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Abstract
Sexual maturation in many fishes requires a major physiological change that involves 
a rapid transition between energy storage and usage. In Atlantic salmon, this transi-
tion for the initiation of maturation is tightly controlled by seasonality and requires a 
high-energy status. Lipid metabolism is at the heart of this transition since lipids are 
the main energy storing molecules. The balance between lipogenesis (lipid accumula-
tion) and lipolysis (lipid use) determines energy status transitions. A genomic region 
containing a transcription co-factor of the Hippo pathway, vgll3, is the main determi-
nant of maturation timing in Atlantic salmon. Interestingly, vgll3 acts as an inhibitor 
of adipogenesis in mice and its genotypes are potentially associated with seasonal 
heterochrony in lipid storage and usage in juvenile Atlantic salmon. Here, we explored 
changes in expression of more than 300 genes directly involved in the processes of 
adipogenesis, lipogenesis and lipolysis, as well as the Hippo pathway in the adipose 
tissue of immature and mature Atlantic salmon with distinct vgll3 genotypes. We 
found molecular evidence consistent with a scenario in which immature males with 
different vgll3 genotypes exhibit contrasting seasonal dynamics in their lipid profiles. 
We also identified components of the Hippo signalling pathway as potential major 
drivers of vgll3 genotype-specific differences in adipose tissue gene expression. This 
study demonstrates the importance of adipose gene expression patterns for directly 
linking environmental changes with energy balance and age at maturity through ge-
netic factors bridging lipid metabolism, seasonality and sexual maturation.
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1  |  INTRODUC TION

Ecological factors play fundamental roles in the maintenance of vari-
ation in life-history genes (Jops & O'Dwyer, 2023), particularly those 
linked with ‘pace-of-life’ traits (Arnqvist & Rowe, 2023). The timing 
of sexual maturation (age at maturity) is a crucial life-history trait in-
fluenced by environmental cues as well as genetic and physiological 
mechanisms regulating the onset of puberty (Taranger et al., 2010). 
Age at maturity also subsequently affects other crucial fitness traits 
such as survival and reproductive success (Mobley et  al.,  2021). 
Elucidating the molecular basis of variation in age at maturity, espe-
cially in relation to environmental cues, is thus a pivotal step towards 
understanding the maintenance of the diversity in life-history traits 
and its ecological significance.

Sexual maturation in Atlantic salmon is tightly linked with sea-
sonal environmental changes. For example, temperature changes 
can affect metabolism and body condition, via lipid allocation, by 
impacting food availability, and thereby growth rate (House, Debes, 
Kurko, et  al.,  2023). Lipid allocation has been found to be espe-
cially important for age at maturity in Atlantic salmon due to their 
need to reach a certain threshold of lipid reserves in order to ini-
tiate maturation (Rowe et al., 2011). This allocation process can be 
strongly affected by variation in replenishing reserves across sea-
sonal changes, including periods of low temperatures and food avail-
ability (Mogensen & Post, 2012). In Atlantic salmon, a single locus 
including the gene vestigial-like family member 3 (vgll3) is the major 
genetic determinant of maturation timing (explaining over 39% of 
the variation in the age at maturity) in a sex-specific manner (Barson 
et al., 2015; Czorlich et al., 2018; Miettinen et al., 2023). The effects 
of vgll3 on age at maturity can be observed in males as early as 1 year 
of age in controlled conditions (Debes et al., 2021; Sinclair-Waters 
et al., 2021; Verta et al., 2020). Interestingly, the human orthologue 
(VGLL3) has also been shown to be associated with age at maturity 
(Cousminer et al., 2016; Perry et al., 2014). In addition to being linked 
with maturation age, vgll3 has also been shown to function as an 
inhibitor of adipogenesis in mice (Halperin et al., 2013). In salmon, 
energy storage in individuals with the distinct vgll3 genotypes varies 
across seasons thereby providing an interesting link between en-
ergy expenditure and environmental change (House, Debes, Kurko, 
et al., 2023).

Recent studies of 1-year-old Atlantic salmon identified strong 
association between vgll3 early (E) and late (L) maturation alleles 
and the expression of key reproductive axis genes (Ahi et al., 2022, 
2024). Gene co-expression network (GCN) analysis predicted that 
the vgll3 genotype effects on reproductive axis genes are likely 
to be mediated by differential activation of the Hippo signalling 
pathway (Ahi et  al., 2023). The Hippo pathway is emerging as a 
key molecular signal not only in controlling sexual maturation in 
vertebrates (Kjærner-Semb et  al.,  2018; Kurko et  al.,  2020; Sen 
Sharma et al., 2019) but also in balancing adipocyte proliferation 
versus differentiation. The activity of Yap1, a major transcription 
co-factor of the Hippo pathway, has been found to be indispens-
able during adipogenesis (Ardestani et al., 2018). Strikingly, Hippo 

pathway appears to be an essential molecular cue for responding 
to environmental effects, such as changes in diet fat and tempera-
ture, at transcriptional levels (Luo et  al.,  2020; Shu et  al.,  2019). 
Vgll3 acts as a major activating transcription co-factor of the 
Hippo pathway and competes with the other major transcription 
co-factor of the pathway, Yap1, which mainly acts as an inhibitor of 
the Hippo pathway (Hori et al., 2020; Kurko et al., 2020). Together, 
this suggests that Atlantic salmon, with distinct vgll3 alleles tightly 
linked to maturation and adipogenesis processes, are an excellent 
natural model system to explore molecular mechanisms directly 
linking sexual maturation, energy acquisition and environmental 
changes.

In this study, we used a custom-made Nanostring gene expres-
sion panel to investigate the expression patterns of 337 genes in-
cluding genes encoding adipogenesis related factors, Hippo pathway 
components and their associated interacting partners/signals in the 
adipose tissue of mature and immature male Atlantic salmon with 
early (E) or late (L) maturing vgll3 genotypes. Comparisons between 
maturity status and vgll3 genotype enabled application of pathway- 
and regulatory network-based approaches for better understanding 
underlying molecular processes.

2  |  MATERIAL S AND METHODS

2.1  |  Fish material and tissue sampling

Individuals used in the study were from the same population 
(Oulujoki) and cohort used in Verta et al.  (2020). This provided ac-
cess to individually passive integrated transponder-tagged individ-
uals with known vgll3 genotypes (see Verta et  al.,  2020 for more 
details of crossing and rearing). For this study, male individuals 
were sampled at the ages of 1.5–2 years post-fertilisation (Debes 
et al., 2020). Following euthanisation with an overdose of MS222, 
various tissues, including visceral adipose tissue, of individual males 
were sampled at three time points, each reflecting a different matu-
ration development stage:

2.1.1  |  Immature 1

Individuals were sampled in late spring (5–21 May), average mass 
17.5 g (range 10.2–27.4 g), average length 12.1 cm (range 9.1–13.6 cm), 
and showed no indications of gonad development (gonadosomatic 
index; GSI = 0).

2.1.2  |  Immature 2

Individuals were sampled in the summer (4–17 July), average mass 
33.7 g (range 21.1–76.6 g), average length 17.3 cm (range 14–18.5 cm), 
and some individuals showed initial signs of the commencement of 
phenotypic maturation processes (GSI = 0.0–0.4).
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2.1.3  | Mature

Individuals were sampled during the expected spawning period 
in the early autumn (1–15 October), average mass 82.7 g (range 
60.3–120.6 g), average length 20.8 cm (range 16.4–22.7 cm), and all 
individuals had well-developed gonads reflective of being mature 
(GSI >3).

These tissues were flash frozen in liquid nitrogen and stored at 
−80°C until processing.

