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Abstract

Background Pubertal timing is a key life history trait, shaped by ecological pressures to balance reproductive
success and survival. Emerging evidence suggests a link between adiposity and early maturation, potentially through
hormonal signaling pathways governing puberty timing. The timing of sexual maturation in Atlantic salmon has

a strong genetic basis in addition to being linked with environmental shifts and lipid reserves. A gene encoding a
co-factor of the Hippo pathway, vgli3, is a major determinant of maturation timing in salmon. The Hippo pathway is
known for its evolutionary conserved molecular signal role in both sexual maturation and adipogenesis.

Results In this study, we tested the expression of Hippo pathway genes in the brain of immature and mature male
Atlantic salmon carrying either the early or the late maturation genotype of vgl/3. We found increased brain expression
of a major Hippo pathway kinase (lats1b) in individuals with early maturation genotypes of vg/i3 before maturation
development of testes was evident. Moreover, we found components and regulating partners of the Hippo pathway
showing differential expression in brain of individuals with early and late vgll3 genotypes prior to maturation. This

may suggest a role for the Hippo pathway in central nervous system processes that regulate the preparation for
maturation.

Conclusions This study characterizes transcriptional changes in components of the Hippo pathway in the brain in
relation to vgli3-mediated early maturation in Atlantic salmon, highlighting the potential involvement of this pathway
in the central regulation of maturation prior to gonadal development.
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Background
Early maturation, or precocious puberty, involves the
early onset of puberty marked by physical and hormonal
changes. It is associated with physical and psychological
challenges and an increased risk of metabolic and car-
diovascular disorders later in life [1-3]. Evidence sug-
gests that adiposity, characterized by excess body fat, may
influence hormonal pathways regulating puberty timing
[4], though the underlying mechanisms remain poorly
understood [3]. Fish models have become invaluable
tools for studying metabolic and sexual maturation pro-
cesses, offering insights into ecological and evolutionary
aspects of these phenomena. Their conserved endocrine
systems and genetic similarities to mammals provide a
foundation for investigating shared molecular pathways
governing metabolic and reproductive regulation [5].
The onset of sexual maturation, initiated in the brain by
the release of gonadotropin-releasing hormone (GnRH)
from the hypothalamus, exemplifies an evolutionarily
conserved mechanism triggering downstream hormone
production by the pituitary gland; luteinizing hormone
(LH) and follicle-stimulating hormone (FSH), and sub-
sequent activation of gonads [6]. However, the regulation
of pubertal timing in fish goes beyond the hypothalamus-
pituitary-gonad (HPG) axis, incorporating interactions
with other brain regions, such as the pineal gland, amyg-
dala, and preoptic area, which respond to environmental
stimuli [7]. Fish brains, reflecting their diverse evolu-
tionary history and aquatic adaptations, are less central-
ized anatomically compared to mammalian brains, with
specific regions playing unique roles in puberty onset [8,
9]. For instance, the preoptic area has a more prominent
role in GnRH production in fish, while the pineal gland
is pivotal in regulating reproductive behaviors and tim-
ing, particularly through photoperiodic responses in spe-
cies like salmonids [10-13]. These adaptations highlight
the ecological significance of reproductive timing, shaped
by environmental conditions such as light cycles, to opti-
mize reproductive success in variable aquatic ecosystems.
A more holistic approach to studying fish brains, beyond
the classical focus on the HPG axis, could uncover pre-
maturation molecular signals in less-explored regions of
the brain. These signals might trigger the HPG axis and
initiate puberty in response to environmental cues. Iden-
tifying such early molecular markers not only deepens
our understanding of sexual maturation from an evolu-
tionary perspective but also has practical implications.
In wildlife conservation, selective breeding, and studies
of ecological resilience, these markers could help predict
shifts in reproductive patterns or facilitate interventions
to address challenges posed by changing environments.
The timing of sexual maturation in Atlantic salmon is
strongly connected with seasonal shifts in the environ-
ment and body condition [14]. The allocation of lipids
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has a pivotal role influencing salmon age at maturity, as
salmon require a specific lipid reserve threshold to initi-
ate maturation [15]. Notably, within Atlantic salmon, a
single locus encompassing the gene vestigial-like family
member 3 (vgll3) stands as the principal genetic determi-
nant of maturation timing, associated with over 39% of
the variance in age at maturity in natural populations [16,
17]. The impact of vgll3 on age at maturity is sex-specific
and becomes evident in male salmon as early as one year
old under controlled conditions [18—21]. Intriguingly, its
human ortholog (VGLL3) has also demonstrated an asso-
ciation with age at maturity [22, 23]. In addition to its
role in maturation age, Vgll3 serves as an inhibitor of adi-
pogenesis in mice [24]. In salmon, individuals with dis-
tinct vgll3 genotypes exhibit seasonal variations in energy
storage, suggesting a link between energy utilization and
environmental changes [14, 25, 26].

Recent investigations in Atlantic salmon have demon-
strated a robust correlation between vgll3 alleles asso-
ciated with early (E) and late (L) maturation and the
expression patterns of a number of crucial reproductive
axis genes [27, 28]. The anticipation that vgll3 genotype
effects on reproductive axis genes may be modulated
through divergent Hippo signaling pathway activation
has been shown by gene co-expression network analysis
[29]. The Hippo pathway is rapidly emerging not only as
a pivotal molecular signal governing sexual maturation
in vertebrates [30—32] but also as a regulator in the equi-
librium between adipocyte proliferation and differentia-
tion [25]. Moreover, the Hippo pathway seems to play an
integral role in transducing environmental cues, such as
alterations in dietary fat content and temperature, into
transcriptional responses [33-36]. Whilst vgll3 expres-
sion level has been negatively associated with adipocyte
differentiation [24] and gonad development [20], within
the Hippo pathway, VGLL3 operates as a significant
transcription co-factor, predominantly assuming an acti-
vating role [37]. This dynamic interplay involves compe-
tition with another major transcription co-factor of the
pathway, YAP1, which primarily functions as an inhibitor
of the Hippo pathway [31, 37]. YAP1 is also involved in
adipogenesis and neural development [25, 38, 39]. Col-
lectively, these findings highlight that Atlantic salmon
is a potential natural model for pubertal timing since
its distinct vgll3 alleles provide a functional connec-
tion between maturation and adipogenesis, and offer an
opportunity to study the direct molecular mechanisms
interlinking sexual maturation and energy acquisition.
In this study, we sought to investigate how different vgl/3
genotypes influence transcriptional activity in the brain
both before and after sexual maturation. The study exam-
ined males (since the maturation occurs on average at
earlier age in salmon males than females) with different
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maturation phenotypes (mature and immature) and gen-
otypes (early vs. late maturing vgll3 genotypes).

Materials and methods

Fish material and tissue sampling

Individuals used in the study were from the same popula-
tion (Oulujoki) and cohort used in a previous study [20].
At eight months of age, fish were individually tagged with
passive integrated transponders (PIT-tags) and a fin clip
was collected for genotyping. Genotyping was performed
using a set of 141 SNP markers, including vg//3, and PCR-
sequencing [40]. Individuals were assigned to families
using SNPPIT [41]. This provided access to individually
PIT tagged individuals with known vgll3 genotypes (see
Verta et al., (2020) for more details of crossing and rear-
ing). For this study, male individuals were sampled at
the ages of 1.5 to 2 years [42]. Fish were euthanized by
an overdose of MS222 (400 mg/L) and the entire brain
(including the pituitary gland) of individual males was
sampled at one of three time points, each reflecting a dif-
ferent maturation development stage as described below:

Immature 1-stage individuals were collected dur-
ing the late spring period (5-21 May), exhibiting an
average mass of 17.5+5.5 g and an average length of
12.1+£1.3 cm. These individuals displayed no discernible
signs of gonad development, as indicated by a gonadoso-
matic index (GSI) value of 0. The GSI is a ratio of gonad
weight to total body weight, commonly used as an indica-
tor of reproductive development and maturity in fish.

Immature 2-stage individuals were sampled in the
summer season (4-17 July), with an average mass of
33.7+15.8 g and an average length of 17.3+ 1.3 cm. Some
of these individuals exhibited initial indications of the
onset of phenotypic maturation processes, as reflected by
GSI values ranging from 0.0 to 0.4.

Mature-stage individuals were collected during the
anticipated spawning period in early autumn (1-15
October). These individuals had an average mass of
82.7+20.2 g and an average length of 20.8+1.6 cm.
All individuals in this group displayed well-developed
gonads indicative of maturity, with a GSI exceeding 3.

Subsequently, these tissue samples were rapidly fro-
zen using liquid nitrogen and stored at a temperature of
-80 °C until they were processed further.

RNA extraction

RNA was extracted from a total of 24 samples of male
brain (four homozygote individuals of vgli3 early;
vglI3*EE, and four of vgli3 late; vgli3*LL) for each of the
three time points) using a NucleoSpin RNA kit (Mach-
erey-Nagel GmbH & Co. KG). The collected samples were
transferred to tubes containing 1.4 mm ceramic beads
from Omni International, along with 350 pl Buffer RA1.
Homogenization was performed using the Bead Ruptor
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Elite (Omni International) at a frequency of 30 Hz for a
total of 2 min (in 6 cycles of 20 s each). The subsequent
RNA extraction procedures adhered to the guidelines
provided by the manufacturer, with the kit also includ-
ing an integrated DNase stage to eliminate any remaining
genomic DNA (gDNA). At the conclusion of this pro-
cess, the RNA extracted from each individual sample was
eluted using 50 pl of nuclease-free water. To assess RNA
quantity, measurements were taken using the NanoDrop
ND-1000 instrument (Thermo Scientific, Wilmington,
DE, USA), while the quality of the RNA was evaluated
through the employment of the 2100 BioAnalyzer sys-
tem (Agilent Technologies, Santa Clara, CA, USA). The
RNA integrity number (RIN) exceeded 7 for all samples.
For the hybridization step within the NanoString panel, a
total of 100 ng of the extracted RNA from each isolation
was utilized.

