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Genetics and ontogeny are key
factors influencing thermal
resilience in a culturally

and economically important
bivalve
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Increasing seawater temperatures coupled with more intense and frequent heatwaves pose an
increasing threat to marine species. In this study, the New Zealand green-lipped mussel, Perna
canaliculus, was used to investigate the effect of genetics and ontogeny on thermal resilience. The
culturally and economically significant mussel P. canaliculus (Gmelin, 1971) has been selectively-

bred in New Zealand for two decades, making it a unique biological resource to investigate genetic
interactions in a temperate bivalve species. Six selectively-bred full sibling families and four different
ages, from early juveniles (6, 8, 10 weeks post-fertilisation) to sub-adults (52 weeks post-fertilisation),
were used for experimentation. At each age, each family was exposed to a three-hour heat challenge,
followed by recovery, and survival assessments. The shell lengths of live and dead juvenile mussels
were also measured. Gill tissue samples from sub-adults were collected after the thermal challenge

to quantify the 70 kDa heat shock protein gene (hsp70). Results showed that genetics, ontogeny

and size influence thermal resilience in P. canaliculus, with LT, values ranging between 31.3 and

34.4 °C for all studied families and ages. Juveniles showed greater thermotolerance compared

to sub-adults, while the largest individuals within each family/age class tended to be more heat
sensitive than their siblings. Sub-adults differentially upregulated hsp70in a pattern that correlated
with net family survival following heat challenge, reinforcing the perceived role of inducible HSP70
protein in molluscs. This study provides insights into the complex interactions of age and genotype in
determining heat tolerance of a key mussel species. As marine temperatures increase, equally complex
selection pressure responses may therefore occur. Future research should focus on transcriptomic and
genomic approaches for key species such as P. canaliculus to further understand and predict the effect
of genetic variation and ontogeny on their survival in the context of climate change.

Keywords Genotype, RT-qPCR, Thermal tolerance, LTs, hsp70 gene expression, Green-lipped mussel, Perna
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Climate change is an increasing threat to the persistence of aquatic and terrestrial species on Earth. The most
recent report published by the Intergovernmental Panel on Climate Change (IPCC) illustrates that climate change
is substantially accountable for observed impacts on natural ecosystem structure, such as shifts in species distri-
bution and phenology, as well as on human ecosystems, including food production *. Globally, air temperature
has increased by 0.95-1.2 °C in the last decade relative to the pre-industrial period, and is projected to continue
increasing even further (1-5 °C) based on a range of greenhouse gas emission scenarios'. The increase in air
temperature and CO, emissions has increased ocean temperatures and decreased pH, as well as increasing the
frequency and intensity of extreme climate and weather events such as heatwaves and cyclic phenomena such as
the El Nifio-Southern Oscillation (ENSO)'=3. Several studies have shown a slow increase in seawater tempera-
ture in New Zealand in the last few decades*”. Additionally, New Zealand is experiencing more regular marine

Cawthron Institute, Private Bag 2, Nelson 7042, New Zealand. "“email: natali.delorme@cawthron.org.nz

Scientific Reports | (2024) 14:19130 | https://doi.org/10.1038/s41598-024-70034-0 nature portfolio


http://orcid.org/0000-0001-6105-3323
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-70034-0&domain=pdf

www.nature.com/scientificreports/

heatwave events®®, and projections indicate that these events will become more intense and longer by the end
of the century*®.

Marine invertebrates are ectothermic organisms that rely on environmental temperature to perform in
optimal conditions'"!%. All biological functions, including physiological and biochemical processes, operate
according to the physiological performance curve, and work within a defined temperature range for optimal
metabolism!*-'7. The upper limits to optimum thermal windows are defined by the upper pejus temperature,
at which biological functions start to deteriorate, and all energy is diverted to maintain essential functions'>'s.
However, when organisms experience even higher temperatures, they enter the pessimum range, in which all
energy is destined for basal maintenance, with the organism potentially switching from aerobic to anaerobic
metabolism; in this range, survival of the organism becomes time-dependent'®. The temperature ranges at which
an organism experiences its optimal, pejus and pessimum ranges are species-specific'*!?. Moreover, within a
species, different developmental stages also respond differently to changes in environmental temperature, with
reproductive adults, eggs and larvae having narrower thermal windows, and lower thermotolerance than juve-
niles of the same species'®. The intraspecific variation in thermal tolerance may be driven by distinct energetic
requirements at each ontogenetic stage and individual size, and inherent genetic population differences'**2!.
Consequently, increasing seawater temperatures due to climate change can greatly impact the performance and
survival of marine species, particularly sessile marine invertebrates.

An established and straightforward proxy to evaluating the thermal tolerance of a particular organism is
the median lethal temperature (LT5,); the upper or lower threshold temperature at which 50% of the studied
population is predicted to die'?. Physiologically, exact thermal tolerance limits to extreme temperatures cannot
be determined as tolerance depends on the duration of exposure to a particular temperature!?. Therefore, the
determination of the upper LT, can be used as a tool to determine the ability of an organism or a certain age
and genetic background to cope with increasing temperatures. While the calculation of LT, quantifies a popula-
tion response, more specific approaches (e.g., genetic mutation analysis, quantification of molecular chaperone
response, etc.) can be also used to complement and understand how an individual is able to cope with extreme
temperatures. For example, heat shock proteins (HSPs) are a family of chaperone proteins that are synthesised to
help protect cells against damaging stressors, avoiding aggregation of damaged proteins and degrading denatured
proteins??~?*. High HSP levels have been associated with natural adaptation of species to warmer environments
as they provide protection against oxidative stress and enhancing cytoprotection®, and as a contingency for
unpredictable stress®®. In particular, the 70 kDa family of heat shock proteins (HSP70) has been related to ther-
mal stress responses, specifically to increased thermal tolerance and potential for adaptation to environmental
stress?*?°. One of the mechanisms by which HSP70 and other HSPs can help organisms and cells to cope with
stress-related damage is via their intrinsic proteolytic activity role in proteolysis, which effectively eliminates
degraded proteins®®. However, some coastal invertebrate species (e.g., Carcinus maenas) appear to have evolved
novel cellular survival strategies to allow increased thermal tolerance without increased synthesis of HSP70%,
so species specific investigations are required to confirm the role of such proteins.