2.2  |  RNA extraction

In total, RNA was extracted from 24 samples of male visceral adi-
pose tissue using a NucleoSpin RNA kit (Macherey-Nagel GmbH 
& Co. KG). The samples were transferred to tubes with 1.4-mm 
ceramic beads (Omni International), Buffer RA1 and DDT (350 μL 
RA1 and 3.5 μL DDT 1 M) and homogenised for 2 min (6 × 20 s) at 
30 Hz using Bead Ruptor Elite (Omni International). The RNA ex-
traction steps were conducted according to the manufacturer's in-
structions. The kit also contained a built-in DNase step to remove 
residual gDNA. At the end, RNA extracted from each sample was 
eluted in 50 μL of nuclease free water. RNA quantity was meas-
ured with NanoDrop ND-1000 (Thermo Scientific, Wilmington, 
DE, USA) and quality was assessed with 2100 BioAnalyzer system 
(Agilent Technologies, Santa Clara, CA, USA), and the RNA integ-
rity number was above 7 in all the samples. From each extrac-
tion, 100 ng of total RNA was used for hybridisation step in the 
Nanostring panel.

2.3  |  Nanostring nCounter mRNA expression panel

NanoString nCounter is a multiplex nucleic acid hybridisation technol-
ogy that enables reliable and reproducible assessment of the RNA ex-
pression of up to several hundred genes in a single assay (Goytain & 
Ng, 2020). This technology has several advantages for ecological and 
evolutionary research as it requires very small amount of RNA input 
with lower quality than RNA-seq, does not have an amplification step 
and it can detect very low RNA expression levels. The Nanostring 
panel of probes used in the current study was an extended panel from 
that used in Kurko et al. (2020) that was previously developed to inves-
tigate age at maturity related gene expression in Atlantic salmon (more 
than 100 genes added). These genes include an extensive list of Hippo 
pathway components and other known genes having direct cross-talk 
with the Hippo pathway. The selection was conducted based on the 
literature and the IPA (Ingenuity Pathway Analysis) tool (Qiagen) and 
other freely available web tools and databases (Kurko et al., 2020). In 
addition, the panel contains probes for the age-at-maturity-associated 
genes in Atlantic salmon; vgll3a on chromosome 25 and six6a on chro-
mosome 9, and their corresponding paralogues vgll3b on chromosome 
21 and six6b on chromosome 1. Further, probes for other functionally 
associated genes with important roles in metabolism (e.g. lipidogenesis), 

cell fate (adipogenesis) and sexual maturation (e.g. HPG axis), were also 
included. Most of the candidate genes possess one or more paralogues 
due to the recent Atlantic salmon genome duplication, and therefore, 
paralogues of each gene of interest were also included after identi-
fication through the SalmoBase (http://​salmo​base.​org/​ ), and NCBI 
RefSeq databases. Further details on the selection of the genes/para-
logues and naming of them can be found in Kurko et al. (2020). Gene 
accession numbers, symbols, full names and functional categories are 
listed in File S1. The mRNA expression levels of the candidate genes 
were investigated using Nanostring nCounter Analysis technology 
(NanoString Technologies, Seattle, WA, USA). Probes for each gene 
paralogue, targeted at all known transcript variants, were designed 
using reference sequences in the NCBI RefSeq database. However, for 
some genes, it was not possible to design paralogue-specific probes, 
as sequence similarity between paralogues was too high. The RNA 
samples were analysed using nCounter Custom CodeSet for probes 
and nCounter Master kit (NanoString Technologies). The RNA of each 
sample was denatured, hybridised with the probes overnight and in 
the following day post-hybridisation purification and image scanning 
were conducted.

2.4  |  Data analysis

Among nine candidate reference genes in the panel, seven genes, 
including ef1a paralogues (ef1aa, ef1ab and ef1ac), hprt1, prabc2 par-
alogues (prabc2a and prabc2b) and rps20, were selected for data nor-
malisation since they showed a low coefficient of variation (CV) values 
across the samples. The excluded reference genes were actb and 
gapdh showing very high variation (CV% >100), and even though they 
are commonly used as reference genes in many studies, they seemed 
to be unsuitable for data normalisation in the adipose tissue of Atlantic 
salmon. Subsequently, the raw count data from the Nanostring nCoun-
ter mRNA expression was normalised by RNA content normalisation 
factor for each sample calculated from geometric mean count values 
of the selected seven reference genes. After normalisation, a quality 
control step was conducted on the data and all the samples passed the 
default limit based on the nSolver Analysis Software v4.0 (NanoString 
Technologies; www.​nanos​tring.​com/​produ​cts/​nSolver). Mean of the 
negative controls were subtracted while analysing the data using the 
software and positive control normalisation was performed using 
the geometric mean of all positive controls as recommended by the 
manufacturer. A normalised count value of 20 was set as a background 
signal threshold, and consequently, 121 genes had on average below 
background signal across the samples, which left 202 genes to be con-
sidered for further analyses. The differential expression analysis was 
performed using the log-linear and negative binomial model (lm.nb 
function), as implemented in Nanostring's nSolver Advanced Analysis 
Module (nS/AAM). The maturation status and genotypes were se-
lected as predictor covariates in the model as suggested by nS/AAM. 
Multiple hypothesis adjustment was performed using the Benjamini–
Yekutieli method (Benjamini & Yekutieli, 2001) within the software 
and adjusted p-values <.05 were considered significant (File S2). The 
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log-transformed expression values were also used for calculations of 
pairwise Pearson correlation coefficients (r) between the expression 
of each gene and GSI values across all the samples.

The Weighted Gene Coexpression Network Analysis (WGCNA 
version 1.68) R-package (version 5.2.1) was implemented to identify 
GCNs (Langfelder & Horvath, 2008). Since our main interest was in 
the comparison of alternative vgll3 genotypes, all samples from both 
maturation statuses and time-points within each genotype were 
used as biological replicates, providing sufficient statistical power 
for WGCNA. To identify sample relationships, we conducted hierar-
chical clustering of samples based on gene expression. Coexpression 
networks were constructed with the following steps: (1) calculation 
of Pearson correlation coefficients to identify and measure gene co-
expressions, (2) calculation of an adjacency matrix (with reference 
to a scale free topology) using the coefficients, (3) calculation of the 
topological overlap distance matrix using the adjacency matrix, (4) 
hierarchically clustering of genes (method = average) using the topo-
logical overlap distance, (5) identification of coexpressed modules of 
genes using the cutTreeDynamic function with a minimum module 
size of 10 genes (6) colour assignment for each module and repre-
sentation module-specific expression profile by the first principal 
component (module eigengene, ME) of each module, and (7) merging 
highly similar modules based on ME dissimilarity (distance threshold 
of 0.25) in order to find the final set of coexpressed gene modules. 
Next, a conditional coexpression analysis was set (as described by 
Singh et al., 2021); that is, coexpression networks were constructed 
for each vgll3 genotype separately, to identify the preservation of 
EE modules in the LL network and vice versa. A soft-power of 7 was 
used to construct adjacency matrix. Finally, the module preservation 
statistics were calculated using WGCNA to test how the density and 
connectivity of modules defined in the reference dataset (e.g. EE) 
were preserved in the query dataset (e.g. LL) (Langfelder et al., 2011). 
A permutation test was implemented to repeatedly permute genes 
in the query network in order to calculate Zscore. Individual Z 
scores from all permutations (200) were summarised as a Zsummary 
statistic.

Gene ontology (GO) enrichment analysis was conducted to 
identify overrepresented biological process in each GCN using 
Manteia (Tassy & Pourquié,  2014). The GO enrichment criteria 
were limited to false discovery rate (FDR) <0.05 (false discovery 
rate) with GO specificity level of 2 set as a cut-off. To predict po-
tential gene interactions and key genes with the highest number 
of interactions (interacting hubs), the identified differentially ex-
pressed genes in each comparison were converted to their con-
served orthologues in human (which have the highest amount 
of validated/studied interactome data across vertebrates) and 
used as input for STRING version 12.0, one of the largest freely 
available knowledge-based interactome database for vertebrates 
(Szklarczyk et  al.,  2023). The interaction predictions between 
genes were based on data from structural similarities, cellular 
co-localisation, biochemical interactions and co-regulation. The 
confidence level to predict each interaction/molecular connection 
was set to medium (the default).