NanoString nCounter mRNA expression panel

In this study, the NanoString panel of probes was an
expanded iteration of the panel used in a previous study
[31], which initially focused on investigating age-at-
maturity-related gene expression in Atlantic salmon. This
updated panel, encompassing more than 100 additional
genes (333 target and 9 reference genes), particularly con-
centrates on an extensive collection of the Hippo path-
way components and other genes directly interconnected
with the Hippo pathway (supplementary file 1). The gene
selection process involved both literature review and the
utilization of tools [31], such as the IPA (Ingenuity Path-
way Analysis) from Qiagen, as well as other accessible
web-based tools and databases; KEGG and PANTHER
[43—-45]. Notably, the panel includes probes targeting
genes linked to age-at-maturity in Atlantic salmon, such
as vgll3a and six6a along with their corresponding para-
logs vgll3b and six6b. Additionally, the panel incorpo-
rates probes for other genes functionally associated with
sexual maturation, including those within the hypothala-
mus-pituitary-gonadal (HPG) axis. Given the presence of
multiple paralogs for most candidate genes due to both
the teleost-specific and salmonid-specific whole-genome
duplication events, all identified paralogs, including
Atlantic salmon-specific copies, were integrated into
the analysis. These were identified using resources such
as SalmoBase (http://salmobase.org/) and the NCBI Ref
Seq databases. Further specifics regarding gene/paralog
selection and nomenclature are documented in [31]. The
gene accession numbers, symbols, full names, and func-
tional classifications are provided in supplementary file
1. The analysis of mRNA expression levels for these can-
didate genes involved the application of the NanoString
nCounter Analysis technology (NanoString Technolo-
gies, Seattle, WA, USA). Probes designed for each gene
paralog, aimed at all known transcript variants, were
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formulated using reference sequences from the NCBI
RefSeq database. However, designing salmon paralog-
specific probes was not feasible for 58 of the 342 genes
due to high sequence similarity between paralogs (see
supplementary file 1 for the lists of both paralog-spe-
cific and non-paralog-specific probes). Practical exe-
cution encompassed the utilization of the nCounter
Custom CodeSet for probes and the nCounter Master kit
(NanoString Technologies). The RNA from each sample
was denatured and hybridized overnight with a total of
342 gene probes (including 9 reference gene probes),
using the NanoString nCounter® Gene Expression Assay
and analyzed on the nCounter® MAX Analysis System,
following the manufacturer’s standard protocol. Subse-
quent to hybridization, purification and image scanning
were performed the following day.

Data analysis

Among 9 candidate reference genes in the panel, 8 genes,
including actb, efla paralogs (eflaa, eflab and eflac),
hprtl, prabc2 paralogs (prabc2a and prabc2b) and rps20,
were selected for data normalization since they showed a
low coefficient of variation (CV) values across the sam-
ples. The excluded reference gene was gapdh as it showed
very high variation (CV% > 100), so even though gapdh
is commonly used as a reference gene in many stud-
ies, it seemed to be unsuitable for data normalization
in the brain of Atlantic salmon. Following this, the raw
count data obtained from NanoString nCounter mRNA
expression underwent normalization through RNA con-
tent normalization factors, calculated individually for
each sample using the geometric mean count values of
the selected set of reference genes. After normalization,
a quality control assessment was conducted, with all sam-
ples successfully passing the predefined threshold using
the default criteria of nSolver Analysis Software v4.0
(NanoString Technologies; www.nanostring.com/produc
ts/nSolver). During data analysis using the software, the
mean of the negative controls was subtracted, and posi-
tive control normalization was carried out by utilizing
the geometric mean of all positive controls, following the
manufacturer’s recommendations. To establish a baseline
signal threshold, a normalized count value of 20 was set
as the background signal. Consequently, among the ana-
lyzed genes, 82 genes displayed an average signal below
this threshold across the samples, leading to the consid-
eration of 255 genes for subsequent analyses. Differential
expression analysis was executed using the log-linear and
negative binomial model (Im.nb function) as integrated
within NanoString’s nSolver Advanced Analysis Module
(nS/AAM). Inclusion of predictor covariates in the model
encompassed the maturation status and genotypes, as
guided by nS/AAM’s suggestions. To mitigate multiple
hypothesis testing, the Benjamini-Yekutieli method [46]
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was employed within the software, with an adjusted
p-value threshold of <0.05 deemed statistically signifi-
cant (all expression data and the corresponding statistical
analyses are provided in supplementary file 2). In addi-
tion, for further exploration, log-transformed expression
values were utilized in calculating pairwise Pearson cor-
relation coefficients (r) between the gene expression of
each candidate gene and GSI values across the entirety of
the samples.

We employed the Weighted Gene Co-expression Net-
work Analysis (WGCNA) R package (version 1.68),
using R software version 4.2.1, to construct gene co-
expression networks (GCNs), as outlined by Langfelder
& Horvath, 2008 [47]. Our primary focus being the com-
parison of alternative vgll3 genotypes, we harnessed all
samples from both maturation statuses and time-points
within each genotype as biological replicates, ensuring
robust statistical power for WGCNA. Thus, the analy-
sis was performed using all expressed genes within each
genotype, regardless of differential expression between
genotypes or time points and log2-transformed normal-
ized NanoString counts were used as input. To ascertain
sample relationships, hierarchical clustering of samples
based on gene expression was performed. The construc-
tion of co-expression networks encompassed the follow-
ing stages: (1) determination and quantification of gene
co-expressions through Pearson correlation coefficients,
(2) establishment of an adjacency matrix with a focus on
scale-free topology employing the coefficients, (3) com-
putation of the topological overlap distance matrix via
the adjacency matrix, (4) hierarchical clustering of genes
using the topological overlap distance with the “average”
method, (5) identification of co-expressed gene modules
through employment of the cutTreeDynamic function,
with a minimum module size of 10 genes, (6) allocation
of colors to each module and representation of module-
specific expression profiles through the principal com-
ponent (module eigengene), and (7) merging of highly
similar modules based on module eigengene (ME) dis-
similarity, utilizing a distance threshold of 0.25, to finalize
the set of co-expressed gene modules. Furthermore, we
implemented a conditional co-expression analysis [48],
wherein co-expression networks were individually con-
structed for each vgll3 genotype. This approach sought
to identify the preservation of early maturation geno-
type (EE) modules within the /ate maturation (LL) net-
work and vice versa. With a softpower of 9, an adjacency
matrix was established. Lastly, to assess the preservation
of modules’ density and connectivity between the refer-
ence dataset (EE) and the query dataset (LL), module
preservation statistics were computed using WGCNA,
following the methodology outlined by Langfelder, Luo,
Oldham, & Horvath, 2011 [49]. A permutation test was
implemented to iteratively shuffle genes within the query
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network, calculating Z-scores. The individual Z-scores
from all 200 permutations were summarized into a
Z-summary statistic.

To further characterize the co-expression modules
identified through WGCNA, we used WebGestalt [50],
to assess the genotype-specific similarities and differ-
ences in biological processes associated with the genes
within each module. The assessment was adjusted for
gene-set enrichment analysis at FDR<0.05, with a spe-
cific Gene Ontology/Biological Process (GO/BP) with
minimum level 2 threshold for inclusion (level 2 and
above: terms of medium to higher specificity in the GO
hierarchy). Next, the enriched GO/BPs were compared
between the vgll3 genotypes. For the anticipation of
potential gene regulatory/molecular connections and the
identification of key genes displaying the highest connec-
tion count (referred to as regulatory hubs), the differen-
tially expressed genes identified in each comparison were
converted to their conserved orthologs in humans using
BioMart software [51] and the ENSEMBL gene IDs for
Atlantic salmon were used as input (assembly Ssal_v3.1,
GCA_021399835.1). These orthologs were chosen due
to their extensive validated and studied interactome data
across vertebrates. Subsequently, these orthologs were
used as input for STRING version 12.0, a comprehensive
knowledge-based interactome database for vertebrates
[52, 53]. Predicted connections between genes were
based on multiple factors such as structural similarities,
cellular co-localization, biochemical interactions, and co-
regulation. The confidence level for each molecular con-
nection prediction was maintained at a medium setting,

which is the default threshold.

