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This review revisits 20 years of collaborative studies that were pursued with Louis
Bernatchez who sadly passed away in October 2023. With him, we explored
the phenotypic plasticity of brook charr by combining ecophysiology, genetics,
genomics, and more recently epigenetics. Over the years, we conducted
extensive studies on brook charr, focusing on metabolism, stress response,
growth regulation, and temperature tolerance across various strains. Our
research highlighted the remarkable diversity in physiological responses to
temperature and salinity conditions, along with significant differences in the
heritability of key traits across different strains and life stages. We studied stages
from yolk-sac fry to reproductive adults, compared freshwater residents and
anadromous fish, and recently showed how epigenetics affects the physiological
and transcriptomic responses of progeny to temperature conditions. This review
highlights the incredible physiological plasticity of brook charr and presents
future research avenues that will lead to a better understanding of how the
species may face challenges related to global changes.

KEYWORDS

phenotypic plasticity, development, growth, stress, metabolism, sex-linked traits,
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Introduction

This review is a tribute to the collaborative work we accomplished with Louis
Bernatchez on brook charr Salvelinus fontinalis. His passion for biological sciences,
in particular for fish biology, his drive to always be at the forefront of technological
developments, and his incredible capacity to understand complex questions made him
the best collaborator we could have wished for. His mentorship and his friendship have
enriched and inspired us, and he has left a strong legacy on this work and will continue to
do so for many years.

The objective of this special issue is to highlight intraspecific variations in the
functional traits of organisms. One of the main questions about intraspecific variations
is whether there is a link between phenotypic variation and underlying genetic diversity.
In other words, is there enough genetic variation for selection in the presence of
environmental changes. This is what we addressed over the years using brook charr. While
we do not yet have the final answer, we have clearly shown through different research
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projects how phenotype—genomic architecture relationships are
incredibly complex and how the genetic influence on different traits
varies during the life history of brook charr.

One way that organisms can cope with environmental
fluctuations is through phenotypic plasticity. Phenotypic plasticity
is a fast-acting mechanism that refers to the ability of an organism
to alter its phenotype, including physiological, behavioral, and
morphological traits, in response to changes in environmental
conditions (1-3). Phenotypic plasticity provides immediate
flexibility to changing environments, while genetic variation
within a population ensures that selection can act to stabilize
advantageous traits over generations, providing a long-term
mechanism for adaptation to persistent environmental changes.
The presence of phenotypic plasticity has long been recognized
in fishes (4-8). The time of maximal plasticity in the life of an
organism is during its developmental phase. The concept of
developmental plasticity therefore implies a controlled disruptive
process of the developmental program by the environment, and
this process is controlled by inherited genes in early stages (egg,
embryo, larvae), rather than random variations or “noise” in their
developmental program. The effects of a changing environment
occurring during these early stages can sometimes be observed
later, so the environment experienced during early stages can
affect the juvenile or adult phenotypes through carry-over effects,
programming, or conditioning (9, 10).

Salmonidae display a tremendous diversity in terms of
phenotypic traits both at the interspecific and intraspecific levels
(11). As phenotypic variations arise not only from variations in
genomic sequences but also from the genetic architecture, defined
as the sum of the interacting genetic dimensions that leads to a
given phenotype (12), our collaborative work combined phenotypic
and genetic approaches in different brook charr populations and
their hybrid crosses. Indeed, hybridization can provide information
about parental genetic architecture. For instance, while parental
populations are genetically divergent and adapted to their own
environments, hybrids may express non-additive genetic effects
due to complex genetic associations (13-15). These non-additive
genetic effects are either called heterosis, when the hybrids express
a phenotype better than both parents, or outbreeding depression,
when the hybrids express a phenotype worse than both parents.

Through our work, we thus investigated phenotype-genotype-
environment relationships on traits related to early development,
growth, metabolism, climate change tolerance, sex-linked factors,
and anadromy (Figure 1). We found strong variability across these
relationships, even using only a limited number of populations.
We suggest that an extensive overview of different brook charr
populations would reveal an astonishing phenotypic diversity and
adaptability on which brook charr could rely to ensure their
continued existence.

Our model brook charr populations

The brook charr populations we used all presented specific
features. First, the anadromous brook charr population from Laval
River (L) was central to most of our work. The Laval River is located
on the north shore of the St. Lawrence Estuary (48° 44/ N; 69° 05/

Frontiersin Fish Science

10.3389/frish.2025.1525181

W); the migratory movements of its anadromous population were
described in Curry et al. (16).

A freshwater resident population (Lr) is also present in this
river. The freshwater residents originated from Adam Brook in the
Laval River drainage, and the spawning sites of both populations
in the Adam Brook are parapatric (17, 18). Analyses of neutral
genetic markers have shown that these two populations (L and
Lr) were partially reproductively isolated (19). This was further
confirmed by the pronounced genetic divergence between these
two populations based on allele frequencies at nine microsatellite
loci [Fst = 0.15; (17)].