Sessile coastal invertebrates include taxa of particular interest in the elucidation of environmental resilience.
These organisms occupy a volatile and disproportionately climate change-influenced environment and are typi-
cally reliant upon individual resilience (phenotypic plasticity) and genetic diversity (polymorphism) to support
individual- or population-level success, respectively. Juvenile life stages of mytilid mussels represent a particularly
intriguing research focus, as these ostensibly sessile individuals retain the capacity to undertake bysso-pelagic
drifting, allowing substantial distances to be covered *..

The present study aimed to investigate the influence of genetics and juvenile development stage on the thermal
tolerance of a key mytilid, the green-lipped mussel, Perna canaliculus (Gmelin, 1971). P. canaliculus is endemic
to New Zealand, is found from the middle intertidal zone to depths of over 50 m, and is a foundation species
that controls biodiversity on rocky reefs and in soft-sediment habitats**-*%. The successful and wide-spread
distribution of P. canaliculus around a mid-latitude New Zealand coastline exposes it to a wide range of thermal
maxima, currently covering a range of about 8 °C (Fig. 1). However, with current temperature increases measured
at up to 0.3 °C per decad 7, northern (sub-tropical) populations of P. canaliculus are likely to experience greater
thermal stress in the future.

Perna canaliculus is also one of the most important seafood species in New Zealand, with northern popula-
tions particularly important for the provision of wild-sourced juveniles for aquaculture®. The risks posed from
wild-sourced stock to a growing aquaculture industry has led to the development of an established selective
breeding programme. This programme includes selection of traits such as shell length, meat weight, shell weight
and a semi-quantitative, visually-assessed meat condition score?**. In addition to the selection of commercial
traits, selective breeding programmes have been suggested as a viable method to produce more heat-tolerant
species that are more likely to adapt to heatwaves and climate change®’. Genetic variability, as well as divergence
in phenotypic plasticity, are key in adaptive responses to changing environmental condition and climate change
through time***, and thus a crucial element for the success of selective breeding programmes. The current
selective breeding programme for P. canaliculus represents a unique opportunity for scientists to test hypotheses
about genetic interactions and expression near maximum thermal limits.

In this study, upper thermal tolerance at different developmental stages, from early juveniles (6, 8, 10 weeks
post-fertilisation) to sub-adults (52 weeks post-fertilisation), was determined for populations of P. canaliculus
from six different selectively-bred families. Acute thermal tolerance of each mussel family was based on the cal-
culation of LT, values and survival curve analysis after mussels were exposed to a three-hour heat challenge at a
range of temperatures***!. Additionally, expression of the 70 kDa heat shock protein gene (hsp70) was evaluated
in sub-adult mussels to determine whether a relationship exists between the molecular regulation of the hsp70
gene and thermal resilience on this important mussel species.
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Figure 1. Maximum sea surface temperatures (SST) around New Zealand over 1 Jan 2003 to 1 Jan 2024. Data
modelled from single daily measurements from the MODIS-Aqua sensor (processed by NASAs Ocean Biology
Processing Group). The underlying Level 3 data is a standard daily SST product with 4 km resolution, as sourced
from NASA’s Ocean Colour web portal (https://oceancolor.gsfc.nasa.gov/). Map projection: NZTM2000.

Material and methods

Mussel source and experimental overview

Full-sibling green-lipped mussel, Perna canaliculus, from genetically distinct groups (families) and at different
ages (juveniles and sub-adults) were obtained from the two-decade long selective breeding programme®. This
programme is maintained by Breedco Ltd, the commercial hatchery SPATnz and Sanford Ltd, New Zealand. Mus-
sels in this family-based programme have been selected for commerecial traits relating to production and were not
specifically selected for thermal tolerance. Families for this study were created with single-parent mating within
the 2021 breeding cohort using the system and procedures described by Ragg et al. 2. Family represented the
range of genetic variation present in the cohort; they were not selected on the basis of performance. Juveniles and
sub-adults were exposed to a heat challenge and then allowed to recover. Net survival was assessed at the end of
the recovery period to create population-level survival probability models and estimate LT, values. Additionally,
daily survival was recorded for sub-adults to estimate time-to-death and the probability of death for each family.
This study did not require ethical approval in accordance with the local legislation and institutional requirements.

Thermal challenge I: juveniles

Assessments focused on early juveniles, representing the post-metamorphosis life stages where growth and
development are fastest, and mussels are potentially more vulnerable to changes in temperature. A cohort of
green-lipped mussel juveniles was surveyed at different ages (6, 8 and 10 weeks post-fertilisation) from six geneti-
cally diverse families provided by a commercial hatchery (SPATnz). Mussels of each age group were collected
from the hatchery (~18-20 °C at the time of collection for the different ages) and transported to an adjacent
laboratory at the Cawthron Aquaculture Park. For each age group, mussels from each family were separated into
10 subgroups, which were used for the thermal challenge immediately after collection. The size and the number
of mussels for each family and age used in this study are shown in Table 1.

The thermal challenge was performed using a purpose-built aluminium block connected to a cooling and a
heating unit, creating a customised thermal gradient*>**. The aluminium block consisted of 60 chambers that
held 20-ml glass scintillation vials, in a 10x 6 design (10 temperatures, six replicates per temperature, one for
each family). Temperatures for the challenge ranged between 23 and 39 °C (Table 2), and were based on previous
research to purposely include upper pejus and pessimum temperatures*.
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Age

6 weeks 8 weeks 10 weeks 52 weeks

Family | Shell Length | N Shell Length | N Shell Length | N Shell Length N
A 0.91£0.03505) | 2010 | 148%0.11 (1) | 2423 |3.54%0.26(1 | 2434 | 60.74£0.69.7 |50
B 0.78+0.0405) | 3241 | 1224003, | 2453 |2.22+0.28.,) | 4380 |53.69%0.3300 |50
C 0.88+0.0705 | 2747 | 1.43£0.26(5 | 3008 |2.89+0.85.,, | 3604 |51.68%0.6345 |50
D

E

F

0.77£0.05305y | 2668 | 1.26+£0.04(5) | 2743 |2.62+0.22(; | 3801 | 53.85+0.36(279) | 50
0.724£0.03(05) | 3421 | 1.23£0.07¢yy0) | 2272 |2.22+0.32¢9y | 3670 |55.18+0.810; |50
0.71£0.02¢9g) | 4084 | 1.27£0.07(155) | 2310 |2.25+0.31y5; | 4533 |54.10+0.395 |50

Table 1. Mean shell length (mm + standard deviation, SD) of Perna canaliculus of different ages (6, 8, 10 and
52 weeks post-fertilisation). Subscripts represent the number of mussels used for each mean and standard
deviation (SD) calculation. N: number of mussels for each age and family group used for the experiments.