3  |  RESULTS

3.1  |  Differences in gene expression between vgll3 
genotypes

We first assessed expression differences between vgll3 genotypes 
in each developmental stage; two stages of Immature 1 and 2 (late 
spring and summer) and Mature (early autumn) (Figure 1). We found 
six differentially expressed genes at Immature 1, and 20 genes at 
Immature 2 time point, as well as 25 genes at Mature time point be-
tween the genotypes. At Immature 1 (late spring), all of the six dif-
ferentially expressed genes identified showed higher expression in 
vgll3*EE genotype individuals (Figure 1a). A query of molecular in-
teractions revealed one gene, kdm5bb, showing direct interaction 
with vgll3, and two genes with yap1 (edar and cof2d/cfl2) (specified 
with connecting lines between the genes in Figure 1b). At Immature 
2, we found 16 genes with higher expression in vgll3*LL genotype 
individuals and four genes showing higher expression in vgll3*EE 
genotype individuals (Figure 1c). The predicted interactions revealed 
five genes (rhoad, rnd3b, runx2, snaib and stk4) with direct molecular 
interaction with yap1 whereas one gene (pcdh18c) had direct inter-
action with vgll3 (Figure 1d). Furthermore, three of the differentially 
expressed genes (rhoad, runx2 and snaib) formed interacting hubs 
(they showed the highest number of interactions of all investigated 
genes) and rhoad displayed the highest number of connections in-
dicating its potential key functional role in this interaction network 
(Figure  1d). Finally, at Mature, we found 21 genes with higher ex-
pression in vgll3*LL genotype individuals, and four genes showed 
higher expression in vgll3*EE genotype individuals (Figure 1e). The 
interaction query identified five genes (ajubab, lap4a/scrib, rnd3a, 
snai2a and stk3) with direct interactions with yap1, whereas one 
gene (arhgap6a) had a direct interaction with vgll3 (Figure 1f). One 
of these differentially expressed genes, snai2a, formed an interact-
ing hub, and also two of its interacting genes, vdrad and cebpab, ap-
peared to make interacting hubs by connecting to three other genes 
(Figure 1f).

3.2  |  Maturation-specific gene expression 
differences

To identify gene expression changes associated with the imma-
ture–mature transition, we compared immature individuals from 
both immature time points (Immature1 and 2) with those from the 
mature time point. We identified 50 DE genes between mature and 
immature individuals when both vgll3 genotypes were combined, 
and when considering vgll3 genotypes separately, 41 and 16 DE 
genes in vgll3*LL and vgll3*EE genotypes respectively (Figure 2a–c). 
Furthermore, we found a general tendency towards genes with in-
creased expression in adipose tissue of mature males, which indi-
cates higher transcriptional activation of the studied genes during 
maturation. This tendency was observed in the combined genotypes 
and vgll3*LL comparisons. In vgll3*EE individuals, 10 of the 16 DE 
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genes between immature versus mature individuals had higher ex-
pression in the matures, whereas all the DE genes in vgll3*LL indi-
viduals had higher expression in the matures (Figure 2a–c). Across 
all three comparisons, expression patterns of three of the DE genes, 
admc, col12a1a and pgra, were independent of vgll3 genotype, and 
all these genes showed increased expression in the mature males 
(Figure 2a–d). Importantly, yap1, the direct opposing interactor of 
vgll3, showed a similar pattern, that is, increased expression in ma-
ture vgll3*LL individuals (Figure 2b). We further investigated poten-
tial functional/molecular interactions between DE genes showing 
vgll3 genotype-specific differential expression (coloured numbers in 
Figure 2d). The predicted interactions between these genes revealed 
that among the three DE genes across all comparisons, only pgra had 
interactions with other genes in the interaction network (Figure 2e). 
From the vgll3 genotype specific comparisons, 17 and 8 DE genes 

within vgll3*LL and vgll3*EE individuals, respectively, were found to 
be connected in the interaction network (circled in blue and green 
in Figure 2e). Moreover, pgra was connected to both the vgll3*LL and 
vgll3*EE interaction networks when genotypes were assessed sepa-
rately through snaia and foxo1c respectively. Other genes with a high 
number of interactions in the network included ets1a, lats2a/b and 
wwtr1a/b in the vgll3*LL interaction network, and mob1ab, tead1a 
and frmd6b in the vgll3*EE network (Figure 2e).

Next, we explored the gonadal development stage (using GSI) 
associated expression of the entire gene panel in order to identify 
genes with expression patterns in adipose tissue tightly linked with 
maturation stage. Interestingly, we found the expression of six genes; 
aebp1, arhgap19a, cebpda, cyp26b1b, limk1 and prkar2bd to be posi-
tively correlated with GSI irrespective of vgll3 genotype (Figure 3a–
d). Furthermore, two of these genes, cyp26b1b and limk1, displayed 

F I G U R E  1 Differentially expressed genes between alternative vgll3 genotypes and their predicted interactions in Atlantic salmon 
adipose tissue. Heatmaps represent differentially expressed genes between vgll3 genotypes at three timepoints (a, c, e) and their respective 
predicted interactions using STRING v12 (http://​strin​g-​db.​org/​) (b, d, f). The thickness of the connecting lines between the genes indicates 
the probability of the interaction. Genes coloured in blue and yellow in the predicted network indicate higher and lower expression in 
vgll3*EE individuals, respectively.
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6 of 16  |     AHI et al.

F I G U R E  2 Differentially expressed genes between immature versus mature male Atlantic salmon and their predicted interactions in 
adipose tissue. Heatmaps representing differentially expressed genes between the immature (those individuals with GSI = 0) versus mature 
males across alternative vgll3 homozygotes (a), and within vgll3*LL (b) and vgll3*EE genotype individuals (c). A Venn diagram showing the 
numbers of differentially expressed genes overlapping between the comparisons (d). Predicted interactions between the overlapping 
genes, with green, red and blue rings indicating the genes in the Venn diagram (e). The thickness of the connecting lines between the genes 
indicates the probability of the interaction. Genes coloured in blue and yellow in the predicted network indicate higher and lower expression 
in mature stage respectively.
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the most significant positive expression correlations among all the 
genes within samples of each genotype. In general, most of the iden-
tified correlations were positive regardless of how vgll3 genotypes 
were grouped (Figure  3a–c). Four genes among vgll3*EE genotype 
individuals showed negative expression correlations with increasing 
GSI. Among these, two genes, esrrab and aesb, were shared between 
vgll3*EE genotype and both genotypes together. Interestingly, among 
vgll3*LL individuals, expression of vgll3a was found to be among the 
genes positively correlated with GSI. The predicted interactions be-
tween the significantly correlated genes showed genotype-specific 
expression correlations (coloured numbers in Figure  3d). These re-
vealed potential interaction networks consisting of nine and 10 genes 
respectively for vgll3*LL and vgll3*EE genotype individuals and four 
overlapping genes across all groups (Figure 3e). The genes with the 
strongest and/or highest number of connections in the network 

include amotl2a, frmd6b and wwtr1a in the vgll3*LL interaction net-
work, and col1a1a and mob1ab in the vgll3*EE network (Figure 3e).

3.3  |  Identification of gene coexpression networks

In order to gain better overview of transcriptional dynamics of 
Hippo pathway components and their known interacting genes, we 
applied network-based co-expression analyses in which genotype 
dependent changes in each network could be tracked. To do this, we 
first built GCN in the adipose tissue of each vgll3 genotype and then 
investigated the preservation of the identified gene co-expression 
modules or GCMs (within each GCN) between the genotypes. 
In other words, we defined the GCN in one genotype (vgll3*EE or 
vgll3*LL) and then assessed the preservation of its modules in the 

F I G U R E  3 Genes showing GSI 
correlated expression and their predicted 
interactions in adipose tissue. Ranking 
of significant Pearson correlations 
between gene expression and GSI in 
salmon adipose tissue across both vgll3 
genotypes (a), within vgll3*LL (b) and 
vgll3*EE (c) genotype individuals. The 
Venn diagram depicts the numbers of 
significantly correlated genes unique or 
overlapping between the comparisons 
(d). Predicted interactions between 
the overlapping genes specified with 
green, red and blue rings indicating 
genes in the Venn diagram (e). EE and LL 
indicate vgll3*EE and vgll3*LL genotypes, 
respectively, and p and r imply p-values 
(*<.05; **<.01; ***<.001; ****<.0001) 
and Pearson correlation coefficient. The 
thickness of the connecting lines between 
the genes indicates the probability of the 
interaction.
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8 of 16  |     AHI et al.

other genotype (vgll3*LL or vgll3*EE) respectively. We identified nine 
GCMs for vgll3*EE (Figure 4a,b) of which four, blue, turquoise, ma-
genta and green, showed moderate preservation (Zsummary >2) in 
vgll3*LL, that is, most of the genes in each GCM have significant ex-
pression correlations in both genotypes. The other five GCMs (yel-
low, pink brown, red and black) showed a low level of preservation 
between vgll3 genotypes (Zsummary <2) (Figure 4a).