While we did not maintain the Lr population for more than two
generations in captivity (Station aquicole, ISMER, Rimouski, QC,
Canada), we did initiate a selective program using the wild Laval
anadromous population with the objective of developing a new
strain (Ls) characterized by fast growth and reduced precocious
sexual maturation (20, 21). A control anadromous strain (L)
was continuously maintained at ISMER for seven generations,
fusing the random within-family selection of breeders; this control
anadromous strain was used in many of the studies cited hereafter.

The Rupert strain (R), which originates from a strictly
freshwater resident population from the Rupert River (51° 05/
N; 73° 417 W) near Lake Nemiscau (near James Bay in north-
western Québec), was also used in our work. The Rupert strain was
maintained at the Laboratoire de recherche en sciences aquatiques
(LARSA, U. Laval, Québec, QC, Canada) for three generations. The
R population was highly genetically distinct from the L population
[Fst = 0. 43 =£ 0.02 using microsatellites markers; see (22)].

Finally, we also worked with a domestic strain (D) that
has been used for aquaculture production in Québec, Canada,
for more than a 100 years. These domestic fish show different
morphological and ecological characteristics compared to wild
brook charr populations (see (23) for example). Domestic breeders
were obtained from local fish producers. The D strain was also
genetically distinct from the R and L populations (22). It should
be mentioned that rearing conditions were always the same for all
cross-types compared (common garden type experiments) in the
studies presented hereafter.

Early development

As mentioned earlier, plasticity may be highly expressed in
early developmental stages. While studying traits related to early
development, we focussed on three specific stages: the yolk-sac
stage, during which fry depend on the quality of reserves deposited
in the eggs; the yolk-sac resorption stage, with the beginning of
external feeding; and the juvenile stage. According to classical
quantitative genetic theory, early offspring phenotypes are partially
controlled by the common environmental effects related to mothers
and the genetic variance in reproductive investment by the mother
to their offspring (24-26). In salmonids, resource accumulations
in the yolk sac are critical for the transmission of maternal
genetic variance since no behavioral parental care occurs. Maternal
variance may also affect the progeny’s phenotype via maternal-
offspring genetic covariance [covariation between the effects of
genes expressed by mothers and those expressed within their
progeny; (25, 27, 28)].
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Early Development

Growth

Sauvage et al. 2010
Bastien et al. 2011
Crespeletal. 2012
Crespel et al. 2013a
Martinez-Silva et al. 2023

_

Metabolism

Bougas et al. 2010
Crespeletal. 2013b

FIGURE 1
Studies supporting this review. Brook charr photo credit: Julie Viana.
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Venney et al. 2022
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Bastien et al. 2011
Sauvage et al. 2012b
@) Sutherland et al. 2016
Sutherland et al. 2017
Sutherland et al. 2019

Houle et al. 2023
Banousse et al. 2024
Gourtay et al. 2024

Using L fish, we showed the abrupt transition from high
maternal genetic control on embryonic fork length and yolk sac
volume (maternal effects > 0.5) to sharp decrease in maternal
variance for length following resorption of the yolk sac (29). The
Perry et al. (29) study suggested that yolk-sac resorption was
the major turning point, where maternal genetic contributions
were replaced by those of individual progeny. Whether the
presence of strong maternal effects early in development may
be advantageous for local adaptation to the spawning habitat
[see (29)], challenges met later on by fry may require more
phenotypic flexibility. Such flexibility would be facilitated by the
disappearance of strong maternal effects. From this point, these
stages of development became our reference to study phenotypic
variations during development.

After five generations, selection for absence of early sexual
maturation combined with better growth performance (selected Ls)
influenced early development compared to controls [L; (30)]. At
hatching, dam identity significantly explained half of the variance
for the standard length with low heritability in Ls fry, while
dam identity explained 28% compared to the control strain (L
fish; Figure 2). At the yolk-sac resorption stage, the proportion of
variance in standard length that was explained by dam identity
was lower and heritability was higher in both groups, indicating
again the presence of differences in genetic contributions at
this boundary.

We were also interested in approaching phenotypic variability
and its underlying genetic architecture through the response of
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hybrids between populations and the expression of heterosis. When
we undertook this work, there was a general belief that heterosis
was rare in salmonids (31). While it was previously suggested
that there was a positive relationship in the genetic divergence
between parents and the performance of their hybrid offspring,
we compared the three strains (L, R, and D) and hypothesized
that crossing the two most genetically distant ones (L x R) would
increase the potential of a positive heterosis outcome (32). Using
pure and reciprocal hybrid crosses for a total of 72 families among
the three populations, we showed strong phenotypic differentiation
in the early life stages of the three parental populations. The L
fry had the biggest yolk-sac volume at hatching (85.5 &+ 18.9
mm?) and the highest mass (0.12 £ 0.02g) and length (25.7
+ 1.0mm) at yolk-sac resorption (Figure 3). Ater 15 weeks of
exogenous feeding, the D and R fry were bigger, with D fry
exhibiting the highest increase in mass (0.00045 g degree-days™—!).
We were also able to show a complex pattern for both heterosis
and outbreeding depression that varied according to developmental
stages, with higher occurrences of heterosis (10 depending on
different growth traits and crosses) than outbreeding depression
(only two occurrences). Overall, the occurrence of heterosis seemed
to be unpredictable and not necessarily related to the genetic
distance of the parental populations.