Temperature ('C+SD)

Age (weeks post-fertilisation)
Chamber/tank Position 6 weeks 8 weeks 10 weeks 52 weeks
1 23.4+0.09, 23.2+0.094) 23.240.105, na
2 25.2+0.104, 24.9+0.145, 25.0+0.104, 25.2+0.06)
3 26.9+0.065,, 26.6+0.05s,, 26.7+0.1055, na
4 28.7+0.085, 28.4+0.055 28.4+0.1455, 29.1+0.065,,
5 29.9+1.2645, 30.1+0.04(s, 30.3+0.0445, na
6 32.140.075, 31.8+0.065 32.0+0.04, 31.320.175
7 33.940.08, 33.6%0.115, 33.840.06(5, 33.240.105,
8 35.6+0.125, 35.3+0.114, 35.5+0.09, 35.640.06s;
9 37.4+0.23, 37.120.21 5 37.320.135, na
10 39.3+0.264, 38.9+0.254, 39.2+0.19, 39.4+0.125,

Table 2. Mean temperatures (+standard deviation, SD) of experimental groups recorded at each chamber/
tank position used in the acute three-hour thermal challenge for Perna canaliculus of different ages (6, 8, 10
and 52 weeks post-fertilisation). The number of temperature recordings used for each mean is shown as a
subscript next to each SD. na: not applicable (no experimental group used for the heat challenge in sub-adult
mussels).

For each thermal challenge, 60 glass scintillation vials were filled with 18 ml of 5-um filtered seawater (FSW)
and left to reach the desired temperature. Once the temperatures were stable, each subgroup of mussels was
placed into a vial and challenged for 3 h***!. The temperature of each glass vial was measured three times during
the thermal challenge using a thermocouple.

After the thermal challenge, mussels from each vial were placed in circular sieves (mesh size =200 pum for
6-week-old mussels, and 500 um for 8- and 10-week-old mussels). The sieves were placed in a shallow tank with
flowing 5-pm filtered seawater at 18 +0.2 °C to allow the mussels to recover for 44 h after the thermal challenge.
The mussels were supplied with a continuous water flow containing a 50:50 cell mix of Tisochrysis lutea and
Chaetoceros muelleri (23,040 + 4,958 cells ml™}; n =24) as a source of food during recovery.

After 44 h, mussels from each sieve were collected into a 35-ml plastic container for survival assessment.
Survival was evaluated using the Fast Green staining method*. For this, mussels in the containers were immersed
in 2 ml of freshwater for two minutes to induce valve closure, then 1 ml of 1% Fast Green solution was added to
each container and left for two minutes. Non-viable mussels that were unable to close their valves after immersion
in freshwater were stained green. After staining, mussels were rinsed thoroughly, observed under the dissecting
microscope, and scored as dead (stained) or alive (unstained). For most chambers, all mussels were either alive
or dead. Where a chamber contained both live and dead mussels (i.e., ~ 34 °C chamber in Table 2), these were
separated into live and dead categories, and their shell lengths were measured using a dissecting microscope and
the Olympus cellSens imaging software.

The thermal challenge and survival assessments were repeated three times (Runs 1-3) for each age group,
with a total of nine times for the full experimental design using juvenile mussels. In total, 55,802 mussels were
assessed for all age groups and families (Table 1) to build family-level survival probability models and estimate
LTj, values for each family and age combination.

Thermal challenge II: sub-adults
Three hundred sub-adult mussels (52 weeks post-fertilisation; Table 1) belonging to the same families used in
the juvenile experiments (A-F) were collected from a mussel farm located in the Marlborough Sounds, New
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Zealand. Seawater temperature at the time of collection was ~ 18 °C, but annually P. canaliculus can be exposed
to a seawater temperature range between 10 and 18 °C in the Marlborough Sounds region, with a maximum of
around 20 °C in summer*. After collection, mussels were transported in chilled containers approximately 70 km
to the laboratory of the Cawthron Aquaculture Park. In the laboratory, mussels from each family were separated
into mesh bags (~ 15 mussels per bag, 19 bags in total per family) and placed in 170-1 tanks of flowing seawater
at 18.9+0.1 °C for one week to allow the mussels to recover from collection and handling prior to the thermal
challenge. During this recovery period, the mussels were fed continuously with a 50:50 mix of Tisochrysis lutea
and Chaetoceros muelleri (1.75e*%* £ 1.00e** cells ml™*; n=15). Prior to the thermal challenge, five mussels from
each family were randomly sampled to evaluate their reproductive condition using histology*”*%. For this, mus-
sels were dissected, the tissue was placed in cassettes, fixed in 4% formalin and transferred to 70% ethanol after
48 h. Dehydration, clearing and embedding of the tissue were performed following standard methods for wax
histology®, using haematoxylin and eosin as stains and sectioned at 3-5 pm. Histological sections were observed
using a compound microscope (Olympus BX53) at 40 x magnification.

Due to the larger size of sub-adult mussels, the thermal challenge system consisted of six static 100-1 tanks,
each containing seawater at a different temperature (Table 2), controlled by either a submersible titanium heater
or submersible stainless-steel coil connected to a water bath. Temperatures for the challenge ranged between
25 and 39 °C, based on previous research to purposely include upper pejus and pessimum temperatures*'. An
additional tank was set up at 25 °C to pre-warm mussels (1-min immersion) before they were placed into the
respective thermal challenge to mitigate any potential tank temperature reduction due to the introduction of
the mussels coming from 19 °C water. The experimental tanks were supplied with strong aeration to maintain a
homogeneous temperature within the tank. For the thermal challenge, the mussel bags were immersed for 3 h
in each temperature*! and then moved to shallow tanks for recovery with flowing seawater at 18.6 +0.4 °C, and
continuous food supply as described above. Mussels were kept in recovery for two weeks, a period previously
determined as sufficient to identify acute heat shock-induced mortalities*"*. Survival was monitored daily
during the recovery time using the British Standard Squeeze (i.e., mussels unable to close their valves after ten
rapid squeezes to stimulate closure were considered dead)*""*2 Times of death for all individuals were recorded
and shell length was measured, either at the time of death or at the end of the recovery period for the surviving
mussels. The thermal challenge and survival assessments were repeated three times (Run 1-3) over a period of
three days, with a total of 1,620 sub-adult mussels individually assessed for all family groups.