GO Biological Process enrichment analysis was conducted for 
each of the GCMs separately in order to identify the key biologi-
cal processes the genes in each GCM are involved in. Enriched GO 
terms for the moderately preserved GCMs included tissue develop-
ment and morphogenesis, steroid hormone signalling and Hippo sig-
nalling pathways as well as response to lipid levels (Figure 4c). In the 
low preserved GCMs, we found coupling of Hippo pathway with fat 

cell differentiation in the black GCM and with negative regulation of 
canonical Wnt pathway in the pink GCM (Figure 4c). The black GCM 
showed the least preservation between the genotypes with most 
of its genes showing no coexpression preservation in vgll3*LL gen-
otype individuals (genes lacking colour in each GCM in Figure 4d). 
Removal of unpreserved genes in the yellow and black GCNs led to 
loss of significance of one GO in each GCM; organ development in 
the yellow and Hippo signalling in the black GCM (non-coloured GOs 
in Figure  4d). The removal of the unpreserved genes in the other 
GCNs did not change their enriched GOs (Figure 4d).

Knowledge-based interactome prediction analysis using genes 
within each GCM was applied in order to identify potential interac-
tions between the genes as well as hub genes with highest number 
of interactions. The prediction of interactions between the genes 

F I G U R E  4 Coexpression analysis of vgll3*EE genotype in adipose tissue of male Atlantic salmon. (a) Visual representation of vgll3*EE 
module preservation in vgll3*LL individuals. The dendrograms represent average linkage clustering tree based on topological overlap 
distance in gene expression profiles. The lower panels of the dendrograms represent colours that correspond to the vgll3*EE clustered 
coexpression modules (GCMs). Top: vgll3*EE GCMs with assigned colours. Bottom: visual representation of the lack of preservation of 
vgll3*EE GCMs genes in vgll3*LL genotype individuals. (b) Preservation Zsummary scores in the vgll3*LL GCMs for vgll3*EE GCMs (colours 
represent vgll3*EE GCMs). Zsummary <2 represents lack of preservation (dotted blue line) and Zsummary between 2 and 10 implies 
moderate preservation. (c) The top hit GO biological processes among the most significantly enriched GOs in each of the well-preserved 
coexpression modules. (d) The genes in each of the identified GCMs for vgll3*EE genotype with least preservation in vgll3*LL. The genes 
without colour in each module are those showing no preserved expression correlation in vgll3*LL individuals and the clockwise arrows above 
each GCM indicate the direction of genes with highest to lowest expression correlations with other genes within that GCM. For each of the 
GCMs, the top enriched GOs are represented, and GOs without colour were no longer enriched after removal of the genes without colours. 
(e) Predicted interactions between the genes within each of the less-preserved GCMs. Different levels of thickness in the connecting lines 
between the genes indicates the probability of the interaction.
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    |  9 of 16AHI et al.

within each GCM revealed that except in the red GCM, all the other 
GCMs had at least one gene among those not showing coexpression 
preservation that had direct interaction with vgll3/yap1 (represented 
with lines directly connecting the non-coloured genes with vgll3/
yap1; Figure 4e). This was more pronounced in the black GCM where 
four genes (sav1b, tead1c, tead3a and wnt5a) had direct interactions 
with vgll3/yap1 (Figure  4e). Importantly, yap1 itself lost coexpres-
sion preservation in the vgll3*LL GCM, indicating the involvement 
of yap1, the major inhibitor of the Hippo pathway, in differences be-
tween the vgll3 genotypes in the lowest preserved GCM.

In vgll3*LL individuals, we found seven GCMs and among them 
only the blue GCM showed a low level of preservation (Zsummary 
<2) compared to vgll3*EE individuals (Figure  5a,b). The turquoise 
GCM was the largest with 74 co-expressed genes and also with the 
highest preservation level between the genotypes (Zsummary >7). 
Interestingly, the turquoise GCM included genes encoding com-
ponents of the Hippo signalling pathway and genes that negatively 
regulate the canonical Wnt pathway (Figure 5c), indicating potential 
interactions between Hippo and Wnt pathway in vgll3*LL individuals. 
We observed such connections between these pathways in a GCM of 
vgll3*EE as well (the pink GCM in Figure 4d), however, the number of 
genes in the pink GCM (14 genes) was much less than the turquoise 
GCM (76 genes) (Figures 4b and 5b). This may indicate more extensive 
connections between regulators of Wnt pathway and components of 
Hippo pathway in vgll3*LL individuals. On the other hand, the blue 
GCM, which was the least preserved GCM in vgll3*LL, appeared as the 
second largest with 37 genes (Figure 5b,d). This may indicate that the 
Hippo pathway is more affected and/or plays a more extensive role 
in the adipose tissue of vgll3*LL individuals. The blue GCM displayed 
coupling of genes within Hippo signalling pathway with organ devel-
opment and morphogenesis (Figure 5d), but removal of unpreserved 
genes led to no significant enrichment of the GO linked to tissue mor-
phogenesis (non-coloured genes and GO in Figure 5d). The prediction 
of interactions between the genes within the blue GCM revealed that 
three genes that lost their coexpression preservation, mob1aa, stk3b 
and tead2, had direct interactions with vgll3/yap1 (Figure 5e).

4  |  DISCUSSION

Understanding the molecular basis of life-history traits and their 
interaction with the environment is crucial to predict organismal 
fitness in future climates. In this study, we aimed to uncover tran-
scriptional effects of alternative maturation age genotypes of the 
vgll3 gene, a major determinant of age at sexual maturity in Atlantic 
salmon (Barson et al., 2015) and also a main co-factor of the Hippo 
pathway (Hori et al., 2020), in adipose tissue of this species. To do 
this, we investigated the expression differences of genes encoding 
adipogenesis related factors, Hippo pathway components and their 
associated interacting partners/signals between early (E) or late (L) 
maturing vgll3 alleles using a custom-made Nanostring platform. 
This allowed us to predict the regulatory dynamics of Hippo pathway 
signalling in the adipose tissue of Atlantic salmon that has a seasonal 
breeding strategy tightly associated with lipid metabolic status. 

Thus, the study of distinct vgll3 genotypes provides understanding 
of the molecular links among lipid metabolism, Hippo pathway ac-
tivity and sexual maturation – a life-history trait of high ecological 
importance. Our findings not only imply that vgll3 and its associated 
pathway (Hippo) have extensive effects on transcriptional changes 
in adipose tissue in relation to sexual maturation of Atlantic salmon, 
but also suggest vgll3's role in linking adipogenesis and seasonal, 
likely maturation related, changes in this species.