Using the same experimental framework but only on the
pure populations, Bougas et al. (33) focussed on the yolk-sac
stage using microarray technology. They found 72 genes that
were differentially expressed between the R and L fry (the two
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Laval strain under selection program (Ls)
Hatching Lower heritability for standard length
. . 40% decrease in the proportion of early sexual maturity
1+ juveniles i
over three generations
1+ juveniles | 32.1% increase in mass from F2 to F3.
1+ juveniles | Higher expression of genes involved in the GH/IGF-1 axis
1+ juveniles | Higher thermal resistance
. . Higher expression of genes coding for catalase
1+ juveniles = . 5 < . .
(antioxydant enzyme) and heat shock protein 70
FIGURE 2

Highlights of differences between the Laval control strain (L) and the Laval selected strain (Ls; absence of early sexual maturation combined with
better growth performance) at different stages of development. Brook charr photo credit: Julie Viana.

most genetically distant populations), but 178 genes that were
differentially expressed between the R and D fry and 191 genes
between L and D fry (Figure 3), indicating that divergence among
populations was present not only at neutral loci (22) but also
in coding areas. Interestingly, while R and L were the most
genetically distant populations from a transcriptome standpoint,
the D strain was the most differentiated and the R and L fish
more similar to each other. Functional categories that were affected
were detailed in Bougas et al. (33, 34), but a clear relationship
with measured phenotypic traits was not obvious (except for
metabolism as described below). However, the results of Bougas
et al. (33) clearly showed how production under similar conditions
enhances different transcriptome responses, and undoubtedly
different phenotypic traits.

Growth

Growth is one of the most important fitness traits—not only
when pursuing a more efficient production of livestock species, but
also for ecological reasons, since it could determine the survival
success of individuals (35). Over the years, we thus assessed growth
potential through studies on domestication, genetics, endocrine
regulation, and environmental contributions. Growth is a complex
trait that relies on a network of genes (e.g., pleiotropy), as well as
on many different types of environmental inputs (36). However,
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although many non-genetic factors shape growth variability, most
studies investigating its heritability still revealed moderate-to-high
levels of genetic variance/heritability (37).

When we started our selection program on the L population,
growth in sexually immature 1+ fish was a trait that we focussed
on (20, 21). We obtained an increase of 24 g from the F1 to the F2
generation (23.1%) and of 41 g (32.1%) from F2 to F3 (Figure 3).
As expected, the phenotypic variance in weight was higher in L
than in selected Ls individuals (21). Heritability estimates for the F3
generation were generally high (h? > 0.4) for this trait (21). When
we examined the transcriptomic response in the F4, we found
that three generations of selective breeding resulted in significant
changes in the regulation of gene transcription between L and Ls
(20). Genes involved in growth pathways were generally expressed
at higher levels in the Ls strain, whereas genes associated with
other biological functions were generally expressed at lower levels
relative to the control strain [L; (20)]. A cluster analysis performed
on a subset of 52 genes associated with one of five under- or
overrepresented biological processes almost completely separated
the fish into two groups (controls/selected) except for eight of the
40 individuals. All these results suggested that selection on growth
was indeed possible, and therefore that growth was a trait with high
genetic regulation in brook charr.

Using the same experimental framework as described above
for Bougas et al. (33) and Granier et al. (32), Crespel et al.
(38-40) pursued the experiment until 21 months of age, adding
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Domestic strain (D)

iy e . Highest increase in mass and length

exogenous feeding)

1+ juveniles Two-fold greater heritability for body mass

1+ juveniles No change in heritability for body mass related to environment
1+ juveniles Accumulation of high energy reserves before winter

1+ juveniles Accumulation of liver glycogen during winter

1+ juveniles Greater proportion of early sexual maturation

Ruppert strain (R)

Yolk-sac resorption | 178 genes differentially expressed compared to D fry

1+ juveniles Increase in heritability for body mass related to environment

1+ juveniles 72 genes differentially expressed compared to L fry

1+ juveniles Lower response to transport stress

1+ juveniles Mobilized visceral fat during winter

1+ juveniles Increased anaerobic capacity during swimming compared to L
Laval strain (L)

Hatching Biggest yolk-sac volume

Yolk-sac resorption

Highest mass and length

Yolk-sac resorption

191 genes differentially expressed compared to D fry

Decrease in heritability for body mass related to

1+ juveniles :
environment
1+ juveniles The most sensitive to transport stress
1+ juveniles Mobilized liver glycogen and lipids during winter

FIGURE 3

populations for more information. Brook charr photo credit: Julie Viana.