Hsp70 gene expression in sub-adults

During the heat challenge, an extra bag per family containing five mussels each was placed in the tank set at
31 °C at the same time as the survival assessment bags. These extra replicates allowed sampling of gill tissue from
mussels exposed to the three-hour heat challenge at 31 °C, followed by a one-hour recovery at 19 °C. Addition-
ally, gill tissue samples were collected from five control mussels per family; these mussels were not exposed to
the heat challenge, but instead were maintained in a 100-] tank set at 19 °C. Gill tissue was excised and placed in
a 1.7-ml cryo-tube, flash frozen in liquid nitrogen and stored at—80 °C. Gill tissue from a total of five mussels
per treatment (control and heat shocked) per family were used for RNA extraction and gene expression analysis.

Frozen gill tissue was cryogenically ground and homogenised using a Mixer Mill (MM400; Retsch). Aliquots
(30-50 mg) of the homogenised frozen tissue powder were collected for RNA extraction, cDNA synthesis and
subsequent reverse transcription quantitative polymerase chain reaction (RT-qPCR) for the gene corresponding
to the inducible isoform of the heat shock protein 70 kDa (hsp70).

TRIzol Reagent (Invitrogen) (1 ml) was added to the frozen tissue powder, and RNA extracted following the
manufacturer’s protocol with the addition of a second ethanol wash step to ensure unwanted organic compounds
had been removed completely from the RNA sample. Any residual genomic DNA was removed using TURBO™
DNase (Invitrogen) following the manufacturer’s protocol. RNA concentration and purity were determined
using a NanoPhotometer® N60/N50 (Implen GmbH). First-strand cDNA synthesis was conducted using 3 pg
of total RNA extract with oligoDT, according to the SuperScript™ IV First-Strand Synthesis System (Invitrogen)
protocol. Samples were stored at —20 °C until RT-qPCR analyses.

RT-qPCR reactions were performed in 10-pl volumes containing 5 ul PowerUp™ SYBR™ Green Master Mix,
3 ul DNase free water, 1 ul cDNA diluted four-fold, and 0.5 pl of each hsp70 primer diluted in the final reaction
concentration to 0.5 uM. The hsp70 primers used in this study have been specifically developed and validated
for Perna canaliculus (Accession number OK318441). The 5'-3’ sequence for the hsp70 primers were: forward:
CAG CCT GGT GTG TTG ATC CA; reverse: TGC TGG TGG GAT TCC TGT CA, resulting in an amplicon
size of 99 bp. Thermal cycling conditions consisted of an initial denaturation at 95 °C for 2 min, followed by 45
cycles of denaturation at 95 °C for 30 s, annealing at 55 °C for 30 s, and extension at 72 °C for 15 s. The samples
were analysed in triplicate and included no template control reactions. Data were reported as normalized relative
expression (fold change) compared to control samples and elongation factor-1 (EF1) as reference gene using the
AACt method. EFI was chosen as it was found to be a stable reference gene in a previous study.

Statistical analysis

Survival analysis and median lethal temperature (LTs)

To understand the role of genetics and ontogeny in thermal resilience, the survival probability of mussels in the
thermal challenges was modelled using a Bayesian multilevel framework assuming the likelihood of observing
the experimental data is given by a binomial distribution. We modelled the probability of survival as a function
of the thermal stress that the mussels were exposed to (Temperature) and the number of weeks post-fertilization
(Age), while allowing parameters to vary by genetic lineage (Family). We called this model the ‘survival model’
The multilevel structure of the survival model allowed us to account for both fixed effects (the average effect of
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Temperature and Age across all Families) and random effects (Family-specific deviations from the average effect).
This and all subsequent Bayesian models were performed using the programming language R > and the “brms”
package®. A comprehensive mathematical specification of the model, along with details on convergence and
model evaluation, is provided in the Supplementary Information (Supplementary Information: Survival Model).
The posterior distribution of parameter values from the survival model was used to calculate the distribution
of the median lethal temperature (LT5,) across all Age groups and Families. This method allowed us to make
specific calculations for different Family groups as well as propagating the uncertainty of parameter values into
our predictions. See supplementary information for a more detailed description of the calculations and math-
ematical specifications for the calculation of LT5, (Supplementary Information: Median Lethal Temperature).
For sub-adults, survival functions (time-to-death analysis) were also performed for daily survival data and
were computed according to Kaplan and Meier*’, using the “Survival” R package®. The Chi-square test was used
to identify the effect of Family and Temperature on the time-to-death data. Survival time curves were compared
using the Cox regression model * after adjusting for Temperature and Family, excluding survival data from the
39 °C treatment, because mussels from all families died at the second day of recovery, impeding the multiple
comparisons analysis. The proportionality of hazards (PH) was checked based on Schoenfeld residuals®.

Juvenile mussel size

Mussel size for each age group (6, 8 and 10-week-old mussels) was analysed to determine size differences among
families. Size data for 6-week-old mussels were analysed using a one-way ANOVA, while size data for 8 and
10-week-old mussels were analysed using Kruskal-Wallis ANOVA on Ranks test as these data violated normal-
ity and homoscedasticity (Shapiro-Wilk and Brown-Forsythe tests, respectively). Significant differences among
group means were identified using Tukey LSD pair-wise comparisons and Dunn’s tests (a=0.05)%". These statisti-
cal analyses were performed using Sigma Plot 14.0 software (SYSTAT Software, Inc.).

Mussel size data obtained from live and dead juveniles observed at 34 °C (the vial temperature that most fre-
quently contained both live and dead mussels) were used to determine the effect of shell size on mussel survival.
To understand how size impacts survival once the effect of ontogeny is accounted for, a Bayesian multilevel model
assuming the observed outcome followed a Bernoulli distribution was developed. The model considered the prob-
ability of survival as a function of shell size (Size) and ontogeny (Age), allowing each parameter to vary by the
genetic lineage of each individual (Family). We denoted this model the ‘size model. Additionally, we compared
the size model to less complex models to understand if the covariates used were necessary to understand survival.
Details on the mathematical specification of the size model, model comparison, evaluation and diagnostics can
be found in the Supplementary Information (Supplementary Information: Size Model).

Hsp70 gene expression in sub-adults
Data for the gene expression of sub-adults were log,, transformed prior to analysis to meet analysis of variance
assumptions. Data were then analysed with a two-way ANOVA using family and treatment (control/heat shock)
as factors. Significant differences among group means were identified using Tukey LSD pair-wise comparisons
(a=0.05)%". These statistical analyses were performed using Sigma Plot 14.0 software (SYSTAT Software, Inc.).
Additionally, a simple linear regression was performed to identify a correlation between mean hsp70 expression
and mean LT}, values obtained for each family in sub-adult mussels.