4.1  |  Gene expression patterns at the immature 
stage reflect higher lipid storage capacity of vgll3*EE 
individuals in the spring

A recent study showed a link between vgll3 genotypes and lipid 
storage in the liver of immature males of Atlantic salmon during sea-
sonal changes (from spring to autumn) (House, Debes, Holopainen, 
et al., 2023). A possible hepatic scenario was proposed based on the 
differences observed between vgll3 genotypes; that is, vgll3*EE indi-
viduals storing larger lipid droplets in earlier/warmer season (spring), 
whereas vgll3*LL individuals storing in a later/colder season (autumn) 
in their liver (House, Debes, Holopainen, et al., 2023). Our adipose tis-
sue gene expression results support this proposed hepatic scenario in 
the immature stage. However, the vgll3 genotypic associations were 
reversed in the adipose of mature stage individuals. Our results sug-
gest that vgll3*LL individuals are unlikely to store larger lipid droplets 
during the spring due to increased expression of a RhoA encoding 
gene (rhoad) in their adipocytes. RhoA is a well-known key suppres-
sor of adipogenesis and lipid droplet storage in mammalian cells 
(Meyers et  al., 2005), and has also been suggested to be inhibited 
by vgll3 dependent activation of Hippo pathway (Kurko et al., 2020). 
Vgll3 itself has been reported as an inhibitor of adipocyte differen-
tiation in mice (Halperin et al., 2013) and linked with body condition 
variation in Atlantic salmon (Debes et  al., 2021). Thus, our finding 
here of higher expression of the adipogenesis suppressor, rhoad, in 
vgll3*LL individuals is consistent with the hepatic scenario suggested 
by House, Debes, Holopainen, et al. (2023) and House, Debes, Kurko, 
et al.  (2023), indicating potentially similar regulatory pattern in the 
liver and adipose. Furthermore, we found vgll3*LL individuals to have 
higher expression of a paralogue gene (rnd3b) encoding RND3, a key 
lipolysis factor (Dankel et al., 2019). Lipolysis is a process in which 
lipid droplets are utilised (the opposite to lipogenesis) (Ducharme & 
Bickel, 2008), and thus this finding may also supports the hepatic sce-
nario proposed by (House, Debes, Holopainen, et al., 2023; House, 
Debes, Kurko, et  al., 2023), whereby immature vgll3*EE individuals 
store larger lipid droplets during the spring.

4.2  |  Gene expression patterns at the mature 
stage reflect higher lipid storage capacity of vgll3*LL 
individuals in the early autumn

In mature males, the higher expression of major adipogenic factors 
snai2a, cebpab and ajubab, as well as reduced expression of lipolysis 
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10 of 16  |     AHI et al.

F I G U R E  5 Coexpression analysis of vgll3*LL genotype in adipose tissue of male Atlantic salmon. (a) Visual representation of vgll3*LL 
module preservation in vgll3*EE individuals. The dendrograms represent average linkage clustering tree based on topological overlap 
distance in gene expression profile. The lower panels of the dendrograms represent colours that correspond to the clustered coexpression 
modules (GCMs). Top: vgll3*LL GCMs with assigned colours. Bottom: visual representation of preservation of vgll3*LL module genes in 
vgll3*EE genotype. (b) The colours represent identified vgll3*LL GCMs. Preservation of genes found in vgll3*LL GCMs in the vgll3*EE GCMs 
was calculated and Zsummary <2 represents lack of preservation (dotted blue line). Zsummary between 2 and 10 implies moderate 
preservation. (c) The most significant gene ontologies (GO) enriched in each of the well-preserved coexpression modules. (d) The genes 
in each of the identified coexpression modules for vgll3*LL genotype with least preservation in vgll3*EE. The genes without colour in each 
module have lost their preserved expression correlation in vgll3*EE individuals and the clockwise arrows above each GCM indicate the 
direction of genes with highest to lowest expression correlations with other genes within that GCM. For each of the module, the most 
significant enriched GOs are represented, and GOs without colour have lost their significance after removal of the genes without colours. (e) 
Predicted interactions between the genes within each of the less-preserved GCMs. The connecting lines between the genes with different 
levels of thickness indicate the probability of the interaction.
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    |  11 of 16AHI et al.

factors; rnd3a and pparaa in vgll3*LL individuals indicates an oppo-
site pattern in mature compared to immature males (i.e. lower lipid 
storage capacity of vgll3*LL individuals in immature individuals). The 
observed pattern in mature individuals suggests that vgll3*LL indi-
viduals store larger lipid droplets in autumn compared to vgll3*EE 
individuals, suggesting an opposite shift between the genotypes 
from immature to mature status. A key component of the inter-
acting hub among the differentially expressed genes between the 
genotypes in the mature stage was a paralogue of Snai2/Slug gene 
(snai2a) (Figure 1e,f). Interestingly, Snai2 is known as an inducer of 
adipocyte differentiation and lipid accumulation (Pérez-Mancera 
et al., 2007). Similarly, a paralogue of C/EBPα encoding gene (cebpab) 
with predicted interaction with Snai2 displayed higher expression 
in vgll3*LL individuals (Figure 1f). C/EBPα is a major inducer of late 
stage adipocyte differentiation, and in mammalian cells, its expres-
sion is directly promoted by the transcriptional co-regulator Ajuba 
(Yan et  al., 2022). Consistently, a paralogue gene encoding Ajuba 
(ajubab) was also among the genes with higher expression in vgll3*LL 
individuals (Figure 1f). In mammals, Ajuba is a direct transcriptional 
target gene for Yap1 during cell proliferation and differentiation, 
and increased activity of Yap1 induces Ajuba expression (Lange 
et al., 2015). Moreover, in contrast to the immature stage, we found 
lower expression of rnd3a in vgll3*LL compared to vgll3*EE individu-
als at the mature time point (Figure 1f). RND3 is an inhibitor of Rho 
kinase (ROCK) signalling and an important regulator of lipid metabo-
lism in adipocytes via induction of lipolysis (Dankel et al., 2019). It has 
been shown that RND3 exhibits inhibitory interaction with ROCK1, 
both through direct protein binding and transcriptional regulation 
(Dankel et al., 2019; Wu et al., 2021). Interestingly, genetic variations 
in Rock1 have been found to be associated with seasonal maturation 
timing in Chinook salmon and Steelhead (Collins et al., 2020; Narum 
et al., 2018). In agreement with the reduced expression of the lipoly-
sis factor, rnd3a, we also observed reduced expression of pparaa in 
vgll3*LL individuals which encodes a major receptor activating lipoly-
sis (PPARα) in adipose and liver (Guzmán et  al., 2004). Combined, 
these expression patterns suggest higher lipid storage capacity of 
vgll3*LL individuals in the early autumn at mature stage.

4.3  |  Gene expression patterns reflect reduced 
lipid storage capacity at the mature stage in both vgll3 
genotypes but with less Hippo pathway dependency 
in vgll3*EE

Comparison of expression patterns between immature and mature 
stages suggest reduced adipogenesis and increased lipolysis in the 
mature males, and subsequently, the utilisation of lipid droplets to 
invest energy in sexual maturation. Comparing all immature and 
mature individuals, only one gene encoding progesterone receptor 
(pgra) and a paralogue gene of its downstream target, adrenomedul-
lin (admc) were differentially expressed independently of vgll3 
genotype across all the immature versus mature comparisons. In 
zebrafish, differential expression of pgra in association with activity 

of leptin signal, an adipogenesis regulating pathway, has been in-
dicated in sexual maturation (Tsakoumis et al., 2022). In mammals, 
it has been recently demonstrated that PGR can act as inhibitor of 
adipogenesis (Liu et al., 2021) and also be a stimulator of lipolysis 
(Zhang et al., 2021). We observed similar patterns between mature 
and immature individuals within each vgll3 genotype based on the 
expression pattern of genes involved in lipogenesis and lipolysis. 
However, it seems that the reduced adipogenesis (and lipogenesis) 
of mature individuals is the result of different mechanisms within 
each genotype. In vgll3*LL individuals, the vast majority of DE genes 
exhibited an increase in expression at the mature stage (including 
lats2 and yap1). This may suggest that lipolysis in mature vgll3*LL 
individuals might be mediated through increased expression of a 
major Hippo pathway kinase, lats2, which is also known to promote 
lipolysis (El-Merahbi et  al.,  2020). In vgll3*EE mature individuals, 
other regulators independent of the Hippo pathway such as FOXO1 
and ESRRα (encoded by foxo1c and esrrab) appeared to be the me-
diators of the potential processes of increased lipolysis and reduced 
lipogenesis. FOXO1 has a critical role in transcriptional induction 
of the major adipocyte lipolysis enzyme (adipose triglyceride lipase 
ATGL) (Chakrabarti & Kandror, 2009). Oestrogen-related receptor 
α (ESRRα) is a nuclear receptor that promotes adipocyte differen-
tiation by regulating the expression of various adipogenesis-related 
genes (Ijichi et al., 2007). Hence, the higher expression of foxo1c and 
the lower expression of esrrab in vgll3*EE mature compared to im-
mature individuals could be another indicator of reduced adipogen-
esis and increased lipolysis in the mature males. However, a gene 
encoding C/EBP-β (cebpba), an early stage inducer of pre-adipocyte 
proliferation was also upregulated in the mature vgll3*EE individu-
als (Merrett et al., 2020). Taken together, this suggests that the adi-
pose tissue of the mature males in this genotype might have higher 
number of undifferentiated pre-adipocytes, however, histological 
studies are required to approve this hypothesis. The perpetuation of 
undifferentiated stage in pre-adipocytes might be also linked to the 
inhibitory role of vgll3 during adipogenesis, which mainly blocks the 
terminal stage of adipocyte differentiation (Halperin et al., 2013).