Highlights of differences among the Domestic strain (D), the Rupert strain (R), and the Laval strain (L). See the section on our model brook charr

comparisons with three different rearing environments: controlled
rearing conditions and constant temperature environment (at
LARSA), controlled rearing conditions and natural temperature
variations (at ISMER), and fish farm conditions (outdoor pond).
When considering the three strains (L, R, and D), we found that
body mass was a heritable trait in all populations (h* from 0.1
to 0.6), but that the level of heritability greatly differed among
populations (2 fold greater in D than in L and R). In addition,
heritability differed not only among strains, but also according
to environmental conditions, with population-specific patterns of
genotype-environment interactions (40). Indeed, D fish showed
no change in heritability related to the environment while there
was a decrease for L fish and an increase for R fish between
the constant and variable temperature environments (Figure 3).
Such heritability differences among populations and environments
indicated divergent genetic architecture and therefore different
potentials for evolutionary response among populations. From
these results, we hypothesized that the high heritability in the D
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strain could provide an advantage since it could evolve faster than
the two other strains when exposed to environmental selective
constraints. We also postulated that the plasticity expressed by L
and R fish could be a major asset in terms of adaptations to new
environmental conditions. Using only three strains, we showed
the presence of pronounced divergence in gene x environment
interactions indicating that we must expect a large variability
among brook charr populations. Such variability may represent
different adaptive potential in presence of environmental variations
(conservation, management), but it could also suggest differences
in potential to respond to selection [fish production; e.g., (41)].
When looking for potential hybrid and heterosis effects on
mass later in development, we noted the highest occurrence of
heterosis in LoR » hybrids (across all sampling times from 9 to 21
months and in the three tested environments), with masses from
9 to 20% greater than the average mass of the parental strains (for
example: LARSA, 21 months, 155.7 £ 9.7 g compared to 106.3 £
6.4 and 126.9 £ 7.7 g for the L and R fry). In contrast to previous
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results obtained on younger developmental stages (see above),
this temporal heterosis appeared in only one of the reciprocal
crosses involving parental populations with the highest level of
genetic differentiation. Interestingly, heterosis was associated with
cross direction (e.g., only RoL showed heterosis at the fish farm
site), suggesting some sex-specific genetic architecture in these
strains. In addition, heterosis in the LoD, hybrid was only present
in the constant temperature environment, suggesting phenotypic
plasticity in the expression of heterosis (for example, LARSA, 21
months, 241.1 £+ 27.3g compared to 106.3 £ 6.4 and 217.6 +
15.5 for the L and D fry). Because environmental interactions
were not observed in all hybrid crosses, we hypothesized that
environmental variability influenced different genomes in different
ways, again confirming divergent genetic architecture for this trait
among strains.

It is well known that growth can be impaired by stress. We
examined stress response in 16-month-old fish issued from this
same experimental framework, but only using fish reared at ISMER
[controlled conditions, natural temperature variations; (38)]. We
used a simulation of fish transfer procedures in transport bags as
the stress exposure. The R population displayed a less pronounced
response to transport stress, while the L population seemed to
be the most sensitive (Figure 3). Correlations of body mass with
both the primary and the secondary stress responses were weak,
indicating a limited effect of body mass on stress resistance.
The heritability estimates for cortisol (primary stress response),
and plasma glucose (secondary stress response) following stress
exposure were high (k> > 0.6) in contrast to other indicators
of the secondary response (plasma osmolality and haematocrit).
Both maternal and paternal effects were significant when looking
at the primary response (cortisol) and maternal effects were also
observed on secondary response indicators (plasma osmolality
and haematocrit). Again, these results indicated how physiological
responses may differ among different populations.

More recently, we looked at growth regulation. We compared
fifth generation Ls to the L strain as well as among- and
within-families variability according to the averaged whole family
performance and slow- and fast-growing fish within each family
(42). Between strains—one under selection, the other not—we used
“family performance” to indicate families expressing differences
in average growth phenotypes; individuals within families that
expressed extreme growth phenotypes were termed slow or fast
growing. Not surprisingly, fish from the selected strain were 37.3%
heavier and 11.5% longer than fish from the L strain (11.95g
+ 4.57 vs. 8.71g £ 3.36; 10.76cm £ 1.38 vs. 9.65cm =+ 1.26).
However, the mean condition factor of L fish was significantly
(even though very closed) higher than that of Ls fish (0.93 &£ 0.14
vs 0.92 £ 0.12). The most interesting feature was how growth
was regulated at the genetic level. Indeed, we found selection
enhanced differential expressions of target genes involved in the
GH/IGF-1 axis (Figure 3). Growth performance in the Ls strain was
associated with an upregulation of liver igf-1 and muscle igfI-r gene
expressions, indicating an effect of selection on the axis starting
with pituitary ifg-1r and followed by liver ghr-1, liver igf-1, muscle
ghr-1, and muscle igf-1r. Looking at among-family variability, the
mass of the best- and the least-performing families in the Ls strain
differed by 49.4%, while the difference was 14.8% in L fish. The
family with the lowest mass in the Ls strain was significantly
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different from the rest of the Ls families, but not from the L families,
which had average or low performance. At the genetic level, familial
and individual phenotypes (slow growing vs. fast growing) were
associated with upregulations of the lepr and npy genes related
to appetite regulation. This again illustrates the complexity of
the underlying mechanisms governing phenotype expression, with
phenotype being the results of complex physiological/regulation
mechanisms with genetic differences at the individual level not
necessarily translated into population selection responses.