Figure 1 was created in MATLAB (version 2021a) using the maximum sea surface temperatures (SST) over
1 Jan 2003 to 1 Jan 2024, as observed from single daily measurements from NASA's MODIS-Aqua sensor and
processed by NASAs Ocean Biology Processing Group (OBPG). The underlying Level 3 data corresponds to
the standard daily SST product at 4 km resolution, which was sourced from NASA’s Ocean Colour web portal.
Remaining figures and plots were generated using the programming language R>* and Sigma Plot 14.0 software
(SYSTAT Software, Inc.).

Results

Juvenile and sub-adult survival

Survival of the juvenile mussels following a three-hour thermal challenge and a 44-h recovery period showed
similar trends for all ages in all families (Fig. 2). The survival model explained a high proportion of the vari-
ance of the data (Bayesian R-squared =0.90). Model predictions of survival of juvenile and sub-adult mussels
following the three-hour thermal challenge showed that family group could strongly influence their response
to temperature (survival model results shown in supplementary Table S1). In particular, a distinct separation
among families was observed at 10 weeks and 52 weeks post-fertilization (Fig. 2).

The time-to-death analysis performed on 52-week-old mussels showed a significant survival effect due to
family and temperature (Chi-square=2171, df=35, p<0.001). A pairwise comparison matrix of survival curves
is shown in supplementary Table S2. Generally, all families performed similarly at each temperature aside from
Family C (Fig. 3), with survival at high temperatures (=33 °C) being significantly different to survival at low
temperatures (<31 °C; Fig. 3, supplementary Table S2). A heat challenge at 31 °C and 33 °C had the strongest
discriminating effects on survival when comparing different families (Fig. 3). At 31 °C, Family C showed sig-
nificantly lower survival estimates compared to all the other families (p <0.001). At 33 °C, most mussels died
within the first seven days of recovery (Fig. 3), except for Families A, B and E, in which some mussels were alive
at the end of the recovery period.

Median lethal temperature (LT5,)
Predictions of the LT, using the survival model fitted to experimental data showed that both genetic group
and ontogeny determined thermal tolerance in mussels (Fig. 4). Specifically, predictions showed that there were
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Figure 2. Logistic curves fitted to the predicted survival for Perna canaliculus of different ages (6, 8, 10 and
52 weeks post-fertilisation) and six genetically diverse families (A-F). Mussels were exposed to a 3-h thermal
challenge followed by recovery for 44 h at 18 °C (6, 8 and 10 weeks old mussels) or 14 days (52 weeks old
mussels) at 19 °C. Solid coloured points represent observed survival rates during the experiment, while
solid coloured lines and shaded areas represent the mean and 95% Percentile Interval (PI) of the posterior
distribution of the survival model, respectively. Dashed black line demarks the 50% probability of survival.
distinct differences in thermal tolerance among families as mussels aged, as can be seen in the lack of overlap
in some predictive distributions in Fig. 4. Generally, 52-week-old mussels exhibited lower thermal tolerance
compared to younger mussels, with the difference being most pronounced when compared to 6-week-old indi-
viduals. However, the effect of age in thermal tolerance was mediated by the family that the mussels belong to.
For instance, Family F showed the highest LT5, when mussels were 10 weeks old, which was 3 °C higher than
the lowest LT, corresponding to Family C when mussels were 52 weeks old (Table 3).

Correlations of mean estimated LT, values and mean shell length in mussels from different age groups
showed varied relationships (Fig. 5). For 6- and 8-week-old juveniles, there was a strong positive relationship
between mean LT, and mean shell length (Fig. 5A, B), with larger families having slightly higher thermal toler-
ance compared to smaller families. In contrast, there was no evidence of a relationship between mean LT, and
mean shell length for 10- and 52-week-old mussels (Fig. 5C, D).

Scientific Reports|  (2024) 14:19130 | https://doi.org/10.1038/s41598-024-70034-0 nature portfolio



www.nature.com/scientificreports/

Survival Probability

Survival Probability

Survival Probability

104 —- -— Al 1ol —- B
! a 10 [ a
! !
084 | 084 |
! !
| [
061 | 0671 i
| |
044 | 044 |
! !
! !
024 | 024 |
! b I b
0.0 A I_ (o] 0.0 A I C
104 = = Cliod —momo—_o D
I ! a
I !
081 | 4 081 |
! [ |
o6d ! [ !
. ! | 061 |
! e b !
044 | 044 |
! !
! !
0.2 I 0.2 |
! !
00{ -lg-c 00{ '--cc b
| E 1 F
10 5==== —————————— 101 — 5
! @ I
084 | 084 |
! |
| |
0.6 | 0.6 A
! I 0
, i — 25°C
044 | 041 | —— 29°C
! I ——-310C
| | (o
0.2 A b 0.2 - | 337C
! b i 350C
| —_— o
0.0 - “c 00{ - b °c
c
0123 456 7 8 910111213 14 012 3 456 7 8 9 1011 12 13 14

Time (Days) Time (Days)

Figure 3. Survival time curves of six genetically diverse mussel families (A-F) at 52 weeks of age. Mussels
experienced a three-hour heat challenge at different temperatures (25-39 °C). Curves were separated by family
to aid with graph interpretation. Significant differences (p <0.05) among temperature groups within each family
are denoted by lower-case letters. Detailed pairwise comparison matrix is shown in supplementary Table S4.

Juvenile mussel size

The size of the juvenile mussels varied considerably among and within families. Within the age groups, mussel
size was significantly different among families (6 weeks old: Fs 469, =15.984, p <0.001; 8 weeks old: H=48.636,
d.f.=5, p<0.001; 10 weeks old: H=135.320, d.f.=5, p<0.001), with families A and C being significantly larger
than the other families (p <0.05) (supplementary Figs. S1-54).