Results

Differences in gene expression between vglI3 genotypes
We first evaluated variation in expression between differ-
ent vgll3 genotypes during distinct developmental stages:
Immature-1 and Immature-2 (late spring and summer
periods), as well as Mature (early autumn) (Fig. 1). We
found 8 genes expressed differentially between genotypes
at the Immature-1, and 13 genes at the Immature-2 time
point, as well as 19 genes at the Mature time point. At
Immature-1, all differentially expressed genes, except
lats1b and mc4rc, exhibited lower expression in vglI3*EE
genotype individuals (Fig. 1A). Interestingly, two para-
logs of kdm5b showed very distinct expression patterns
between the genotypes: kdmSba exhibited higher expres-
sion in vglI3*EE individuals at the Immature-2, whereas
kdm5bb showed higher expression in vglI3*LL individuals
at the Mature time-point. The knowledge-based interac-
tome analysis in revealed that while only one gene, last1b,
had direct molecular/regulatory connection with vgil3,
four genes showed potential direct molecular/regulatory
connection with yapl (amotll,rhoaa, lats1b and snaila)
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(specified with connecting lines between the genes in
Fig. 1B). At Immature-2, we found 10 genes with higher
expression in vgl[3*EE genotype individuals and 3 genes
showing higher expression in vgl/3*LL genotype individu-
als (Fig. 1C). The interactome analysis revealed six genes
(collala, egrla, foxol, snai2b, kdm5ba and tead2/teadlb)
with direct molecular/regulatory connection with yapl
whereas two genes (snai2a and pcdhl8) had direct con-
nection with vgll3 (Fig. 1D). Furthermore, except for
kdm5ba, rest of the five genes showing molecular/regula-
tory connection with yapl also formed regulatory hubs
with other differentially expressed genes (based on them
showing the highest number of connections compared
to other genes) (Fig. 1D). Moreover, ergla was the only
gene among the six genes showed molecular/regula-
tory connection with yapl showing lower expression in
vglI3*EE. Finally, at Mature, we found 5 genes with higher
expression in vglI3*EE genotype individuals, and 14 genes
showed higher expression in vglI3*LL genotype individu-
als (Fig. 1E). The interactome analysis identified 6 genes
(egrl, kdmS5bb, lats2a, rhoa, clf2, and wnt5a) with direct
molecular/regulatory connection with yapl, whereas no
gene had direct connection with vgll3 (Fig. 1F). Except
for lats2a and cfl2, the remaining genes showing direct
molecular/regulatory connection with yapl had lower
expression in vgl/3*EE individuals and one of them,
rhoa, formed a regulatory hub, i.e. had highest number
of connections with other differentially expressed genes
(Fig. 1F). These findings show that major components
of the Hippo pathway, along with several of its interact-
ing factors, are differentially expressed in the brain of
early- versus late-maturing male salmon, even before the
appearance of visible signs of gonadal maturation.

Maturation specific gene expression differences

To pinpoint alterations in gene expression linked to the
transition from an immature to a mature state, we com-
pared immature individuals obtained at both Immature-1
and -2 time points and those collected at the Mature
time point. We detected 20 differentially expressed (DE)
genes between mature and immature individuals when
vgll3 genotypes were combined (Fig. 2A). The separate
comparisons of vgll3 genotypes revealed 8 DE genes in
the vglI3*LL genotype and 25 DE genes in the vglI3*EE
genotype between mature and immature individuals, as
shown in Figs. 2B and C. In vgll3*LL individuals, 6 out
of the 8 and in vgl[3*EE individuals 11 out of the 25 DE
genes between immature vs. mature individuals had
higher expression at the Mature time point (Fig. 2B-
C). Across the three comparisons of immature versus
mature individuals, no gene was found to be differentially
expressed in all comparisons (Fig. 2A-D). However, 12
genes were identified as differentially expressed regard-
less of vgll3 genotype between immature and mature
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Fig. 1 Differential expression of genes between the vgli3 genotypes and prediction of their regulatory connections in the brain. Heatmaps show differ-
entially expressed genes between vgl3 genotypes at three timepoints (A, C, E) and their potential regulatory connections (B, D, F). The width of the lines
connecting the genes indicates the likelihood of their interaction. In the predicted network, genes displayed in blue represent higher expression levels,
while those in yellow signify lower expression levels in vgli3*EE individuals (corresponding to the colors in panels A, C, and E)

individuals, as indicated by the black font in Fig. 2A. We
proceeded with an investigation of potential functional/
molecular connections among differentially expressed
genes that exhibited vgll3 genotype-specific variation in
expression (colored numbers in Fig. 2D). The predicted
connections between these genes revealed that in the
vgll3 genotype specific comparisons, 5 and 15 DE genes
within vgll3*LL and vgl[3*EE individuals, respectively,
were found to be part of a common molecular/regula-
tory connection network (colored green and magenta in
Fig. 2E). Among the DE genes in vgll3*LL individuals,
four genes, kdmSba, latslb, limk2 and stk3, had direct
connection with yapl and all showed higher expression
in the mature stage within this genotype (Fig. 2E). Among
the DE genes in vglI3*EE individuals six genes, cdh2, egrl,
six3b, teadla and tead2 (or teadlb), had direct connec-
tions with yapl and also three of them, six3b, teadl and

teadlb, had direct connections with vgl/3 (Fig. 2E). Inter-
estingly again, the two paralogs of kdm5b showed distinct
expression patterns between time points depending on
genotype: kdmS5ba exhibited higher expression in mature
individuals with the vgll3*LL genotype, whereas kdm5bb
showed lower expression in mature individuals with the
vglI3*EE genotype. These findings show that more com-
ponents of the Hippo pathway are differentially expressed
in the brain of early-maturing vgl/3 allele carriers across
maturation stages.

Subsequently, we examined the expression of each
gene of the panel in correlation with the gonadal devel-
opment stage (GSI), aiming to uncover genes exhibiting
expression profiles within the brain that are closely inter-
twined directly with the gonadal maturation process.
We observed a positive correlation between the expres-
sion of three genes—ghrl, kif15d, and cebpba—and GSI,
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ferentially expressed genes between the maturity statuses in both vgli3 genotypes (A), and within vgli3*LL (B) and vgli3*EE genotype (C). A Venn diagram
representing the numbers of differentially expressed genes which overlap between the comparisons (D). The regulatory connections predicted between
the genes highlighted in green and magenta represent the overlapping genes shown in the Venn diagram (E). The width of the lines connecting the

genes indicates the likelihood of their interaction

regardless of the vgll3 genotype. (Fig. 3A-D). Further-
more, two of these genes, ghrl and kif15d, were among
the genes with most significant positive expression cor-
relations within each genotype. Overall, the majority of
the correlations detected with GSI were positive, irre-
spective of the grouping of vgll3 genotypes (Fig. 3A-
C). Four genes amongst vglI3*EE genotype individuals,
arhgap19a/b, myol0e and snaib, showed negative expres-
sion correlations with GSI, and all were shared between
the comparisons of vglI3*EE genotype and both geno-
types together. Amongst vgll3*LL individuals, expression
of one gene, etsic, was found to be negatively correlated
with GSI (Fig. 3B). The predicted molecular/regulatory
connections between the genes showing genotype-spe-
cific expression correlations (colored numbers in Fig. 3D)

revealed a potential network between three and seven
genes, respectively, for vgll3*LL and vgll3*EE genotype
individuals, as well as two overlapping genes across all
groups (Fig. 3E). For vglI3*EE genotype individuals, three
genes (aldhla2, snaila and moblab) showed direct con-
nections with yapl and one gene (grebllb) with vgli3,
whereas for vgll3*LL genotype one gene, etsl, showed
direct connection with both vgll3 and yap1. These find-
ings further show that more interacting partners of the
Hippo pathway exhibit expression changes that correlate
with gonadal maturation in the brain of early-maturing
vgll3 allele carriers.
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Fig. 3 Genes exhibiting expression patterns correlated with GSI and their predicted regulatory connections in the brain. Ranking of significant Pearson
correlations between gene expression and GSI in the brains of salmon, encompassing both vgl3 genotypes (A), within vgl3*LL (B) and vglI3*EE (C) geno-
type. The Venn diagram illustrates the numbers of genes significantly correlated with GSI that are unique to each comparison or shared between them.
(D). The regulatory connections predicted between the genes highlighted in green, magenta and grey represent the overlapping genes shown in the
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Identification of gene co-expression networks

To attain a more comprehensive understanding of the
transcriptional dynamics involving components of the
Hippo pathway and their established interacting genes,
we employed network-based co-expression analyses. This
approach facilitated the monitoring of genotype-specific
alterations within each network. To execute this strat-
egy, we initially constructed gene co-expression networks
(GCN) in the brain of each vgll3 genotype. Subsequently,
we evaluated the extent to which the identified gene co-
expression modules were conserved between the geno-
types. In essence, we established the GCN within one
genotype (vglI3*EE or vgli3*LL) and subsequently tested
the preservation of its modules within the other genotype
(vgll3*LL or vgll3*EE), respectively.

We identified 4 modules within vgl[3*EE GCN (Fig. 4A
and B) of which 2 modules, brown/square and yellow/
triangle, showed low preservation (Z-summary<2) in
vglI3*LL, i.e. some of the genes in each module do not
have significant expression correlations in vglI3*LL
genotype (Fig. 4A). For each module, we performed an
enrichment analysis of Gene Ontology (GO) Biological
Processes to identify the major processes in which the
genes within each module are engaged. In the yellow/
triangle module, we found associations with processes
of regulation of hormone levels, signal transduction and
fat-soluble vitamin metabolism (Fig. 4C). The yellow/
triangle module showed the least preservation between
the genotypes with 11 out of its 23 genes showing no
co-expression preservation in vgll3*LL genotype indi-
viduals (genes with white background in each module in
Fig. 4C). In the brown/square module, we found associa-
tions with processes of positive regulation of transcrip-
tion and the Hippo pathway signaling and only 5 out
of 25 genes showing no co-expression preservation in
vglI3*LL genotype individuals (Fig. 4C). The removal of
non-overlapping genes in the yellow/triangle and brown/
square modules led to loss of significance of two GOs in
yellow/triangle and one GO in the brown/square module;
regulation of hormone levels and signal transduction in
the yellow/triangle and the Hippo signaling in the brown/
square modules (non-colored GOs in Fig. 4C).