Quantitative trait loci (QTL) control portions of a species’
genome that affect the variation of heritable phenotypic traits.
They are revealed by the association of phenotypes with molecular
markers (43). In a first attempt to identify QTL in brook charr,
we developed a long-term survey of juveniles to measure many
different phenotypes. Sauvage et al. (44, 45) found 63 QTL that were
linked with growth and could be classified into two groups; 1) those
composed of numerous, small-effect QTL that may be under the
control of a large number of genes or pleiotropic genes, and 2) a
group of fewers QTL associated with growth (i.e., gene expression)
that displayed a larger effect, suggesting that they were under the
control of a limited number of genes that had a major effect. Four
QTL were also associated with the stress response to an acute stress
challenge (45).

Metabolism

Metabolism is another complex but important fitness-related
trait determining the capacity of individuals to survive in their
environments because it determines the energy available for the fish
to perform its physiological and behavioral activities. Metabolism
is then a key determinant of fitness and plays a crucial role in
mediating phenotypic plasticity, enabling organisms to adapt to
environmental changes [e.g., (46)]. At the yolk-sac resorption
stage, Bougas et al. (33) found transcriptional differences related
to metabolism between the R and L populations and suggested
that they may partially reflect adaptive responses to their distinct
native environments (local adaptation). Thus, some genes related
to carbohydrate metabolism were under expressed, whereas genes
related to lipid metabolism (apolipoprotein A, fatty acid-binding
protein) were over expressed in the L population. This could
reflect a reduced basal metabolism and an increased growth-related
resource allocation. At the time, we suggested that this could result
in better growth performance (with L fry bigger than R fry at this
life stage). This observed metabolic differences may suggest that
the L population would prioritize growth-related processes over
basal metabolic maintenance during early stages of development,
potentially conferring an advantage in resource-rich environments,
but this would need further investigation.

At a later stage of development, Crespel et al. (47) investigated
intraspecific strategies of energy mobilization in the R, L, and D
strains related to the accumulation of energy reserves during the
fall and their use during the first winter of life. We found strong
metabolic differences and strategies to cope with winter conditions
among the three populations. Briefly, D fish accumulated high
energy reserves before winter and kept accumulating liver glycogen
during winter; L fish had low energy reserves at the onset of winter,
mobilized liver glycogen and lipids during winter, and showed a
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reduced condition factor by March; and R fish had relatively low
energy reserves accumulated at the onset of winter and mobilized
visceral fat during winter (Figure 3). It is well known that the
condition factor of anadromous fish is low during spring, and
these results corresponded to those of Bastien et al. (21), who
showed that genetic correlation between weight and condition
factor was high and positive in L fish, except in April. In D
and L strains, energy reserves patterns had heritable genetic bases
while this was not found for R individuals. The three strains also
showed distinct patterns of genetic correlations among the heritable
traits measured, which again suggested differences in their genetic
architecture related to energy mobilization. The genetic basis for
energy strategy thus seemed to be population-specific and cannot
be extrapolated to other populations. However, these distinct
strategies may reflect evolutionary trade-offs that balance energy
reserves with adaptive responses to overwintering conditions. This
underlines how, in brook charr, conservation and management
issues should not be considered as being species-specific, but rather
as being population-specific.

Climate change tolerance

With global warming, a species like brook charr, which
inhabits temperate/cold and highly oxygenated water, may be
at risk. In general, fishes—as ectotherms—are vulnerable to
temperature changes because their physiology is determined by
the thermodynamic effects of the surrounding water temperature,
which sets their body temperature (48-50). Under global warming,
genetic variation may not be sufficient to allow rapid adaptation
to new selection pressures (51), and phenotypic plasticity may
represent a rapid response mechanism to cope with these changes
(52). We thus began a series of experiments to study temperature
tolerance in this species. Because brook charr in Québec are
essentially produced for stocking enhancement, we first tested
whether selection for the absence of early sexual maturation
combined with better growth performance in brook charr may have
affected their thermal resistance and the gene expression response
in the presence of thermal stress (30). Contrary to our expectations,
Ls juveniles (under the selection process for five generations) had
a higher thermal resistance than L fish (control population). In
addition, once submitted to an acute thermal stress challenge, their
loss of equilibrium occurred on average 1°C higher than what
was observed for L individuals (30). The selected fish also showed
higher relative liver cat (coding for catalase, an antioxidant enzyme)
and hsp 70 (coding for heat shock protein HSP 70) gene expressions
(Figure 3). These results provided support for adaptive differences
between the Ls and L strains of brook charr in their potential
for gene expression-mediated phenotypic plasticity in response to
temperature changes. They also support that selection for greater
thermal tolerance may be possible. As Ls juveniles were bigger
than L ones, the relationship between weight and thermal tolerance
certainly deserves to be studied further at the physiological level
[see (53)].