While the size model was a relatively good fit to the data compared to less complex models (supplementary
Table S3), the model explained relatively low levels of variability in the data (Bayesian R-squared =0.05;%?),
suggesting that both shell size and developmental stage were necessary but not sufficient to accurately predict
survival outcomes. Nonetheless, the size model provides insight into how size might affect survival probabilities
under thermal stress (size model results shown in supplementary Table S4). The size model showed that on aver-
age, survival probability decreases with mussel size (Fig. 6). However, the model suggested that the effect of shell
size is mediated by age, as older mussels tended to have higher survival probabilities, even compared to mussels
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Figure 4. Median lethal temperature (LTs,) distributions from six genetically distinct families (A-F) at different
ages (6, 8, 10 and 52 weeks post-fertilisation). Shaded areas show the probability density function of predicted
LTs, values for each family, differentiated by age group. Solid points denote the mean predicted LT, for each
group. Thick horizontal lines denote the 66% percentile interval while thin horizontal lines extend up to the 95%
percentile interval of the distribution of LT, values.

of the same size but of different age groups (Fig. 6). Importantly, model predictions indicated that survival prob-
abilities consistently decreased with increasing shell size across all families (Fig. 6).

Histological assessment of sub-adults

Histological assessment of sub-adult mussels (52 weeks post-fertilisation) showed that 40-100% of individuals
from the different families were reproductively mature. Family A appeared the least developed, with 40% of mus-
sels mature; in contrast, Family C and E showed all the assessed mussels to be in a mature stage. Sixty percent of
mussels from Family F were mature, while Families B and D showed 80% maturity.
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Age Family | Mean LT5, | Lower 95% PI | Upper 95% PI | SD
A 33.74 33.59 33.89 0.12
B 33.52 33.39 33.64 0.10
C 33.44 33.31 33.56 0.10
6 weeks old
D 33.68 33.56 33.80 0.10
E 33.48 33.38 33.59 0.09
F 32.96 32.84 33.09 0.09
A 32.92 32.77 33.06 0.11
B 32.09 31.95 32.23 0.11
C 32.58 32.46 32.70 0.09
8 weeks old
D 32.68 32.55 32.81 0.10
E 31.59 31.44 31.74 0.12
F 32.84 32.68 32.99 0.12
A 33.11 3297 33.25 0.11
B 33.58 33.47 33.69 0.09
C 32.77 32.67 32.88 0.08
10 weeks old
D 32.45 32.34 32.56 0.08
E 32.31 32.20 32.42 0.08
F 34.39 34.28 34.50 0.09
A 32.23 31.87 32.58 0.28
B 32.40 32.03 32.78 0.29
C 31.17 30.81 31.55 0.29
52 weeks old
D 32.13 31.79 32.48 0.27
E 32.16 31.80 32.53 0.28
F 32.36 31.96 32.76 0.32

Table 3. Predicted LT, values for Perna canaliculus of different ages (6, 8, 10 and 52 weeks post-fertilisation)
and six genetically diverse families (A-F), which were exposed to a three-hour thermal challenge followed by
recovery of either 44 h at 18 °C (6, 8 and 10 weeks post-fertilisation) or 14 days (sub-adult mussels) at 19 °C.
Predictions were made using the posterior distribution of parameter values of the survival model. We show
the mean (Mean LTs), lower and upper 95% Percentile Intervals (PI), and the standard deviation (SD) of the
predicted distribution of LT, values.

Hsp70 gene expression of sub-adults
The expression of the inducible hsp70 gene in gill tissue from the sub-adult mussels showed a significant interac-
tion between family and treatment (Fs 45 = 3.740, p =0.006; Fig. 7), with main effects of family and treatment
also being statistically significant (Family: F(s 45=3.74, p=0.006; Treatment: F; 45)=592.97, p<0.001). Heat-
challenged mussels showed a sixfold increase in hsp70 gene expression compared to control mussels (p <0.001;
Fig. 7). At the same time, family E and F had a significantly higher (approximately double) hsp70 gene expression
after exposure to the heat challenge compared to families A (p=0.016 and p=0.022, respectively) and C (p <0.001
for both comparisons) under the same conditions (Fig. 7).

Tissue sampling for hsp70 expression was lethal, so direct correlation between gene expression and survival
outcome could not be established. A positive linear correlation was, however, apparent between mean family
LT, and mean hsp70 expression levels following heat challenge (r*=0.530; Fig. 8).

Discussion
Effects of ontogeny and size on thermal tolerance
This study showed that ontogeny and size influence thermal tolerance in the green-lipped mussel, Perna cana-
liculus, with early juveniles showing greater heat tolerance compared to sub-adult mussels. Ontogeny has been
demonstrated to be a factor influencing thermal tolerance in ectotherms including marine invertebrates. A
recent meta-analysis found that early life stages of marine and terrestrial ectothermic species are more vulner-
able to rising temperatures, and that aquatic ectotherms are more than three times more plastic than terrestrial
ectotherms®. For example, early life stages of marine invertebrates such as the porcelain crab Petrolisthes cinc-
tipes®*, the dogwhelk Nucella ostrina®, the barnacle Balanus glandula®, and the mussel Mytilus trossulus®, can be
more sensitive to temperature compared to later life stages. However, as in this study, there are exceptions where
early stages have shown to be more thermotolerant than older individuals, as it has been shown in another porce-
lain crab, P manimaculis®, the clam Laternula elliptica®®, the sea cucumber Cucumaria georgiana®, the sea urchin
Sterechinus neumayeri®®, the seastar Odontaster validus® and the barnacle Chthamalus dalli®; although the lower
tolerance of adult C. dalli was attributed to active mating and the energetic costs associated with reproduction®.
The lower thermal tolerance observed in sub-adult mussels in this study could be attributed to the reproduc-
tive status of these mussels as the majority were shown to be reproductively active. In this respect, it has been
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Figure 5. Relationship between mean median lethal temperature (LTs,) values and mean shell length from six
genetically diverse families (A-F) at different ages. (A): 6 weeks post-fertilisation; (B): 8 weeks post-fertilisation;
(C): 10 weeks post-fertilisation; (D): 52 weeks post-fertilisation.

shown that mature and reproductively active marine organisms have narrower thermal windows compared to
other life stages of the same species'*®. This difference in thermal tolerance between juveniles and adults has
also been suggested to result from the different aerobic scope between life stages, mainly attributed to organ-
ismal size®. Increasing temperatures reduce the aerobic scope faster in larger organisms compared to smaller
animals®. Also, the oxygen supply in larger organisms is more likely to be diffusion limited, with a longer path
from the site of uptake to the mitochondria, promoting a transition to anaerobic metabolism earlier than in
smaller individuals®®®’. These findings suggest that older (and therefore generally larger) animals will have a
lower thermal tolerance compared to smaller, younger conspecifics.