4.4  |  Gene expression-GSI correlations suggests 
reduced lipid storage capacity at the mature stage in 
both vgll3 genotypes

To gain more insight into the molecular details of the effects of 
maturation on adipose gene expression, we also conducted corre-
lation analysis between gene expression and gonadal maturation 
level (GSI score). A notable gene among those with the strongest 
positive correlations with gonadal maturation level across genotypes 
was a gene encoding LIM domain kinase 1 (limk1), which is an inhibi-
tor of adipocyte differentiation through modulation of intracellular 
structural organisation required during the differentiation (Chen 
et  al.,  2018). Interestingly, limk1 is a direct downstream target of 
PGR in humans (Mazur et al., 2015), thus this result is consistent with 
the potential role of PGR in mature individuals generally showing 
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lower lipidogenesis and higher lipolysis capacity (see above). This 
suggests reduced adipogenesis in the mature males of both geno-
types. However, clear expression pattern differences between the 
vgll3 genotypes were observed as well. For instance, in mature 
vgll3*LL individuals, we found a positive correlation between vgll3a 
expression and gonadal maturation suggesting a more direct role of 
vgll3a itself in inhibition of adipogenesis during maturation in this 
genotype (Halperin et al., 2013). In vgll3*EE individuals, we observed 
negative correlation between esrrab expression and gonadal matu-
ration suggesting diminished ESRRα-mediated adipocyte differen-
tiation, as ESRRα is a known inducer of adipocyte differentiation 
(Ijichi et al., 2007). Hence, this may indicate differential expression 
of ESRRα to be an important mechanism for reduced adipogenesis in 
vgll3*EE individuals (Figure 2), and also suggests that the reduced ad-
ipogenesis in this genotype is less dependent on the Hippo pathway. 
A summary of all abovementioned findings in respect to salmon mat-
uration, seasonal effects, and adipogenesis is depicted in Figure 6.

4.5  |  Gene expression network analysis suggests 
differing Hippo pathway associations in vgll3*EE and 
vgll3*LL individuals

Hippo pathway is emerging as a key molecular signal in balanc-
ing adipocyte proliferation versus differentiation, and the activity 

of Yap has been found to be indispensable during adipogenesis 
(Ardestani et  al.,  2018). We conducted GCN analysis to identify 
genotype-specific differences within the network of co-expressed 
genes in adipose tissue, and found that in vgll3*LL individuals, there 
was a lack of association between expression of the Hippo path-
way components and genes involved in adipocyte differentiation. 
In the GCM identified in vgll3*EE, with the lowest preservation level 
between the genotypes (the black GCM in Figure 5), we observed 
a lack of a link between the GO terms related to fat cell differen-
tiation from the GO of the Hippo pathway. Interestingly, several 
genes encoding major components of Hippo pathway were among 
the genes that lacked coexpression preservation in vgll3*LL (tead1c, 
tead3a, sav1b and yap1). Sav1, an inhibitor of Yap, has been shown 
to play a main role in enhancing adipocyte differentiation in mam-
mals (Ardestani et al., 2018). Thus, these findings in the black GCM 
suggest that there are distinct transcriptional patterns of Hippo 
pathway components between the vgll3 genotypes in relation to 
adipogenesis, which might be a result of different sav1b and yap1 
regulatory functions in these genotypes. However, a direct regula-
tory connection between Sav1 and Vgll3 has not been investigated 
in any species. In the yellow GCM, we found no association between 
the GO term related to negative regulation of Wnt signalling and 
the GO of organ development. Strikingly, among the genes in this 
GCM showing lack of expression preservation between the geno-
types was a negative regulator of Wnt signalling, cdh2 (encoding 
N-cadherin), which is known to enhance adipogenesis by inhibiting 
Wnt signal (Haÿ et al., 2014). Moreover, cdh2 is a well-known regu-
lator of organ development (García-Castro et al., 2000), and also a 
downstream transcriptional target of vgll3 (together with pcdh18a 
which also lacks coexpression preservation in the yellow GCM) 
(Simon et al., 2017). Finally, cdh2 appeared to be critical for struc-
tural/mechanical regulation of Hippo pathway during adipose tissue 
development (Nardone et al., 2017).

In vgll3*EE individuals, we found a lack of association between 
expression of the Hippo pathway components and genes involved 
in structural morphogenesis. Among the identified GCMs in vgll3*LL 
genotype individuals, only one GCM containing genes involved in 
Hippo pathway, organ development and structural morphogenesis 
(depicted in blue in Figure 5) showed a low level of preservation be-
tween the genotypes. The adipose tissue morphogenesis and struc-
tural remodelling are major contributors to metabolic, functional and 
adaptive changes in this tissue (Choe et al., 2016; Liu et al., 2020). 
When the blue GCM was compared to its structure in vgll3*EE gen-
otype individuals, there was a lack of co-expression preservation 
for genes involved in tissue morphogenesis and remodelling such as 
cof2c (CFL2), col12a1a and fstl3b (Ahi, 2016; Chen et al., 2023; Galkin 
et al., 2011; Li et al., 2023) and adipogenesis such as fgfrl1 (Lecaudey 
et al., 2021; Wang et al., 2020). The preservation loss in this GCM 
resulted in the dissociation of the GO term related to structural 
morphogenesis from the other GOs (Hippo pathway and organ de-
velopment) (Figure 5). In addition, there was also an absence of coex-
pression preservation in vgll3*EE individuals for several members of 
Hippo pathway (mob1aa, tead2a and stk3b). Since the pathway itself 

F I G U R E  6 A schematic representation of the main findings 
linking vgll3 genotype and Hippo pathway components to different 
processes in the adipose tissue of Atlantic salmon. Colours indicate 
Hippo pathway modes of activity through the late and early 
maturation vgll3 genotypes (vgll3*LL: light blue and vgll3*EE: red), 
as well as distinct adipogenic/lipogenic (dark green) and lipolytic 
(light green) processes. Genes are colour coded according to vgll3 
genotype (blue or red) and lipogenesis/lysis statuses (dark or light 
green) indicating higher expression in the respective genotype 
and/or the resulting lipogenesis/lysis outcome of their higher 
expression. Arrow heads indicate activation whereas blocked head 
implies inhibition.
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is critical for adipose tissue remodelling and morphological modifica-
tion (Lecoutre et al., 2022; Shen et al., 2022), the lack of correlations 
with genes involved in morphogenesis is most likely a downstream 
consequence of transcriptional differences between the genotypes 
in these three key components of the Hippo pathway. Reciprocally, 
morphological/structural changes at the intra- and extra cellular lev-
els can mediate their effects on adipose tissue by regulating Hippo 
pathway signalling (Liu et al., 2022; Seo & Kim, 2018). These findings 
suggest that the differing role of the Hippo pathway between vgll3 
genotypes potentially results in distinct structural/morphological 
changes in the adipose tissue of the two vgll3 genotypes in salmon, 
and these differences are likely to be dependent on Yap/Taz tran-
scriptional activity. Another plausible scenario could be that the dif-
ferent vgll3 genotypes exhibit variations in the timing (heterochrony) 
of their interactions with the components of the Hippo pathway. 
Future studies incorporating additional time-points for each season 
could be crucial in investigating this possibility.