We also explored the potential for multigenerational plasticity,
when the environment of previous generations shapes the
physiological and behavioral phenotypes of offspring (54, 55).
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Intergenerational plasticity occurs when plastic phenotypes are
passed on from a parent (56), based on their environmental
experience, to offspring and influence their fitness (57, 58) and
fitness-related traits (59, 60). Such intergenerational plasticity is
generally supported by non-genetic inheritance, including, among
others, parental effects and provisioning as well as epigenetic
inheritance. Epigenetic inheritance refers to the transmission of
epigenetic markers (e.g., DNA methylation) that can modify
gene expression, ultimately affecting the phenotype and fitness in
offspring (55, 61). To achieve our goal, we exposed breeders to
autumnal temperature decreases differing by 2°C over the whole
period during which final gonad maturation occurs (producing
cold and warm breeder groups). We then raised half of the
offspring from each group at 5°C and the other half at 8°C
(62, 63). Using whole-genome bisulfite sequencing, we showed that
parental sexual maturation temperature—but not offspring rearing
temperature—had considerable effects on DNA methylation in
juveniles [2 months after the beginning of exogenous feeding; (62)].
The negligible effects of offspring rearing temperature on DNA
methylation was unexpected due to the overwhelming evidence
that thermal regime drives within-generation plastic changes in
DNA methylation in fish. However, these results were supported
by the subsequent study conducted on brain transcriptome
(63). Hierarchical cluster analysis of the 500 most expressed
genes resulted in a clear separation of brain gene-transcriptional
expression in fry based on parental temperatures during final
gonad maturation. As for DNA methylation, offspring rearing
temperatures did not have a significant impact on gene expression.
Neuroplasticity and processes related to thermal tolerance, such
as those involved in energy production, immunity, and cellular
stress response, were the main categories of functions affected
by parental temperature increase, with upregulation of the most
salient processes related to thermal stress compensation and
downregulation of several functions related to neuronal and
synaptic activity. This suggested that even though brook charr
may have some ability to cope with warmer conditions due to
intergenerational plasticity, their behavior may still be affected.
Studies on the transcriptome of other fry organs are presently in
progress and should generate more information on the epigenetic
inheritance related to temperature.

Finally, we also assessed how parental thermal conditions
during final gonad maturation (cold and warm breeders described
above) influenced offspring growth and survival 1 year after
stocking in natural lakes (64). Interestingly—but contrary to
our expectations—our results revealed that offspring from cold
breeders showed lower survival than those from warm breeders.
A potential explanation for this observation is that lakes where
fish were stocked were unusually warm during our experiment
and, thus, that beneficial intergenerational plasticity may have
favored and increased the survival of fish from the warm-
breeder temperature group. Such transmitted plasticity could
thus be highly beneficial when the parental environments match
offspring environments, which is expected to happen more
and more often in climate change scenarios. If such plasticity
can be transmitted over several generations, it could also help
to buffer environmental effects until genetic accommodation
can occur.
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Sex-linked factors

Understanding how sex bias in gene expression contributes
to sexually dimorphic phenotypes, and how this affects fitness,
is important for understanding genotype-phenotype interactions
(65). Working with the L strain, Bastien et al. (21) showed
that selection led to a 40% decrease in the proportion of early
sexual maturity at 22 months over three generations (from 67.5%
of early sexual maturation to 38.6%) (Figure3). This result
revealed that both growth and lower early maturation could be
simultaneously selected in these fish, reflecting different underlying
genetic regulations. The analysis of genetic variance-covariance
of precocious maturation and weight at 22 months in the F3
population indicated moderate to high heritability (h*> > 0.30) for
both traits in both the Ls and L strains (21). In addition, Crespel
et al. (39) compared the L, R, and D strains and as well as their
hybrids and showed a greater proportion of early sexual maturation
in 1+ juveniles of the D population (more than 25%) than in the
other pure populations (<10%), but there was no heterosis for
environmental effect related to this trait (Figure 3). Because cross
direction in the hybrids still played a role on the expression of
some phenotypes, a possible linkage between sex genes and genes
associated with some traits of performance may be present. Such a
linkage might influence the predominance of a specific population
as female or male (66-69).

With Sutherland et al. (70, 71), we looked at the genetic
architecture in relation to antagonistic selection and sex
determination. Some alleles may benefit sex differently (43, 72),
while allelic dominance may also depends on the individuals
(73). Moreover, the salmonid genome remains in a residually
tetraploid state, with some chromosomal telomeric regions
continuing to recombine between homologous chromosomes
while others have rediploidized (74-77). A sex-linked chromosome
was identified in brook charr (70) that was different from those
linked to sex in any other species characterized by high-density
genetic maps.

Sutherland et al. (71) constructed a high-density genetic map
with 3,826 markers [details in (78)] from the same phenotypic data
set used by Sauvage et al. (44, 45) and were able to characterize co-
expression networks for both female and male liver transcriptomes
and compare them. Sexual dimorphism in body size and secondary
sexual characteristics is associated with reproductive success in
brook charr and other salmonids (79). In our results, we showed
that females displayed higher inter-individual variance in gene
expression than males. The liver tissue was used for this work
and many phenotypic associations in females, but not in males,
were related to sexual maturation. As liver function is crucial to
the vitellogenesis process, this may partly explain the difference
observed in inter-individual variance between sexes. A network
comprises modules, each of which comprises a group of genes
with correlated expression patterns. Unlike the female network,
a large proportion of the male data could not be assigned to
a module. Our observations confirmed previous findings that
co-expression patterns are often preserved between sexes (80, 81).
The most preserved modules between the sexes were involved
in basic cellular processes, such as translation machinery.
Immunity-related modules also