We queried the STRING interaction database with
module genes to identify potential molecular/regulatory
connections among them, along with the identification of
hub genes exhibiting the greatest number of interactions.
The prediction of molecular/regulatory connections
between the genes within each low preserved module
revealed that in both modules at least one gene among
those not showing co-expression preservation had direct
connection with vgll3 (represented with lines directly
connecting the non-colored genes with vgll3) (Fig. 4D).
Interestingly, in each module a different paralog of greb1!
(grebl1lb in the yellow/triangle and greblla in the brown/
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square modules) was in direct interaction with vgll3 but
lacking co-expression preservation in vgl[3*LL genotype
individuals (Fig. 4D). Moreover, in each module one or
two genes with direct connection with yaplI also lacked
co-expression preservation in vgl/3*LL genotype individ-
uals (esr! in the yellow/triangle and egrI and edar in the
brown/square modules) (Fig. 4D).

In vglI3*LL individuals, we found only 2 modules and
one of them (the blue/circle module) showed a low level
of preservation (Z-summary<2) compared to vgll3*EE
individuals (Fig. 5A and B). The other module (turquoise/
rhombus module) was very large with 215 co-expressed
genes and also with the highest preservation level
between the genotypes (Z-summary > 10). The blue/circle
module included genes involved in positive regulation of
transcription and regulation of hormone levels (Fig. 5C),
indicating a potential regulatory connection between
genes within these processes in vgl[3*LL individuals. We
observed that the regulatory connection in the vglI3*EE
genotype was no longer present after some of the genes
in the blue/circle module showed no expression cor-
relation with the rest of the genes within this module
(genes with white background in Fig. 5C). Conversely, the
increase in transcriptional activity in vglI3*EE appears to
be linked to genes encoding components of the Hippo
pathway (Figs. 4C and 5C). In other words, the activity of
the Hippo pathway may be less impacted and/or may play
a less extensive role in the brains of vgll3*LL individuals
compared to vgll3*EE individuals during sexual matura-
tion. The prediction of molecular connections between
the genes within the blue/circle module revealed that
two genes, six6a and wnt8a, have direct connections with
vgll3 and four genes, colla2, collala, egrl and wnt8a,
have direct connections with yapl. However, only two of
these genes, egrl and wnt8a, have lost their co-expres-
sion status in vgl/3*EE (Fig. 5D).

Discussion

We investigated how different genotypes of vgll3 gene,
a key determinant of sexual maturity age in Atlantic
salmon [16], as well as a critical co-factor of the Hippo
pathway [37], correlate with transcriptional activity in the
brain prior to and after sexual maturation. We explored
whether these transcriptional changes in the brain could
reflect a potential role for the Hippo pathway in early
maturation before any visible signs of maturation emerge
in the testis. This is particularly interesting because the
molecular signal regulated by vgll3 is active and plays
different roles in all the brain regions involved in sexual
maturation [54—56]. In addition, the Hippo pathway is a
mediator of fatty diet-induced transcriptional changes in
different tissues including brain and particularly hypo-
thalamus [39]. We studied the expression variation of
genes encoding components of the Hippo pathway and
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Fig. 4 Depiction of co-expression analysis of the vglI3*EE genotype in the brain. (A) The visual representation shows vgl/3*EE module preservation in
vglI3LL individuals. Dendrograms illustrate an average linkage clustering tree based on topological overlap in gene expression profiles, thus showing that
components of certain modules in one genotype (EE) are scattered and unpreserved in the other (LL), indicating low preservation across groups. The
colors in the lower section of the dendrograms correspond to vglI3*EE clustered co-expression modules. The top section displays vgli3*EE modules with
their respective colors, while the bottom section represents the strength of vglI3*EE module gene preservation in vgli3*LL genotype individuals. (B) Pres-
ervation Z-summary scores in the vglI3*LL for vgli3*EE modules (colors represent vglI3*EE modules). Z-summary < 2 represents the absence of preservation
(dotted blue line) and Z-summary between 2 and 10 implies moderate preservation. (C) The genes within each of the two identified vgl3*EE genotype
modules exhibit the lowest preservation in the vgli3*LL genotype. Genes within each module that are uncolored lack preserved expression correlations in
vglI3*LL individuals. The clockwise arrows above each module denote the sequence from highest to lowest expression correlations among genes within
that module. In each module, the GOs that appear uncolored lost their enrichment status once the genes without color were excluded. (D) Predicted
regulatory interactions among the genes within each of the modules showing lower preservation. The width of the lines connecting the genes indicates
the likelihood of their interaction
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Gene co-expression modules in late maturing allele of vgl/3
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details of each panel follow those described in Fig. 4

their associated interacting partners/signals, along with
genes involved in sexual maturation, in the brains of indi-
viduals with different vgl/3 maturation alleles (early or
late) using the NanoString platform. This enabled us to
identify components of the Hippo signaling pathway that
may contribute to central nervous system regulation of
maturation in Atlantic salmon, a species with a breeding
strategy closely linked to seasonal changes and adiposity.

vglI3-dependent differential expression of Hippo pathway
components in the brain prior to the onset of puberty

We found latsib, a paralog of a gene encoding a major
kinase in the Hippo pathway to have higher expression
in the brain of individuals with the vgl[3*EE genotype in
the earliest immature stage samples (Immature-1). At the
core of the Hippo pathway lies a series of kinase reactions
[31]. Activation of major kinases (LATS1/2) in the Hippo
pathway phosphorylates and deactivates YAP1 and
thus prevents the movement of YAP1 into the nucleus,
thereby regulating the expression of critical genes
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associated with cell division, apoptosis, and cell migra-
tion [57]. Although this molecular process is highly con-
served in animals [57], it is not known if the suppression
of YAP1 activity by LATS1 plays a role in early signals
of triggering sexual maturation in the brain. In rat, high
fat diet decreases the level of YAP1 activity and subse-
quently increases the neural differentiation in the hypo-
thalamus [39]. Our results indicate that individuals with
the vglI3*EE genotype may have an overall higher level of
neural differentiation due to lats1b mediated inactivation
of yapl in the brain. However, further cellular and his-
tological investigations are required to validate whether
there is a potential difference in neural differentiation
between the genotypes in brain regions involved in the
central control of maturation, such as the hypothalamus.
This is particularly important because hypothalamic neu-
ral differentiation is an essential cellular process prior
to puberty, which leads to fully active HPG axis and the
downstream neuroendocrine cascade ensuring gonadal
activation [58].

Another relevant finding was higher expression of
mc4re, a paralog of the gene encoding a membrane-
bound receptor and member of the melanocortin recep-
tor family, in the brain of individuals with vgl[3*EE
genotype again at Immature-1 (similar to latsib). In
certain fish species, such as Xiphophorus swordtails and
medaka, the Melanocortin 4 receptor (Mc4r) has been
linked to the initiation of puberty [59, 60]. Mc4r belongs
to the class A of G-protein coupled receptors (GPCR)
and plays a role in maintaining energy balance. Notably,
in humans, mutations in the MC4R gene represent the
most prevalent monogenic cause of severe early-onset
obesity [61]. Our results suggest that increased expres-
sion of mc4rc in the brain of immature males might be a
sign for early maturation long before changes in gonads,
however, the potential molecular link between vgli3-
mediated activation of the Hippo pathway and mc4r
has not been investigated in any species. Finally, we also
found reduced expression of two major factors, snail
and rhoaa, in vglI3*EE genotype individuals. Snail is an
activator of Yapl, and thus may lead to similar results as
above, i.e., early onset of maturation, but independent of
lats1 [62]. The function and expression of rhoaa is sug-
gested to be inhibited by vgll3-dependent activation of
the Hippo pathway [31]. Mutations in RHOA have been
recently suggested to be linked with central precocious
puberty in humans [63], suggesting that its increased
brain expression may be a conserved molecular indica-
tor of early maturation in the vertebrate central nervous
system.
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Distinct interacting partners of the Hippo pathway may
participate in the onset of puberty in the brain

In the later immature time-point, Immature-2, close
to the onset of puberty (from no signs to initial signs of
gonadal changes), we found a major component and
several interacting partners of the Hippo pathway to be
differentially expressed. A major transcription factor of
this pathway, tead2, had higher expression in the brain of
individuals with vglI3*EE genotype. Tead? is one of the
highly expressed components of the Hippo pathway in
mouse brain and its expression is associated with neural
cell proliferation [64]. One of the interesting interacting
partners of the Hippo pathway with higher expression in
the brain of vglI3*EE individuals was a gene encoding a
paralog of Forkhead box protein O1 (foxoIc). In mouse,
FOXOI encodes a transcription factor that participates in
regulation of the onset of puberty by affecting the release
of GnRH in the hypothalamus [65], however, such a role
has, to our knowledge, not yet been reported in fish spe-
cies. Two other interacting partners of the Hippo path-
way with potential roles in central regulation of the onset
of puberty were kdm5b (jarid1b), which has been shown
to be modified epigenetically prior to puberty in the rat
brain [66], and mc4ra, another paralog of Melanocortin
4 receptor (MC4R) with conserved role in stimulating the
central initiation of the puberty (see above). Yet again the
findings in mammals about these two genes remained to
be investigated in teleost fish. Importantly, we also found
two paralogs of the kdm5b gene (kdmS5ba and kdm5bb)
to exhibit distinct, genotype-specific expression patterns
between immature and mature individuals, suggesting
potential paralog-specific sub- or neo-functionalization
in Atlantic salmon that should be explored further.