5  |  CONCLUSIONS

This study provides important molecular evidence linking ecological 
change (seasonality), physiological process (lipid metabolism/stor-
age) and genotype-linked life-history strategy variation (sexual mat-
uration). Our findings provide gene expression evidence supporting 
the previously proposed scenario in which Atlantic salmon immature 
males exhibiting genotype specific lipid profiles with vgll3*EE indi-
viduals increasing lipid storage between spring and autumn while 
vgll3*LL individuals do the opposite. Furthermore, such a pattern 
seems to be reversed (i.e. vgll3*EE individuals decreasing lipid stor-
age) in the mature individuals during autumn. At the molecular level, 
our results suggest that certain components of the Hippo signalling 
pathway (e.g. yap1, sav1, lats2, etc.) are potentially major drivers of 
the differing effects of vgll3 genotypes on the adipose tissue gene 
expression. However, more detailed functional assessments are re-
quired to better validate these suggested differences. Additional 
useful follow-up investigations include assessment of expression 
patterns in vgll3 heterozygotes, as well as whether similar genotype-
specific expression patters are observed in females.

AUTHOR CONTRIBUTIONS
EPA, CRP, JPV, JK and PVD conceived the study; JPV, PVD and CRP 
reared and sampled the fish; CRP and JE provided resources; AR, 
EPA and JPV performed experiments; EPA, JPV, PS and JK devel-
oped methodology and analysed the data; EPA, JPV and CRP inter-
preted 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.

ACKNOWLEDG EMENTS
We thank N. Piavchenko, S. Andrew, O. Andersson, T. Aykanat, 
Y. Czorlich, A. House, M. Lindqvist, N. Lorenzen, O. Mehtälä, K. 
Mobley, J. Moustakas-Verho, O. Ovaskainen, S. Papakostas, N. 

Parre, A. Ruokolainen, 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.

FUNDING INFORMATION
Funding was provided by Academy of Finland (grant numbers 
307593, 302873, 327255 and 342851), and the European Research 
Council under the European Articles Union's Horizon 2020 and 
Horizon Europe research and innovation programs (grant numbers 
742312 and 101054307). Views and opinions expressed are how-
ever those of the authors 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.

CONFLIC T OF INTERE S T S TATEMENT
Authors declare no competing interests.

DATA AVAIL ABILIT Y S TATEMENT
All the gene expression data generated during this study are in-
cluded in this article as File S1 and S2.

E THIC S S TATEMENT
Animal experimentation followed European Union Directive 
2010/63/EU under licence ESAVI/35841/2020 granted by the 
Animal Experiment Board in Finland (ELLA).

ORCID
Ehsan Pashay Ahi   https://orcid.org/0000-0002-6528-1187 
Pooja Singh   https://orcid.org/0000-0001-6576-400X 
Craig R. Primmer   https://orcid.org/0000-0002-3687-8435 

R E FE R E N C E S
Ahi, E. P. (2016). Signalling pathways in trophic skeletal development and 

morphogenesis: Insights from studies on teleost fish. Developmental 
Biology, 420(1), 11–31. https://​doi.​org/​10.​1016/J.​YDBIO.​2016.​10.​
003

Ahi, E. P., Frapin, M., Hukkanen, M., & Primmer, C. R. (2024). Hypothalamic 
expression analysis of m6A RNA methylation associated genes sug-
gests a potential role of epitranscriptomics in sexual maturation 
of Atlantic salmon. Aquaculture, 579, 740151. https://​doi.​org/​10.​
1016/J.​AQUAC​ULTURE.​2023.​740151

Ahi, E. P., Sinclair-Waters, M., Donner, I., & Primmer, C. R. (2023). A pitu-
itary gene network linking vgll3 to regulators of sexual maturation 
in male Atlantic salmon. Comparative Biochemistry and Physiology-
Part A: Molecular and Integrative Physiology, 275, 111337. https://​
doi.​org/​10.​1016/j.​cbpa.​2022.​111337

Ahi, E. P., Sinclair-Waters, M., Moustakas-Verho, J., Jansouz, S., & 
Primmer, C. R. (2022). Strong regulatory effects of vgll3 genotype 
on reproductive axis gene expression in juvenile male Atlantic 
salmon. General and Comparative Endocrinology, 325, 114055. 
https://​doi.​org/​10.​1016/j.​ygcen.​2022.​114055

Ardestani, A., Lupse, B., & Maedler, K. (2018). Hippo signaling: Key 
emerging pathway in cellular and whole-body metabolism. Trends in 

 1365294x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.17313 by L
uonnonvarakeskus, W

iley O
nline L

ibrary on [23/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0002-6528-1187
https://orcid.org/0000-0002-6528-1187
https://orcid.org/0000-0001-6576-400X
https://orcid.org/0000-0001-6576-400X
https://orcid.org/0000-0002-3687-8435
https://orcid.org/0000-0002-3687-8435
https://doi.org/10.1016/J.YDBIO.2016.10.003
https://doi.org/10.1016/J.YDBIO.2016.10.003
https://doi.org/10.1016/J.AQUACULTURE.2023.740151
https://doi.org/10.1016/J.AQUACULTURE.2023.740151
https://doi.org/10.1016/j.cbpa.2022.111337
https://doi.org/10.1016/j.cbpa.2022.111337
https://doi.org/10.1016/j.ygcen.2022.114055


14 of 16  |     AHI et al.

Endocrinology and Metabolism, 29(7), 492–509. https://​doi.​org/​10.​
1016/J.​TEM.​2018.​04.​006

Arnqvist, G., & Rowe, L. (2023). Ecology, the pace-of-life, epistatic selec-
tion and the maintenance of genetic variation in life-history genes. 
Molecular Ecology, 32, 4713–4724. https://​doi.​org/​10.​1111/​MEC.​
17062​

Barson, N. J., Aykanat, T., Hindar, K., Baranski, M., Bolstad, G. H., Fiske, P., 
Jacq, C., Jensen, A. J., Johnston, S. E., Karlsson, S., Kent, M., Moen, T., 
Niemelä, E., Nome, T., Næsje, T. F., Orell, P., Romakkaniemi, A., Sægrov, 
H., Urdal, K., … Primmer, C. R. (2015). Sex-dependent dominance at a 
single locus maintains variation in age at maturity in salmon. Nature, 
528(7582), 405–408. https://​doi.​org/​10.​1038/​natur​e16062

Benjamini, Y., & Yekutieli, D. (2001). The control of the false discovery 
rate in multiple testing under dependency. Annals of Statistics, 
29(4), 1165–1188. https://​doi.​org/​10.​1214/​Aos/​10136​99998​

Chakrabarti, P., & Kandror, K. V. (2009). FoxO1 controls insulin-
dependent adipose triglyceride lipase (ATGL) expression and lipoly-
sis in adipocytes. Journal of Biological Chemistry, 284(20), 13296–
13300. https://​doi.​org/​10.​1074/​jbc.​C8002​41200​

Chen, H. J., Yan, X. Y., Sun, A., Zhang, L., Zhang, J., & Yan, Y. E. (2023). 
Adipose extracellular matrix deposition is an indicator of obesity 
and metabolic disorders. The Journal of Nutritional Biochemistry, 
111, 109159. https://​doi.​org/​10.​1016/J.​JNUTB​IO.​2022.​109159

Chen, L., Hu, H., Qiu, W., Shi, K., & Kassem, M. (2018). Actin depolymer-
ization enhances adipogenic differentiation in human stromal stem 
cells. Stem Cell Research, 29, 76–83. https://​doi.​org/​10.​1016/J.​SCR.​
2018.​03.​010

Choe, S. S., Huh, J. Y., Hwang, I. J., Kim, J. I., & Kim, J. B. (2016). Adipose 
tissue remodeling: Its role in energy metabolism and metabolic dis-
orders. Frontiers in Endocrinology, 7, 30. https://​doi.​org/​10.​3389/​
FENDO.​2016.​00030/​​BIBTEX