Critically, individual size had an important role in determining the tolerance of mussels to thermal stress
within each juvenile age group. In the present study, differences in sizes among families were evident, with some
families being considerably larger than others of the same age, but there was also a large within-family size vari-
ation. At an early age (6 and 8 weeks post-fertilisation), families with larger juveniles seem to be more thermo-
tolerant than families with smaller juveniles, however, this relationship changes when mussels reach 10 weeks
post-fertilisation. For example, the skewed size-frequency distribution was most apparent in the 10-week-old
juveniles (supplementary Fig. S3), where a small subset of individuals within each family displayed exceptional
growth; all of these individuals were killed by a 34 °C challenge. In addition to the hypothesis described above
regarding a shift to anaerobic metabolism, oxygen limitation also plays an important role in defining thermal
tolerance. Oxygen availability becomes a limiting resource as oxygen solubility decreases in warmer water,
and higher metabolism due to warmer temperatures increases oxygen demand in ectothermic species'®®. The
increased oxygen demand relative to supply reduces the aerobic scope, especially in larger individuals, resulting
in a greater metabolic stress affecting physiological performance®. A recent example of this was reported for the
ragworm Hediste diversicolor, where larger individuals had lower thermal tolerance”.

It is also possible that larger mussels from a particular family may consume greater amounts of food”’. A
greater consumption of food can result in a more active metabolism, requiring larger energy expenditure to sup-
port basic functions, with ATP being the most common energy carrier in cells”>”. Higher ATP synthesis results
in a higher production of reactive oxygen species (ROS) due to normal metabolism’>’#7>. Subsequently, when
larger individuals are exposed to stress, an overproduction of ROS could be expected, possibly overwhelming
the cellular redox balance faster than in smaller individuals of the same age and exposed to the same stressful
condition. This ROS overproduction hypothesis would require a targeted experimental design to demonstrate
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Figure 6. Survival probability as a function of shell size of Perna canaliculus of different ages (6, 8 and 10 weeks
post-fertilisation) and from six genetically diverse families (A-F). Mussels were exposed to a three-hour thermal
challenge at 34 °C followed by recovery for 44 h at 18 °C. Solid coloured points denote the mean observed
survival rates at different size ranges in the experiments. Solid coloured lines and shaded areas denote the mean
and 95% percentile interval of the posterior predictions of the size model, respectively. Each panel shows data
and predictions for different developmental stages (A): 6 weeks post-fertilisation; (B): 8 weeks post-fertilisation;
(©): 10 weeks post-fertilisation). Each plot within a panel corresponds to a different family as denoted on the
labels.

that larger mussels of the same age are more vulnerable to heat stress due to their higher metabolic rate and ROS
production. While the best fit model (supplementary Table S3) showed that increments in size reduce survival
probabilities for all families, our model suggests that survival probabilities can vary widely and are not entirely
predicted by size and age (Fig. 6). This highlights the need to further understand the drivers of thermal tolerance
in juvenile Perna canaliculus.

Genetic effects

Thermal tolerance (LTs,) of Perna canaliculus juveniles and sub-adults varied among families, strongly suggest-
ing a genetic effect’®. However, there were few differences among families in thermal tolerance for younger (6
and 8 weeks post-fertilisation) juveniles, with family effects becoming apparent by 10 weeks post-fertilisation.
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At 54 weeks post-fertilisation, the interaction between family and age was more evident, with Family C being
considerably less heat tolerant than the other families.

In this study, juvenile mussels showed higher tolerance to heat, with greater LT, than sub-adult mussels.
Sub-adult mussels were obtained from a sea-based farm after undergoing a full year of field conditions. It seems
reasonable to suggest that natural selection of more resilient individuals would have occurred, in addition to
acclimation or ‘hardening oft” in a variable thermal environment. The observed differences between juvenile
and sub-adult resilience may therefore be modified if all individuals experience similar thermal histories prior
to assessment, but this remains to be investigated.

Resilience of marine organisms is crucial to understand how the organisms may cope with environmental
changes, especially under the current environmental pressures driven by climate change. In this context, investi-
gating the genetics of marine organisms and the opportunities around breeding for resilience could help mitigate
the potential effects of future climate change on culturally, economically and environmentally important marine
species. Resilient genotypes are more likely to be able to cope with changes in the environment, increasing the
likely persistence of the populations under future climate change conditions.

Genetic variability, including resilient and less tolerant genotypes, and phenotypic plasticity is fundamentally
important to the adaptation of species®. Studies that include a genetic component such as the one investigated
here, allow the adaptation potential of a species to be tested in laboratory conditions, allowing for the estimation
of heritability and genetic variability in a particular population””. Estimation of heritability and genetic correla-
tions with other traits (e.g., growth rate) were beyond the scope of this study, therefore, the confounding effects
of early life history and other traits (e.g., shell length) could not be ruled out as factors influencing the observed
differences in thermal resilience among families. Nonetheless, a plastic response of the different genotypes was
observed in this study.

It is important that future studies focus on full quantitative genetic analyses comparing a larger number of
families and considering the effects of both age and individual size in combination, which would allow better her-
itability estimates to determine if thermal tolerance is a heritable trait in P. canaliculus. Future studies should also
investigate the degree of environmental sensitivity of a particular genotype by studying genotype-by-environment
interactions’®”. The findings in this study are consistent with the hypothesis that there is genetic variation in the
thermal resilience of mussels and therefore potential to selectively breed for this important trait. Additionally, it
is important to consider the effects of non-genetic heritability such as epigenetics effects and transgenerational
plasticity in P. canaliculus which might also be influenced by the genetic makeup of a particular family.

Molecular response: hsp70 expression

The hsp70 gene expression in sub-adult P. canaliculus showed that mussels from all families differentially upregu-
lated this gene after being exposed to an acute heat stress. The lowest upregulation of hsp70 was observed in
Family C, which aligns with reduced survival and LTj, results obtained for the same family, and a significant
linear relationship is apparent between mean hsp70 upregulation and mean family LT, for the 52-week-old mus-
sels. This implicates a relationship between upregulation of the hsp70 gene and survival during thermal stress
in P, canaliculus. Several other studies have related the increase in thermal tolerance in marine species with the
upregulation of the hsp70 gene or an increase in the synthesis of the HSP70 protein**-%.,

The hsp70 gene measured in this study corresponds to the inducible form of the HSP70 protein®®. Chaperone
proteins that are part of the HSP70 family have different regulatory patterns®. Strictly inducible proteins are
absent or have low basal levels of expression under normal conditions, but are significantly upregulated under
stressful conditions; constitutively expressed and moderately inducible proteins, which are expressed under nor-
mal conditions and moderately upregulated under stressful conditions; and solely constitutively expressed, which
are proteins that are less stress-dependent®. Constitutive (hsc70) and inducible (hsp70) forms perform different
roles, with the constitutive form being continuously expressed to maintain cellular homeostasis, and the inducible
form being produced in response to external stressors®?. Nonetheless, in other species such as Pseudodiamesa
branickii (Diptera Chironomidae), larvae were able to upregulate both the constitutive (hsc70) and inducible
(hsp70) forms with increasing temperature and time of exposure®. The role of the constitutive and inducible
HSP70 forms in bivalves remains to be investigated, in particular to their relationship with resilient phenotypes.

