF F P

Model 1 1912 0.000000

Dietary condition (DC) 2 15.17 0.000116

Stress level (SL) 1 37.58 0.000007

DC × SL 2 0.86 0.440593

Error 16
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the phospholipid fraction, whereas other PUFA including 
20:5n-3 are metabolized (Marty et al. 1992), we suggest 
that larvae from broodstock fed the high-PUFA and natural 
diets had high membrane 22:6n-3 levels. Our results clearly 
demonstrate that the diet during broodstock conditioning 
has strong carryover effects that influence stress response 
performance of early larvae.

Poor nutritional status decreased the capacity of the 
snail Concholepas concholepas to synthesize HSP70 upon 
exposure to several stressors (Jeno and Brokordt 2014). 
Mechanisms based on availability of energy could explain 
differences between the performance of broodstock (and 
the ensuing offspring) fed high-PUFA and low-PUFA diets. 
Among the energy-based mechanisms, higher lipid stor-
age in the scallops fed the diet rich in PUFA could have 
increased energy available for gene transcription and pro-
tein synthesis of HSP70 during stress exposure. Although 
the high- and low-PUFA diets did not differ in their total 
lipid content, the gonadal FA content of scallops fed the 
high-PUFA and the natural diets was greater than that of 
scallops fed the low-PUFA diet. Lipid content was highest 
in the gonads of scallops fed the natural diet, followed by 
those fed the high-PUFA diet and finally those fed the low-
PUFA diet. However, integration of lipids from different 
algal food sources into gametes is unlikely to simply follow 
energy availability (Hendricks et al. 2003).

Cellular regulation by the more fluid membranes pro-
duced by integration of PUFA could underlie the increased 
capacity for HSP70 induction in scallops (and their off-
spring) fed the high-PUFA diet. Samples et al. (1999) 
observed that trout leukocytes supplemented with DHA 
and arachidonic acid showed a higher induction of hsp70 
mRNA after heat shock. They propose that a change in 
temperature alters the physical state of membrane phos-
pholipids, making them available to the phospholipase 
that generates lipid mediators that interact with the heat 
shock factor to drive the heat shock response (Samples 
et al. 1999). This could suggest that membranes with more 
PUFA (such as 22:6n-3 or 20:4n-6) may liberate more lipid 
mediators upon heat shock leading to stronger induction of 
HSPs.

While the exact mechanism whereby integration of 
PUFA such as 22:6n-3 into membranes in adult and larval 
scallops influences stress response capacities remains to 
be elucidated, parental diet has marked effects upon lar-
val and adult performance. If membrane quality acts via 
an improved aerobic capacity, a more balanced microalgal 
diet, such as used in the current experiment, could mitigate 
the loss of stress response capacity observed with gonadal 
maturation in a range of scallop species. The strong influ-
ence of parental diet upon larval performance of D larvae 

Fig. 2  HSP70 protein levels in D-shaped veliger larvae (48 h post-
fertilization) after exposure to handling or handling plus thermal 
stress. Larvae were from A. purpuratus scallop broodstock main-
tained in the natural environment, or fed high- or low-PUFA diets 
during gonad maturation. Values represent mean ± S.E. (n = 3 
pooled or concentrated larvae per condition). Means sharing the same 
letter are not significantly different (P ≥ 0.05) as indicated by a pos-
teriori multiple comparisons (LS means)

Fig. 3  Effect of parental dietary condition on larval survival at dif-
ferent times post-fertilization (0–96 h). Larvae were from A. purpura-
tus scallop broodstock maintained in the natural environment, or fed 
high- or low-PUFA diets during gonad maturation. Larvae were not 
fed to evaluate the effect of parental dietary condition on larval sur-
vival. Values represent mean ± S.E. (n = 3, one mL sample per post-
fertilization time per condition). Means sharing the same letters are 
not significantly different (P ≥ 0.05) indicated by a posteriori multi-
ple comparisons (LS means)
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may not continue into later larval life, when larvae find 
their own food. Nonetheless, the increase in survival and 
stress response capacity during early stages, with their high 
larval mortality, could increase reproductive success. Posi-
tive carryover effects such as we observed would therefore 
be under positive selection.
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