The only interacting partner of the Hippo with lower
expression in vglI3*EE individuals was a paralog encoding
an immediate early gene (IEG) called early growth fac-
tor-1 (egrla). Strikingly, egrl is known to be a major fac-
tor mediating socially-induced sexual maturation in fish
hypothalamus [67]. We have recently found egrI differ-
ential expression as part of a pituitary gene network asso-
ciated with vgll3-dependent transcriptional regulation
of gonadotropins [29]. However, since egrl is a positive
regulator of sexual maturation in the HPG axis, its higher
expression in vgl/3*LL individuals may indicate a differ-
ent path for individuals with late alleles in sexual matu-
ration which may more relate to social interactions. A
recent study demonstrated that Atlantic salmon with the
vgll3*LL genotype show higher levels of aggression [68],
and interestingly, the socially induced sexual maturation
through egrl is linked to social interactions involving
aggressive/submissive (rather than cooperative) behav-
iors in cichlid fish [69]. Taken together, these findings
may suggest different interacting partners of the Hippo
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pathway participating in the onset of vglli3-dependent
sexual maturation in Atlantic salmon.

Maturation progression involves different components of
the Hippo pathway in alternative vglI3 genotypes

Our expression comparison between immature and
mature stages suggests that distinct components of the
Hippo pathway are involved in the maturation process
in the alternative vgll3 homozygotes. We found that in
vgll3*LL individuals during the transition, two genes
encoding major components of the Hippo pathway,
lats1b and stk3b, are predicted to have direct molecular/
regulatory connections with yap1 and also showed higher
expression in the mature than the immature stage. LATS1
is a critical regulator of YAP1 activity as described above
[57]. While its expression was higher in vgl//3*EE individ-
uals at the immature stage, its role seems to be impor-
tant during maturation in vgll3*LL individuals indicating
a time-dependent expression shift (heterochrony) for
lats1b in the brain of individuals with distinct genotypes,
and suggesting a potential heterochrony in the neural dif-
ferentiation [39]. Interestingly, STK3 (stk3a in salmon)
encodes a highly conserved activator of LATS1 (so called
MST?2), which is essential for LATS1 mediated inhibi-
tion of YAP1 [70], and therefore may provide an evidence
for presence of mst2-lastlb-yapl regulatory axis in the
brain of vgll3*LL individuals upon entrance to matura-
tion. However, the presence of such a regulatory axis in
the brain needs to be further investigated with functional
approaches. During the transition to maturation in the
brain of vgl[3*EE individuals, two other major regulators
of the Hippo pathway, teadl and tead2, which also have
direct molecular/regulatory connection with both vgll3
and yap1, had reduced expression suggesting lower level
of neural cell proliferation (but not differentiation) in the
mature stage [64]. However, it should be noted that the
roles of teadl and tead?2 in neural cell proliferation and
differentiation have not been investigated at the cellular
level in the brain of any fish species and have only been
demonstrated in mammalian models [64].

Study limitations and future directions

Technical limitations NanoString technology was ini-
tially developed for applications such as studying rare
tumors, where sample availability is extremely limited,
making its attributes particularly valuable [71]. Its high
sensitivity and precision, combined with the ability to
directly measure RNA levels without amplification, mini-
mize the risk of false positives and false negatives. These
features make NanoString a good method for analyzing
gene expression in precious samples with scarce bio-
logical replicates, allowing eco-evo researchers to obtain
reliable and accurate data even in challenging scenarios.
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However, there are several limitations to this technique
that should be noted.

a) This approach is most suitable when the gene(s)
underlying the phenotype of interest and their
functions are well-characterized, as is the case in
our study with vgll3, a known co-factor of the Hippo
pathway. It is particularly useful when the goal is to
explore the dynamics of a specific, related pathway in
high resolution.

b) In Atlantic salmon, which has undergone an
additional whole-genome duplication (WGD), the
presence of multiple highly similar paralogs presents
challenges for probe design. In some cases, even the
3’-UTRs of paralogs are nearly identical, making it
difficult to achieve paralog-specific targeting [72].

¢) In our study, we included genetic markers as positive
controls on the NanoString platform. For future
applications, it would be valuable to identify and
incorporate genes that are universally expressed
across different regions of the salmon brain to
further strengthen positive control design.

Functional validity and data interpretations Our study
relies solely on gene expression analysis of the Hippo
pathway. Given the pathway’s complexity, particularly at
the level of protein-protein interactions, it is important
that future studies validate these findings at the protein
level. Moreover, as we used whole brain tissue for our
assessments, the observed expression changes should be
further validated at a brain region-specific level and com-
plemented with cellular and histological analyses.

It is also important to note that although the three time
points included in this study were selected based on our
previous findings at these stages [14, 21, 25, 26], future
studies would benefit from inclusion of additional time
points. This study builds upon our earlier work in which
distinct vgll3 genotype-dependent differences in adipose
tissue gene expression and lipid profiles were observed,
supporting the relevance of these selected stages for
further investigation [14, 21, 25, 26]. However, to fully
understand the dynamic regulation of the Hippo path-
way before and during maturation, inclusion of addi-
tional time points would be beneficial, particularly for
capturing transient transcriptional changes in pathway
components.

Lastly, the predicted molecular interactions presented
in this study are based on knowledge-driven data from
the zebrafish model, which possesses fewer paralogs than
salmon due to the absence of the additional WGD event
seen in salmonids [72]. This limits the interpretation of
our findings, especially regarding potential paralog-spe-
cific sub- or neo-functionalization [73, 74]. These limita-
tions highlight the need for developing knowledge-based
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interactome databases specifically tailored to teleosts,
particularly salmonids with an additional WGD event
[53].

Conclusions

This study highlights the potential ecological and evo-
lutionary significance of brain gene expression patterns
in shaping genotype-linked life history strategies, such
as sexual maturation, in Atlantic salmon. It reveals that
early maturation might be reflected at the central ner-
vous system level, with distinct transcriptional signatures
in the Hippo pathway preceding visible gonadal changes.
These transcriptional differences among individuals with
early- and late-maturing vgll3 genotypes suggest that the
Hippo pathway may participate in the evolutionary adap-
tation of maturation timing. Interestingly, while expres-
sion differences in Hippo components persist across
maturation stages, the specific genes involved vary within
and between genotypes, reflecting a dynamic interplay
between these genetic factors that may influence matu-
ration timing. These findings propose a potential role for
the Hippo pathway in coordinating genotype-driven vari-
ation in sexual maturation at the brain level in Atlantic
salmon. However, further functional studies are needed
to validate these molecular connections and their broader
implications for life history evolution.

Supplementary Information
The online version contains supplementary material available at https://doi.or
9/10.1186/512862-025-02398-4.

Supplementary Material 1: Supplementary File 1. Information about
the gene probes on the NanoString panel.

Supplementary Material 2: Supplementary, File. 2: Expression data
and statistical analysis.

Acknowledgements

We thank N. Piavchenko, S. Andrew, O. Andersson, T. Aykanat, Y. Czorlich, A.
House, M. Lindgvist, N. Lorenzen, O. Mehtala, K. Mobley, J. Moustakas-Verho,
O. Ovaskainen, S. Papakostas, N. Parre, V. Pritchard, K. Salminen, M. Sinclair-
Waters, S.Tillanen, and K. Zueva for help related to gamete stripping, sample
processing, tagging, genotyping, phenotyping or fish husbandry, and the
staff at the Natural Resources Institute Finland (Luke) hatchery in Taivalkoski
hatchery for help during spawning.

Author contributions

EPA, CRP, JPV, JK and PD conceived the study; JPV, PD and CRP reared and
sampled the fish; CRP and JE provided resources; AR, EPA and JPV performed
experiments; EPA, JPV, PS and JK developed methodology and analyzed the
data; EPA, JPV and CRP interpreted results of the experiments; EPA, JPV and
CRP drafted the manuscript, with EPA having the main contribution, and all
authors approved the final version of manuscript.

Funding

Open Access funding provided by University of Helsinki (including Helsinki
University Central Hospital).

Funding was provided by Academy of Finland (grant numbers 314254,
314255,327255 and 342851), the University of Helsinki, and the European
Research Council under the European Articles Union’s Horizon 2020 and
Horizon Europe research and innovation programs (grant no. 742312 and
101054307). Views and opinions expressed are however those of the author(s)

Page 14 of 16

only and do not necessarily reflect those of the European Union or the
European Research Council Executive Agency. Neither the European Union
nor the granting authority can be held responsible for them.

Data availability
Data is provided within the manuscript or supplementary information files.

Declarations

Ethics approval and consent to participate

The experiments were approved by the Project Authorisation Board (ELLA)
on behalf of the Regional Administrative Agency for Southern Finland (ESAVI)
under experimental license ESAVI/2778/2018. Fish used in this study were
euthanized by an overdose of MS222 before tissue dissection, which is an
approved method by ELLA (on behalf of ESAVI).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 6 January 2025 / Accepted: 20 May 2025
Published online: 26 May 2025

References

1. Hartge P Genetics of reproductive lifespan. Nat Genet Nat Publishing Group;
2009. pp. 637-8.

2. Day FR, Thompson DJ, Helgason H, Chasman DI, Finucane H, Sulem P, et
al. Genomic analyses identify hundreds of variants associated with age at
menarche and support a role for puberty timing in cancer risk. Nat Genet Nat
Publishing Group. 2017,49:834-41.