were preserved between

the sexes.
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A total of 29 QTL were found to be significant at the
chromosome-wide level, and these included QTL for egg and
sperm diameter; changes in cortisol, chloride, and osmolality
after an acute handling stress; growth hormone receptor gene
expression; and hematocrit (71). Several traits showed sexual
dimorphism and therefore required sex as a model covariate;
these included weight, length, liver weight, hepatosomatic index,
hematocrit, change in osmolality and cortisol from a stressor,
resting plasma chloride, hepatic glycogen, and the expressions of
insulin-like growth factor I and ifg receptor genes. However, growth,
condition factor, change in chloride, resting plasma osmolality
and glucose, and growth hormone receptor gene expression did
not show sexual dimorphism. Changes in cortisol from acute
handling stress were highly dependent on sex: the identified QTL
explained 9% of the trait variation whereas sex explained 43%.
To a lesser extent, osmolality change was also affected by sex,
with the identified QTL explaining 14% of the trait variance
and sex explaining 14.6%. Sex thus seemed to have a huge
implication in the expression of many growth- and stress-related
traits in brook charr. QTL are primary viewed as efficient tools
for marker-assisted selection and mapping of QTL may help
avoiding negative correlations with other traits. More importantly,
enhanced understanding of the genetic architecture is essential to
better understand genotype-phenotype interactions and therefore
phenotypic plasticity.

Anadromy

The phenotype-genotype relationship goes far beyond the
expression of specific traits. Complex assemblages of phenotypes
characterize different ecotypes. In coastal areas, where there is
access to a marine environment, two main ecotypes of brook
charr are observed: the anadromous ecotype, which undertakes
migration from freshwater lakes and rivers to estuaries and
returns to freshwater habitats for spawning, and the resident
(non-anadromous) ecotype, which permanently resides in fresh
water (16). The two ecotypes may live in sympatry, either as
alternative life history tactics within a single gene pool (82) or as
locally adapted populations and can result in varied trajectories
for growth and maturation across sizes and ages [e.g., (83)].
Moreover, the characteristics of anadromy seem to be related
to river-specific conditions in which the ecotype occurs (16).
For example, comparing three feral anadromous populations [the
Laval River population located on the north shore of the St.
Lawrence estuary, the Petite Cascapédia River population located
in the Baje-des-Chaleurs, and the Kennebecasis River population
located in southern New-Brunswick; (16)], the Laval River fish
were the most “anadromous” as they traveled to the estuary and
remained at near full salinity (salinity up to 27%o, 10°C) for the
majority of summer (84). The direct comparison between the L
and Lr ecotypes in the field did not show a significant relationship
between length or weight and any of the variables measured, which
ensures that our results were not biased by size differences among
groups (19). Physiological differences in osmoregulation traits
once captured in sea water, gill Na™-K*-ATPase activity (osmo-
iono-regulation), thyroid hormones (silvering, homing), and stress
levels (reactivity) were observed between Lr and anadromous
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fish, with these traits being more elevated in the L population
(Figure 4). These physiological differences were also associated with
significant divergences at microsatellite markers. Indeed, genetic
data strongly supported the hypothesis that L fish collected at
different time periods during this study belonged to a single gene
pool, while Lr fish were strongly genetically differentiated, with
a clear signal of genetic divergence between L and Lr fish (19).
We also compared wild L fish to the L fish maintained in our
laboratory and found that the wild and domestic anadromous fish
were much more similar to each other than were the wild L and Lr
fish (19).

Over the years, we looked at different phenotypes related to
anadromy. Early development was again thoroughly investigated.
Adaptive divergence between migratory and nonmigratory forms
of salmonids for early size and/or developmental characteristics
might be possible if the different ecotypes used alternate
reproductive strategies for reasons of local adaptations [i.e.,
phenotype-habitat matching; (85)]. One of our first attempts was
to compare offspring from the two parapatric populations from
Laval River, the freshwater resident (Lr) and anadromous (L)
populations (17). In an extension of the work of Martin et al. (22),
we showed that allele frequencies in fresh water Lr and L fish were
significantly different at all nine microsatellite loci, confirming that
they comprise genetically distinct populations in this system (17).
Maternal quantitative genetic differentiation between embryonic
Lr and L fish was also high [phenotypic divergence, (Qst) >
0.5] and was greater than neutral genetic divergence for specific
embryonic traits including length, yolk-sac volume, and growth
rate for length (Figure 4). These results indicated that divergent
natural selection has played a role in driving the differentiation
between these two populations at the embryonic stage. However,
there was no evidence for the role of directional selection acting on
the post yolk-sac resorption stage (length and growth rate) since
maternal between-population genetic variance was effectively zero
for both traits.