Baseline levels of hsp70 expression were similar across all families but showed differential up-regulation
when exposed to stress. This suggests that measuring the hsp70 gene expression levels in individuals from dif-
ferent families that are exposed to stress could potentially be used as a screening tool for selection of the most
thermally resilient genotypes. However, many other genes are involved in response to thermal stress (and other
stressors) in mussels®*-%. In the present study, only the hsp70 gene was evaluated and therefore it is important
to investigate other genes that may be contributing to thermal resilience in P. canaliculus.

Climate change implications

Increasing air and ocean temperatures together with more frequent, intense marine heatwaves are a dramatic
result of anthropogenic climate change'->. In New Zealand, seawater temperatures are increasing by 0.1-0.3 °C
per decade®”, with reports of more regular marine heatwave events®®. Climate change is modifying community
structure and affecting the distribution of species®-?2. Survival and adaptation of species to increasing seawater
temperatures and heatwaves may be determined by the integrated thermal history of the species and the fre-
quency of exposure to warming events. For instance, recurrent exposure to heat stress decreases thermal toler-
ance in the mussel Mytilus edulis®®; while chronic heat stress decreased growth, survival and affected immune
response®®. Additionally, stress-on-stress responses could also determine and influence performance, survival
and potential for adaptation to a new environment®.
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Investigating how marine species respond to rises in temperature is critical to understanding the mechanisms
used by organisms to cope with higher temperatures, and the potential for adaptation to a new environment. In
the current study, ontogeny and genetics were found to play an important role in determining thermally-resilient
phenotypes, shaping thermal performance in P. canaliculus. The upregulation of hsp70 was associated with an
increased capacity of P. canaliculus to cope with heat stress, while larger individuals within a family showed
greater vulnerability to an acute heat stress than smaller individuals. The higher thermal tolerance (LT5,) values
obtained for some mussel families tested in this study indicate that those families are likely physiologically bet-
ter prepared to cope with challenging conditions such as marine heatwave events. The greater potential of some
mussel families to withstand warmer conditions has direct relevance for the aquaculture industry and could
be captured using selective breeding programmes. Although mussels in aquaculture farms grow in subtidal
conditions, selective breeding for heat-tolerant mussels could still be implemented to create climate-hardened
stocks, with consideration of the life stage (i.e., age) at which selection is applied to maximise trait expression
and effectiveness of selection.

Genetic variation also plays a fundamental role in the adaptation of organisms to a new environment in the
wild. Some organisms will be able to cope with stressful conditions better than others, influencing natural selec-
tion. As seawater temperatures increase, natural selection of the more tolerant individuals within a population
is likely to occur. In the wild, mussels have been dramatically affected by higher temperatures, evidenced by
more frequent summer mortality events’>?*~%. Intertidal mussel populations are expected to experience higher
thermal stress compared to subtidal mussels, with intertidal mussels likely having higher thermal tolerances,
as has been reported for mussels and other marine species®?*!%. Nonetheless, climate change poses a threat to
both intertidal and subtidal populations which must cope with significant environmental stress in future climate
change scenarios'’!.

In this study, the mussels used for experiments were subtidal mussels and their thermal tolerance (LT5,)
ranged between 31.3 and 34.4 °C for different families and age groups. These temperatures are unlikely to occur
in subtidal environments because of a marine heatwave, or in the coming decades due to long-term increases in
seawater temperature. However, air and seawater temperatures can increase rapidly in New Zealand’s intertidal
zone, exposing intertidal mussels to extreme heat stress. For instance, in rock pools, seawater temperature can
reach 37 °C!%%, while air temperature can increase up to 11 °C in 30 min'®. This study showed that thermal
tolerance varied across genetic groups, suggesting there is genetic variation available for adaption to increased
temperatures.

Thermal tolerance is influenced by a complex interplay of physiological processes, and organisms in the wild
will be exposed to rising temperatures in conjunction with other stressors such as food limitation, changes in pH
and salinity. Physiological performance together with behavioural responses and interactions with other species
may affect how marine species respond to increasing temperatures'®*1%. The organismal response to multiple
stressors can be different depending on the level and combination of stressors having synergistic, antagonistic or
additive effects'®. Therefore, it is premature to anticipate effects on survival in the wild and changes in distribu-
tion of this species in the natural environment, even though this study provides valuable information about the
thermal tolerance of P. canaliculus. In depth knowledge of genomic, transcriptomic and epigenetic responses of
P. canaliculus exposed to several stressors, including warmer temperatures, would allow the prediction of the
distribution and survival of this highly valuable mussel species in the future.

Conclusion
This study provides insights into the thermal response of different life stages and genotypes of a representative
marine mussel species (Perna canaliculus) in the laboratory. Thermal tolerance in this mussel was influenced by
both genetics and age, with older and larger individuals being more thermally sensitive. Although the heritability
of this trait is unknown, this study showed that selective breeding of P. canaliculus for thermal resilience may be
possible. In mussel aquaculture, selective breeding programmes frequently breed for fast growth and meat yield;
however, this study showed that faster growers from within any given family are more sensitive to acute thermal
stress. The size effect found in this study indicates that the aquaculture industry should consider thermal sensi-
tivity in future selective breeding programmes if within-family selection is being undertaken. Important trade-
offs may also occur in natural populations, with the competitive advantages of individual juveniles displaying
faster growth potentially incurring a predisposition to thermal stress. In the context of climate change, natural
selection of more thermal-tolerant phenotypes is likely to become increasingly apparent as the oceans warm.
Future research should focus on quantifying the heritability of resilience traits and genetic correlations with
other (e.g., production) traits, as well as a more comprehensive molecular performance of P. canaliculus under
stress. Transcriptomic and genomic research of P. canaliculus exposed to several stressors, and at environmentally
relevant temperatures, may better inform the predictability of response of this species in the context of global
climate change.

Data availability
The datasets generated during/or analysed during the current study are available from the corresponding author
on reasonable request.
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