3. Leka-Emiri S, Chrousos GP, Kanaka-Gantenbein C. The mystery of puberty
initiation: genetics and epigenetics of idiopathic central precocious puberty
(ICPP). J Endocrinol Invest Springer Int Publishing. 2017;40:789-802.

4. Wagner IV, Sabin MA, Pfffle RW, Hiemisch A, Sergeyev E, Korner A et al.
Effects of obesity on human sexual development. Nat Rev Endocrinol Nat
Publishing Group; 2012. pp. 246-54.

5. ZoharY. Fish reproductive biology- Reflecting on five decades of funda-
mental and translational research. Gen Comp Endocrinol Acad Press Inc.
2021;300:113544.

6. Herbison AE. Control of puberty onset and fertility by gonadotropin-releasing
hormone neurons. Nat Rev Endocrinol Nat Publishing Group; 2016. pp.
452-66.

7. Sisk CL, Foster DL. The neural basis of puberty and adolescence. Nat Neurosci
2004 710. Nature Publishing Group; 2004 [cited 2023 Oct 6];7:1040-7. Avail-
able from: https://www.nature.com/articles/nn1326

8. Cerdé-Reverter JM, Canosa LF. Neuroendocrine systems of the fish brain. Fish
Physiol Acad Press. 2009;28:3-74.

9. Arendt D, Denes AS, Jékely G, Tessmar-Raible K. The evolution of nervous
system centralization. Philos Trans R Soc B Biol Sci. The Royal SocietyLondon;
2008 [cited 2023 Oct 6];363:1523-8. Available from: https://doi.org/10.1098/r
5th.2007.2242

10.  ZoharY, Munoz-Cueto JA, Elizur A, Kah O. Neuroendocrinology of reproduc-
tion in teleost fish. Gen Comp Endocrinol Acad Press. 2010;165:438-55.

11. Tena-Sempere M, Felip A, Gdbmez A, Zanuy S, Carrillo M. Comparative insights
of the Kisspeptin/kisspeptin receptor system: lessons from non-mammalian
vertebrates. Gen Comp Endocrinol Acad Press. 2012;175:234-43.

12. Porter MJR, Randall CF, Bromage NR, Thorpe JE. The role of melatonin and the
pineal gland on development and smoltification of Atlantic salmon (Salmo
salar) Parr. Aquaculture. Elsevier; 1998;168:139-55.

13. Mobley KB, Aykanat T, Czorlich Y, House A, Kurko J, Miettinen A, et al. Matura-
tion in Atlantic salmon (Salmo Salar, Salmonidae): a synthesis of ecological,
genetic, and molecular processes. Rev Fish Biol Fish. Volume 21. Springer
Science and Business Media Deutschland GmbH; 2021. pp. 1-49.

14.  House AH, Debes PV, Kurko J, Erkinaro J, Primmer CR. Genotype-specific varia-
tion in seasonal body condition at a large-effect maturation locus. Proceed-
ings Biol Sci. Proc Biol Sci; 2023 [cited 2023 Jul 51;290:20230432. Available
from: https://pubmed.ncbi.nim.nih.gov/37253427/


https://doi.org/10.1186/s12862-025-02398-4
https://doi.org/10.1186/s12862-025-02398-4
https://www.nature.com/articles/nn1326
https://doi.org/10.1098/rstb.2007.2242
https://doi.org/10.1098/rstb.2007.2242
https://pubmed.ncbi.nlm.nih.gov/37253427/

Ahi et al. BMC Ecology and Evolution

20.

21

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

(2025) 25:53

Rowe DK, Thorpe JE, Shanks AM. Role of Fat Stores in the Maturation of Male
Atlantic Salmon (Salmo salar) Parr. Can J Fish Aquat Sci. NRC Research Press
Ottawa, Canada; 2011 [cited 2023 Jul 51;48:405-13. Available from: https://doi
.0rg/10.1139/f91-052

Barson NJ, Aykanat T, Hindar K, Baranski M, Bolstad GH, Fiske P, et al.
Sex-dependent dominance at a single locus maintains variation in age at
maturity in salmon. Nat Nat Publishing Group. 2015;528:405-8.

Czorlich Y, Aykanat T, Erkinaro J, Orell P, Primmer CR. Rapid sex-specific evolu-
tion of age at maturity is shaped by genetic architecture in Atlantic salmon.
Nat Ecol Evol Nat Publishing Group. 2018;2:1800-7.

Sinclair-Waters M, Piavchenko N, Ruokolainen A, Aykanat T, Erkinaro J, Prim-
mer CR. Refining the genomic location of single nucleotide polymorphism
variation affecting Atlantic salmon maturation timing at a key large-effect
locus. Mol Ecol. John Wiley and Sons Inc; 2021 [cited 2022 Jan 3];31:562-570.
Available from: https://onlinelibrary.wiley.com/doi/https://doi.org/10.1111/m
ec.16256

Debes PV, Piavchenko N, Ruokolainen A, Ovaskainen O, Moustakas-Verho JE,
Parre N, et al. Polygenic and major-locus contributions to sexual maturation
timing in Atlantic salmon. Mol Ecol Mol Ecol. 2021;30:4505-19.

Verta JP. Debes PV, Piavchenko N, Ruokolainen A, Ovaskainen O, Moustakas-
Verho JE, et al. Cis-regulatory differences in isoform expression associate with
life history strategy variation in Atlantic salmon. PLoS Genet Public Libr Sci.
2020;16:21009055.

Ahi EP, Verta J-P, Kurko J, Ruokolainen A, Debes PV, Primmer CR. Hippo-vgll3
signaling may contribute to sex differences in Atlantic salmon maturation
age via contrasting adipose dynamics. Biol Sex Differ. Cold Spring Harbor
Laboratory; 2025 [cited 2025 Mar 22]; Available from: https://www.biorxiv.org
/content/https:;//doi.org/10.1101/2024.10.21.619349v 1

Cousminer DL, Widén E, Palmert MR. The genetics of pubertal timing in the
general population: recent advances and evidence for sex-specificity. Curr
Opin Endocrinol Diabetes Obes Lippincott Williams Wilkins. 2016;23:57-65.
Perry JRB, Day F, Elks CE, Sulem P, Thompson DJ, Ferreira T, et al. Parent-of-ori-

gin-specific allelic associations among 106 genomic loci for age at menarche.

Nat Nat Publishing Group. 2014;514.:92-7.

Halperin DS, Pan C, Lusis AJ, Tontonoz P. Vestigial-like 3 is an inhibitor of adi-
pocyte differentiation. J Lipid Res. Elsevier; 2013 [cited 2023 Feb 27];54:473-
81. Available from: http://wwwijlrorg/article/S0022227520428123/fulltext
Ahi EP, Verta J-P, Kurko J, Ruokolainen A, Singh P, Debes PV et al. Gene co-
expression patterns in Atlantic salmon adipose tissue provide a molecular
link among seasonal changes, energy balance and age at maturity. Mol Ecol.
Cold Spring Harbor Laboratory; 2024 [cited 2024 Jan 17];e:17313. Available
from: https.//www.biorxiv.org/content/https://doi.org/10.1101/2023.08.30.55
5548v1

House AH, Debes PV, Holopainen M, Kékeld R, Donner |, Frapin M et al.
Seasonal and genetic effects on lipid profiles of juvenile Atlantic salmon.
Biochim Biophys Acta - Mol Cell Biol Lipids. Elsevier; 2025 [cited 2024 Oct
11,1870:159565. Available from: https://linkinghub.elsevier.com/retrieve/pii/S
138819812400115X

Ahi EP, Sinclair-Waters M, Moustakas-Verho J, Jansouz S, Primmer CR. Strong
regulatory effects of vgll3 genotype on reproductive axis gene expres-

sion in juvenile male Atlantic salmon. Gen Comp Endocrinol Elsevier BV.
2022;325:114055.

Ahi EP, Frapin M, Hukkanen M, Primmer CR. Hypothalamic expression analysis
of m6A RNA methylation associated genes suggests a potential role of epi-
transcriptomics in sexual maturation of Atlantic salmon. Aquaculture Elsevier.
2024;579:740151.

Ahi EP, Sinclair-Waters M, Donner |, Primmer CR. A pituitary gene net-

work linking vgli3 to regulators of sexual maturation in male Atlantic
salmon. Comp Biochem Physiol -Part A Mol Integr Physiol. Elsevier Inc,;
2023;275:111337. Available from: https://doi.org/10.1016/j.cbpa.2022.111337
Kjaerner-Semb E, Ayllon F, Kleppe L, Serhus E, Skaftnesmo K, Furmanek T,

et al. Vgll3 and the Hippo pathway are regulated in Sertoli cells upon entry
and during puberty in Atlantic salmon testis. Sci Rep Nat Publishing Group.
2018;8:1-11.

Kurko J, Debes PV, House AH, Aykanat T, Erkinaro J, Primmer CR. Transcription
profiles of age-at-maturity-associated genes suggest cell fate commitment
regulation as a key factor in the Atlantic salmon maturation process. G3.
Genetics Society of America; 2020 [cited 2021 Jun 26];10:235-46. Available
from: https://academic.oup.com/g3journal/article/10/1/235/6020302

Sen Sharma S, Vats A, Majumdar S. Regulation of Hippo pathway compo-
nents by FSH in testis. Reprod Biol Elsevier Sp Z 0 0. 2019;19:61-6.

33.

34.

35.

36.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

Page 15 of 16

Luo M, Meng Z, Moroishi T, Lin KC, Shen G, Mo F, et al. Heat stress activates
YAP/TAZ to induce the heat shock transcriptome. Nat Cell Biol Nat Res.
2020;22:1447-59.