Mavarez et al. (18) compared L and Lr fry (yolk-sac resorption)
as well as the LoLr, hybrids using microarray technology.
The results of this transcriptomic study clearly indicated that
hybridization between anadromous and resident brook charr was
accompanied by a massive breakdown of gene regulation in the
F1 individuals, with most transcripts exhibiting low levels of
expression relative to pure ecotypes. In summary, there was a 5-
fold increase in the number of expression differences when the
hybrid vs. Lr comparison was contrasted to the Lr vs. L (94 vs. 18;
with 83% of the genes down-regulated in the hybrids) and there
was an even higher—12-fold—increase (227 vs. 18, with 80% of
the genes down-regulated in the hybrids) when the hybrids vs. L
comparison was contrasted to the Lr vs. L (18). Disrupted genes
in the FI hybrids represented 23 different biological processes,
including several categories associated with energy metabolism
(oxidative phosphorylation, electron transport, lipid metabolism).
It seemed that some failures in the interaction between the
transcription factors of one population and their binding sites in
the regulatory modules of enhancers of the other population were
present, illustrating how different energetic phenotypes could be
even at this very young age. This is in line with the results of
Morinville and Rasmussen (86), who showed that juvenile future-
migrant anadromous brook charr have consumption rates 1.4 times

Frontiersin Fish Science

10.3389/frish.2025.1525181

higher than resident charr of the same age, but a smaller ratio
of growth to consumption, which indicates that they have higher
metabolic costs. Overall, these results revealed that the L and
Lr ecotypes had strong divergent genetic regulations (Figure 4),
additionally supporting the conclusions of Perry et al. (17) for
divergent natural selection.

Using these two same populations, we also compared their
transcriptomics regulations before their first saltwater transition
(age 1+). Using a 16,000 cDNA microarray chip, we contrasted
gene expression in muscle (locomotion—an activity that should
be enhanced during migration) and gills [osmo-iono-regulation;
(87)]. The transcriptome differences were exclusively observed in
gills. Compared to Mavarez et al. (18), who studied the first-
feeding stage, 14+ L and Lr appeared more distinct. Briefly, an
upregulation of the gill transcriptome was observed in L fish with
a significant enrichment of transcripts associated with protein
biosynthesis and protein metabolism, development, and immunity
(Figure 4). Twelve transcripts involved in energetic metabolism
were downregulated (three cytochrome oxidase ¢ subunits and
a pyruvate kinase). Overall, differences in the gill transcriptome
supported a reorganization of the gill tissue prior to life in salt
water (87).

We further continued our investigation on phenotypic traits
a few years later, when Crespel et al. (88) again compared
anadromous (L strain) and resident (R population this time) fish, as
well as their hybrids, in 14 juveniles. These results confirmed the
presence of a 20% lower condition factor in L compared to R fish
(Figure 4). In this study, Crespel et al. (88) compared swimming
performance (critical swimming speed) and contrasted metabolic
phenotypes of the populations in fresh and saltwater. They showed
that swimming values were similar in pure strains (L and R), but
that it was 18% lower in LoR , hybrids compared to RoL ,» hybrids.
The branchial Na-K-ATPase activity was three times higher in R
individuals than in L and both hybrids, which was unexpected,
due to the adaptation of L fish to saltwater. However, the most
interesting feature was the phenotypic differences at the metabolic
level supporting the swimming. Indeed, the measure of different
metabolic enzymatic activities, hepatic and muscle energy reserves,
and lactate and pyruvate levels in both heart and muscle illustrated
how similar swimming performances were achieved using different
metabolic strategies. The results showed that anaerobic swimming
performance contributed more to the swimming performance of
R fish (fish are less streamlined and thus need to compensate
for the advantage that body shape conferred to anadromous
fish; Figure 4). This higher anaerobic capacity of the R fish was
associated with higher energy reserves, suggesting that R fish may
be less adapted for sustained swimming. Overall, these metabolic
differences suggest that anadromous populations are better suited
for prolonged migratory activity, while resident populations
optimize energy use for local conditions. The performance of
hybrids depended on cross direction which could be explained by
different factors, such as maternal or paternal effects, or genetic
linkage between sex genes and performance genes. There was no
evidence of heterosis or outbreeding depression in the hybrids,
which suggests that the extent of the genetic differences that
have accumulated between these two populations has not been
sufficient to cause genomic incompatibilities between the parental
genomes (89, 90). This differs from what was previously obtained
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Freshwater resident (R)
: : Branchial Na-K-ATPase activity three times higher compared to L
1+ juveniles
(stress ?)
: : Improved anaerobic swimming performance contribution to reach
1+ juveniles i S
similar swimming performance than L
Freshwater resident (Lr)
Yolk-sac resorption| Strong divergent genetic regulation compared to L
. - Enrichment of transcripts associated with energetic metabolism at}
1+ juveniles :
the gill level, when compared to L
Wild fish Lower stress level when compared to L
FIGURE 4
Highlights of differences among anadromous (L strain) and freshwater resident fish from the Laval River drainage system (Lr strain) or from the Rupert
system (R strain). See the section on our model brook charr populations for more information. Brook charr photo credit: Julie Viana.

when comparing L and Lr fish originating from the same water
system (18).

Conclusion

Maintaining population biodiversity (at the phenotypic and
genetic level) is crucial for the resilience and adaptability of brook
charr, particularly considering the differences in phenotypic and
gene x environment interactions observed in our research. This
will increase the ability of populations to cope with environmental
changes and stressors, ensuring that various traits can emerge in
response to shifting conditions. By preserving diverse populations
of brook charr, we can thus enhance their potential for adaptive
responses to stressful variations in their environments, such as
climate change.
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