Shu Z, GaoYY, Zhang G, Zhou'Y, Cao J, Wan D et al. A functional interaction
between Hippo-YAP signalling and SREBPs mediates hepatic steatosis in
diabetic mice. J Cell Mol Med. Blackwell Publishing Inc.; 2019 [cited 2022 Jun
171;23:3616-28. Available from: https://onlinelibrary.wiley.com/doi/https://do
i.org/10.1111/jcmm.14262

Ahi EP, Lindeza AS, Miettinen A, Primmer CR. Transcriptional responses to
changing environments: insights from salmonids. Rev Fish Biol Fish 2025.
Springer; 2025 [cited 2025 Mar 15];1-26. Available from: https://link.springer.c
om/article/https://doi.org/10.1007/511160-025-09928-9

Ahi EP, Panda B, Primmer CR. The Hippo pathway: a molecular Bridge
between environmental cues and Pace of life. BMC Ecol Evol. 2025;31.

Hori N, Okada K, Takakura Y, Takano H, Yamaguchi N, Yamaguchi N. Vestigial-
like family member 3 (VGLL3), a cofactor for TEAD transcription factors,
promotes cancer cell proliferation by activating the Hippo pathway. J

Biol Chem. American Society for Biochemistry and Molecular Biology Inc;;
2020;295:8798-807.

Ardestani A, Lupse B, Maedler K. Hippo signaling: key emerging pathway in
cellular and Whole-Body metabolism. Trends Endocrinol Metab Elsevier Curr
Trends. 2018;29:492-5009.

Poon K, Mandava S, Chen K, Barson JR, Buschlen S, Leibowitz SF. Prenatal
Exposure to Dietary Fat Induces Changes in the Transcriptional Factors, TEF
and YAP, Which May Stimulate Differentiation of Peptide Neurons in Rat
Hypothalamus. PLoS One. Public Library of Science; 2013 [cited 2023 Sep
3],8:e77668. Available from: https://journals.plos.org/plosone/article?id=10.13
71/journal.pone.0077668

Aykanat T, Lindqvist M, Pritchard VL, Primmer CR. From population genom-
ics to conservation and management: a workflow for targeted analysis of
markers identified using genome-wide approaches in Atlantic salmon Salmo
salar. ) Fish Biol. Blackwell Publishing Ltd; 2016 [cited 2022 Sep 8];89:2658-79.
Available from: https://onlinelibrary.wiley.com/doi/https://doi.org/10.1111/jf
b.13149

Anderson EC. Large-scale parentage inference with SNPs: An efficient algo-
rithm for statistical confidence of parent pair allocations. Stat Appl Genet Mol
Biol. De Gruyter; 2012 [cited 2024 Jun 12];11. Available from: https://www.de
gruyter.com/document/doi/https://doi.org/10.1515/1544-6115.1833/html
Debes PV, Piavchenko N, Erkinaro J, Primmer CR. Genetic growth potential,
rather than phenotypic size, predicts migration phenotype in Atlantic
salmon. Proc R Soc B Biol Sci. Royal Society Publishing; 2020 [cited 2022 Nov
251;287:20200867. Available from: https://doi.org/10.1098/rspb.2020.0867
Krdmer A, Green J, Pollard J, Tugendreich S. Causal analysis approaches in
Ingenuity Pathway Analysis. Bioinformatics. Oxford Academic; 2014 [cited
2025 Apr 13];30:523-30. Available from: https://doi.org/10.1093/bioinformati
cs/btt703

Kanehisa M, Sato'Y, Kawashima M. KEGG mapping tools for uncovering hid-
den features in biological data. Protein Sci. John Wiley & Sons, Ltd; 2022 [cited
2025 Apr 13];31:47-53. Available from: https://onlinelibrary.wiley.com/doi/full
/10.1002/pro.4172

Mi H, Huang X, Muruganujan A, Tang H, Mills C, Kang D et al. PANTHER
version 11: expanded annotation data from Gene Ontology and Reactome
pathways, and data analysis tool enhancements. Nucleic Acids Res. Oxford
Academic; 2017 [cited 2025 Apr 131;45:D183-9. Available from: https://doi.or
9/10.1093/nar/gkw1138

Benjamini Y, Yekutieli D. The control of the false discovery rate in multiple
testing under dependency. https://doi.org/10.1214/a0s/1013699998.
Institute of Mathematical Statistics; 2001 [cited 2023 Jun 20];29:1165-88.
Available from: https://projecteuclid.org/journals/annals-of-statistics/volum
e-29/issue-4/The-control-of-the-false-discovery-rate-in-multiple-testing/http
s;//doi.org/10.1214/a0s/1013699998 full

Langfelder P Horvath S. WGCNA: an R package for weighted correlation
network analysis. BMC Bioinformatics. 2008;9:1-13.

Singh P, Ahi EP, Sturmbauer C. Gene coexpression networks reveal molecular
interactions underlying cichlid jaw modularity. BMC Ecol Evol 2021 211.
BioMed Central; 2021 [cited 2025 Apr 11],21:1-17. Available from: https://link.
springer.com/articles/https://doi.org/10.1186/512862-021-01787-9
Langfelder P, Luo R, Oldham MC, Horvath S. Is my network module preserved
and reproducible? PLoS Comput Biol. 2011;7.

Elizarr Ar As JM, Liao Y, Shi Z, Zhu Q, Pico AR, Zhang B, WebGestalt. 2024
faster gene set analysis and new support for metabolomics and multi-omics.


https://doi.org/10.1139/f91-052
https://doi.org/10.1139/f91-052
https://onlinelibrary.wiley.com/doi/
https://doi.org/10.1111/mec.16256
https://doi.org/10.1111/mec.16256
https://www.biorxiv.org/content/
https://www.biorxiv.org/content/
https://doi.org/10.1101/2024.10.21.619349v1
http://www.jlr.org/article/S0022227520428123/fulltext
https://www.biorxiv.org/content/
https://doi.org/10.1101/2023.08.30.555548v1
https://doi.org/10.1101/2023.08.30.555548v1
https://linkinghub.elsevier.com/retrieve/pii/S138819812400115X
https://linkinghub.elsevier.com/retrieve/pii/S138819812400115X
https://doi.org/10.1016/j.cbpa.2022.111337
https://academic.oup.com/g3journal/article/10/1/235/6020302
https://onlinelibrary.wiley.com/doi/
https://doi.org/10.1111/jcmm.14262
https://doi.org/10.1111/jcmm.14262
https://link.springer.com/article/
https://link.springer.com/article/
https://doi.org/10.1007/s11160-025-09928-9
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0077668
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0077668
https://onlinelibrary.wiley.com/doi/
https://doi.org/10.1111/jfb.13149
https://doi.org/10.1111/jfb.13149
https://www.degruyter.com/document/doi/
https://www.degruyter.com/document/doi/
https://doi.org/10.1515/1544-6115.1833/html
https://doi.org/10.1098/rspb.2020.0867
https://doi.org/10.1093/bioinformatics/btt703
https://doi.org/10.1093/bioinformatics/btt703
https://onlinelibrary.wiley.com/doi/full/10.1002/pro.4172
https://onlinelibrary.wiley.com/doi/full/10.1002/pro.4172
https://doi.org/10.1093/nar/gkw1138
https://doi.org/10.1093/nar/gkw1138
https://doi.org/10.1214/aos/1013699998
https://projecteuclid.org/journals/annals-of-statistics/volume-29/issue-4/The-control-of-the-false-discovery-rate-in-multiple-testing/
https://projecteuclid.org/journals/annals-of-statistics/volume-29/issue-4/The-control-of-the-false-discovery-rate-in-multiple-testing/
https://doi.org/10.1214/aos/1013699998.full
https://doi.org/10.1214/aos/1013699998.full
https://link.springer.com/articles/
https://link.springer.com/articles/
https://doi.org/10.1186/s12862-021-01787-9

Ahi et al. BMC Ecology and Evolution

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

(2025) 25:53

Nucleic Acids Res. Oxford Academic; 2024 [cited 2024 Jul 23];52:W415-21.
Available from: https://doi.org/10.1093/nar/gkae456

Smedley D, Haider S, Ballester B, Holland R, London D, Thorisson G, et al.
BioMart- biological queries made easy. BMC Genomics BioMed Cent.
2009;10:22.

Szklarczyk D, Kirsch R, Koutrouli M, Nastou K, Mehryary F, Hachilif R et al. The
STRING database in 2023: protein—protein association networks and func-
tional enrichment analyses for any sequenced genome of interest. Nucleic
Acids Res. Oxford Academic; 2023 [cited 2023 Jul 3];51:D638-46. Available
from: https://doi.org/10.1093/nar/gkac1000

Ahi EP. Fish Evo-Devo: Moving Toward Species-Specific and Knowledge-
Based Interactome. J Exp Zool Part B Mol Dev Evol. John Wiley & Sons, Ltd;
2025 [cited 2025 Feb 14]; Available from: https://onlinelibrary.wiley.com/doi/f
ull/10.1002/jez.b.23287

Beck J, Kressel M. FERM domain—containing protein 6 identifies a subpopula-
tion of varicose nerve fibers in different vertebrate species. Cell Tissue Res.
Springer; 2020 [cited 2023 Aug 31];381:13. Available from: /pmc/articles/
PMC7306050/

Lodge EJ, Russell JP, Patist AL, Francis-West P, Andoniadou CL. Expression
analysis of the Hippo cascade indicates a role in pituitary stem cell develop-
ment. Front Physiol Front Media S A. 2016;7:190087.

Lalonde-Larue A, Boyer A, Dos Santos EC, Boerboom D, Bernard DJ, Zam-
berlam G. The Hippo pathway effectors YAP and TAZ regulate LH release by
pituitary gonadotrope cells in mice. Endocrinology. NLM (Medline); 2022
[cited 2022 Jun 171;163:bgab238. Available from: https://academic.oup.com/
endo/article/doi/https://doi.org/10.1210/endocr/bgab238/6432115

Zhang J, Smolen GA, Haber DA. Negative regulation of YAP by LATS1 under-
scores evolutionary conservation of the Drosophila Hippo pathway. Cancer
Res. Cancer Res; 2008 [cited 2023 Sep 31;,68:2789-94. Available from: https:.//p
ubmed.ncbi.nim.nih.gov/ 18413746/

Naulé L, Maione L, Kaiser UB, Puberty. A Sensitive Window of Hypothalamic
Development and Plasticity. Endocrinology. Oxford Academic; 2021 [cited
2023 Sep 3];162:1-14. Available from: https://doi.org/10.1210/endocr/bgaa20
9

Liu R, Du K, Ormanns J, Adolfi MC, Schartl M. Melanocortin 4 receptor signal-
ing and puberty onset regulation in Xiphophorus swordtails. Gen Comp
Endocrinol. Academic Press; 2020. p. 113521.

Liu R, Kinoshita M, Adolfi MC, Schartl M. Analysis of the role of the MC4R
system in development, growth, and puberty of Medaka. Front Endocrinol
(Lausanne) Front Media S A. 2019;10:442453.

Farooqi IS, Keogh JM, Yeo GSH, Lank EJ, Cheetham T, O'Rahilly S. Clinical
Spectrum of Obesity and Mutations in the Melanocortin 4 Receptor Gene. N
EnglJ Med. New England Journal of Medicine (NEJM/MMS); 2003 [cited 2023
Sep 3];348:1085-95. Available from: https://www.nejm.org/doi/full/https.//do
i.0rg/10.1056/NEJM0a022050

Tang Y, Feinberg T, Keller ET, Li XY, Weiss SJ. Snail/Slug binding interactions
with YAP/TAZ control skeletal stem cell self-renewal and differentiation.

Nat Cell Biol 2016 189. Nature Publishing Group; 2016 [cited 2023 Sep
3];18:917-29. Available from: https://www.nature.com/articles/ncb3394
Sklirou E, Lahr A. P307: Atypical presentation of central precocious puberty
in a patient with RHOA-related disorder. Genet Med Open,, Elsevier BV. 2023
[cited 2023 Sep 3];1:100335. Available from: http://www.gimopen.org/article/
$2949774423003357/fulltext

Sahu MR, Mondal AC. Neuronal Hippo signaling: From development to
diseases. Dev Neurobiol. John Wiley & Sons, Ltd; 2021 [cited 2023 Sep

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Page 16 of 16

4],81:92-109. Available from: https://onlinelibrary.wiley.com/doi/full/10.1002/
dneu.22796

Liu H, Guan L, Zhou Q Huang H, Xu L. LKBT alleviates high glucose- and high
fat-induced inflammation and the expression of GnRH and sexual precocity-
related genes, in mouse hypothalamic cells by activating the AMPK/FOXO1
signaling pathway. Mol Med Rep. Spandidos Publications; 2022 [cited 2023
Sep 4];25:1-8. Available from: http://www.spandidos-publications.com/https:
//doi.org/10.3892/mmr.2022.12659/abstract

Lomniczi A, Wright H, Castellano JM, Matagne V, Toro CA, Ramaswamy S et

al. Epigenetic regulation of puberty via Zinc finger protein-mediated tran-
scriptional repression. Nat Commun 2015 61. Nature Publishing Group; 2015
[cited 2023 Sep 41,6:1-16. Available from: https://www.nature.com/articles/n
comms10195

Maruska KP, Fernald RD. Social regulation of Gene Expression in the hypo-
thalamic-pituitary-gonadal axis. Physiology. American Physiological Society
Bethesda, MD; 2011 [cited 2023 Sep 41;26:412-23. Available from: https://doi.
0rg/10.1152/physiol.00032.2011

Bangura PB, Tiira K, Niemela PT, Erkinaro J, Liljestrém P, Toikkanen A et al.
Linking vgll3 genotype and aggressive behaviour in juvenile Atlantic salmon
(Salmo salar). J Fish Biol. J Fish Biol; 2022 [cited 2023 Sep 41;100:1264-71.
Available from: https://pubmed.ncbi.nlm.nih.gov/35289932/

Kasper C, Colombo M, Aubin-Horth N, Taborsky B. Brain activation patterns
following a Cooperation opportunity in a highly social cichlid fish. Physiol
Behav Elsevier. 2018;195:37-47.

Piccolo S, Dupont S, Cordenonsi M. The biology of YAP/TAZ: Hippo signaling
and beyond. Physiol Rev. American Physiological Society; 2014 [cited 2023
Nov 151;94:1287-312. Available from: https://doi.org/10.1152/physrev.00005.
2014

Song W, Platteel I, Suurmeijer AJH, van Kempen LC. Diagnostic yield of
NanoString nCounter FusionPlex profiling in soft tissue tumors. Genes, Chro-
mosom Cancer. John Wiley & Sons, Ltd; 2020 [cited 2025 Jan 6];,59:318-24.
Available from: https://onlinelibrary.wiley.com/doi/full/https://doi.org/10.100
2/gcc.22834

Macqueen DJ, Johnston IA. A well-constrained estimate for the timing of the
salmonid whole genome duplication reveals major decoupling from species
diversification. Proc R Soc B Biol Sci. The Royal Society; 2014 [cited 2025 Apr
15;,281. Available from: https://doi.org/10.1098/rspb.2013.2881

Yan YL, Willoughby J, Liu D, Crump JG, Wilson C, Miller CT et al. A pair of Sox:
distinct and overlapping functions of zebrafish sox9 co-orthologs in craniofa-
cial and pectoral fin development. Development. Development; 2005 [cited
2025 Apr 15];132:1069-83. Available from: https://pubmed.ncbi.nim.nih.gov/
15689370/

Marconi A, Vernaz G, Karunaratna A, Ngochera MJ, Durbin R, Santos ME.
Genetic and Developmental Divergence in the Neural Crest Program
between Cichlid Fish Species. von der Heyden S, editor. Mol Biol Evol. Oxford
Academic; 2024 [cited 2025 Apr 15];41. Available from: https://doi.org/10.109
3/molbev/msae217

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1093/nar/gkae456
https://doi.org/10.1093/nar/gkac1000
https://onlinelibrary.wiley.com/doi/full/10.1002/jez.b.23287
https://onlinelibrary.wiley.com/doi/full/10.1002/jez.b.23287
https://academic.oup.com/endo/article/doi/
https://academic.oup.com/endo/article/doi/
https://doi.org/10.1210/endocr/bqab238/6432115
https://pubmed.ncbi.nlm.nih.gov/18413746/
https://pubmed.ncbi.nlm.nih.gov/18413746/
https://doi.org/10.1210/endocr/bqaa209
https://doi.org/10.1210/endocr/bqaa209
https://www.nejm.org/doi/full/
https://doi.org/10.1056/NEJMoa022050
https://doi.org/10.1056/NEJMoa022050
https://www.nature.com/articles/ncb3394
http://www.gimopen.org/article/S2949774423003357/fulltext
http://www.gimopen.org/article/S2949774423003357/fulltext
https://onlinelibrary.wiley.com/doi/full/10.1002/dneu.22796
https://onlinelibrary.wiley.com/doi/full/10.1002/dneu.22796
http://www.spandidos-publications.com/
https://doi.org/10.3892/mmr.2022.12659/abstract
https://doi.org/10.3892/mmr.2022.12659/abstract
https://www.nature.com/articles/ncomms10195
https://www.nature.com/articles/ncomms10195
https://doi.org/10.1152/physiol.00032.2011
https://doi.org/10.1152/physiol.00032.2011
https://pubmed.ncbi.nlm.nih.gov/35289932/
https://doi.org/10.1152/physrev.00005.2014
https://doi.org/10.1152/physrev.00005.2014
https://onlinelibrary.wiley.com/doi/full/
https://doi.org/10.1002/gcc.22834
https://doi.org/10.1002/gcc.22834
https://doi.org/10.1098/rspb.2013.2881
https://pubmed.ncbi.nlm.nih.gov/15689370/
https://pubmed.ncbi.nlm.nih.gov/15689370/
https://doi.org/10.1093/molbev/msae217
https://doi.org/10.1093/molbev/msae217

	﻿Brain-associated alterations of Hippo pathway transcription in early maturing Atlantic salmon
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Fish material and tissue sampling
	﻿RNA extraction
	﻿NanoString nCounter mRNA expression panel
	﻿Data analysis

	﻿Results
	﻿Differences in gene expression between ﻿vgll3﻿ genotypes
	﻿Maturation specific gene expression differences
	﻿Identification of gene co-expression networks

	﻿Discussion
	﻿﻿vgll3﻿-dependent differential expression of Hippo pathway components in the brain prior to the onset of puberty
	﻿Distinct interacting partners of the Hippo pathway may participate in the onset of puberty in the brain
	﻿Maturation progression involves different components of the Hippo pathway in alternative ﻿vgll3﻿ genotypes
	﻿Study limitations and future directions

	﻿Conclusions
	﻿References