Collins, E. E., Hargrove, J. S., Delomas, T. A., & Narum, S. R. (2020). 
Distribution of genetic variation underlying adult migration tim-
ing in steelhead of the Columbia River basin. Ecology and Evolution, 
10(17), 9486–9502. https://​doi.​org/​10.​1002/​ECE3.​6641

Cousminer, D. L., Widén, E., & Palmert, M. R. (2016). The genetics of 
pubertal timing in the general population: Recent advances and ev-
idence for sex-specificity. Current Opinion in Endocrinology, Diabetes 
and Obesity, 23(1), 57–65. https://​doi.​org/​10.​1097/​MED.​00000​
00000​000213

Czorlich, Y., Aykanat, T., Erkinaro, J., Orell, P., & Primmer, C. R. (2018). 
Rapid sex-specific evolution of age at maturity is shaped by genetic 
architecture in Atlantic salmon. Nature Ecology & Evolution, 2(11), 
1800–1807. https://​doi.​org/​10.​1038/​s4155​9-​018-​0681-​5

Dankel, S. N., Røst, T. H., Kulyté, A., Fandalyuk, Z., Skurk, T., Hauner, H., 
Sagen, J. V., Rydén, M., Arner, P., & Mellgren, G. (2019). The rho 
GTPase RND3 regulates adipocyte lipolysis. Metabolism, Clinical 
and Experimental, 101, 153999. https://​doi.​org/​10.​1016/J.​METAB​
OL.​2019.​153999

Debes, P. V., Piavchenko, N., Erkinaro, J., & Primmer, C. R. (2020). Genetic 
growth potential, rather than phenotypic size, predicts migration 
phenotype in Atlantic salmon. Proceedings of the Royal Society B: 
Biological Sciences, 287(1931), 20200867. https://​doi.​org/​10.​1098/​
rspb.​2020.​0867

Debes, P. V., Piavchenko, N., Ruokolainen, A., Ovaskainen, O., Moustakas-
Verho, J. E., Parre, N., Aykanat, T., Erkinaro, J., & Primmer, C. R. 
(2021). Polygenic and major-locus contributions to sexual matu-
ration timing in Atlantic salmon. Molecular Ecology, 30(18), 4505–
4519. https://​doi.​org/​10.​1111/​MEC.​16062​

Ducharme, N. A., & Bickel, P. E. (2008). Minireview: Lipid droplets in li-
pogenesis and lipolysis. Endocrinology, 149(3), 942–949. https://​doi.​
org/​10.​1210/​EN.​2007-​1713

El-Merahbi, R., Viera, J. T., Valdes, A. L., Kolczynska, K., Reuter, S., Löffler, 
M. C., Erk, M., Ade, C. P., Karwen, T., Mayer, A. E., Eilers, M., & 
Sumara, G. (2020). The adrenergic-induced ERK3 pathway drives li-
polysis and suppresses energy dissipation. Genes and Development, 

34(7–8), 495–510. https://​doi.​org/​10.​1101/​GAD.​333617.​119/​-/​
DC1

Galkin, V. E., Orlova, A., Kudryashov, D. S., Solodukhin, A., Reisler, E., 
Schröder, G. F., & Egelman, E. H. (2011). Remodeling of actin fila-
ments by ADF/cofilin proteins. Proceedings of the National Academy 
of Sciences of the United States of America, 108(51), 20568–20572. 
https://​doi.​org/​10.​1073/​PNAS.​11101​09108/​​SUPPL_​FILE/​SM01.​
MOV

García-Castro, M. I., Vielmetter, E., & Bronner-Fraser, M. (2000). N-
cadherin, a cell adhesion molecule involved in establishment of 
embryonic left-right asymmetry. Science, 288(5468), 1047–1051. 
https://​doi.​org/​10.​1126/​SCIEN​CE.​288.​5468.​1047/​ASSET/​​B8F70​
3F7-​BFA1-​4E9F-​8C56-​578E1​523A2​57/​ASSETS/​GRAPH​IC/​SE170​
85140​04.​JPEG

Goytain, A., & Ng, T. (2020). NanoString nCounter technology: High-
throughput RNA validation. Methods in Molecular Biology, 2079, 
125–139. https://​doi.​org/​10.​1007/​978-​1-​4939-​9904-​0_​10/​
COVER​

Guzmán, M., Lo Verme, J., Fu, J., Oveisi, F., Blázquez, C., & Piomelli, D. 
(2004). Oleoylethanolamide stimulates lipolysis by activating the 
nuclear receptor peroxisome proliferator-activated receptor α 
(PPAR-α). Journal of Biological Chemistry, 279(27), 27849–27854. 
https://​doi.​org/​10.​1074/​jbc.​M4040​87200​

Halperin, D. S., Pan, C., Lusis, A. J., & Tontonoz, P. (2013). Vestigial-like 3 
is an inhibitor of adipocyte differentiation. Journal of Lipid Research, 
54(2), 473–481. https://​doi.​org/​10.​1194/​jlr.​M032755

Haÿ, E., Dieudonné, F. X., Saidak, Z., Marty, C., Brun, J., Da Nascimento, 
S., Sonnet, P., & Marie, P. J. (2014). N-cadherin/Wnt interaction 
controls bone marrow mesenchymal cell fate and bone mass during 
aging. Journal of Cellular Physiology, 229(11), 1765–1775. https://​
doi.​org/​10.​1002/​JCP.​24629​

Hori, N., Okada, K., Takakura, Y., Takano, H., Yamaguchi, N., & Yamaguchi, 
N. (2020). Vestigial-like family member 3 (VGLL3), a cofactor for 
TEAD transcription factors, promotes cancer cell proliferation 
by activating the hippo pathway. Journal of Biological Chemistry, 
295(26), 8798–8807. https://​doi.​org/​10.​1074/​jbc.​ra120.​012781

House, A. H., Debes, P. V., Holopainen, M., Käkelä, R., Donner, I., Frapin, 
M., Pashay, E., Kurko, J., Ruhanen, H., & Primmer, C. R. (2023). 
Seasonal and genetic effects on lipid profiles of juvenile Atlantic 
salmon. BioRxiv, 2023.02.22.529528. https://​doi.​org/​10.​1101/​
2023.​02.​22.​529528

House, A. H., Debes, P. V., Kurko, J., Erkinaro, J., & Primmer, C. R. 
(2023). Genotype-specific variation in seasonal body condition 
at a large-effect maturation locus. Proceedings of the Biological 
Sciences, 290(1999), 20230432. https://​doi.​org/​10.​1098/​RSPB.​
2023.​0432

Ijichi, N., Ikeda, K., Horie-Inoue, K., Yagi, K., Okazaki, Y., & Inoue, S. 
(2007). Estrogen-related receptor α modulates the expression 
of adipogenesis-related genes during adipocyte differentiation. 
Biochemical and Biophysical Research Communications, 358(3), 813–
818. https://​doi.​org/​10.​1016/J.​BBRC.​2007.​04.​209

Jops, K., & O'Dwyer, J. P. (2023). Life history complementarity and the 
maintenance of biodiversity. Nature, 618(7967), 986–991. https://​
doi.​org/​10.​1038/​s4158​6-​023-​06154​-​w

Kjærner-Semb, E., Ayllon, F., Kleppe, L., Sørhus, E., Skaftnesmo, K., 
Furmanek, T., Segafredo, F. T., Thorsen, A., Fjelldal, P. G., Hansen, 
T., Taranger, G. L., Andersson, E., Schulz, R. W., Wargelius, A., & 
Edvardsen, R. B. (2018). Vgll3 and the hippo pathway are regulated 
in Sertoli cells upon entry and during puberty in Atlantic salmon 
testis. Scientific Reports, 8(1), 1–11. https://​doi.​org/​10.​1038/​s4159​
8-​018-​20308​-​1

Kurko, J., Debes, P. V., House, A. H., Aykanat, T., Erkinaro, J., & Primmer, 
C. R. (2020). Transcription profiles of age-at-maturity-associated 
genes suggest cell fate commitment regulation as a key factor in the 
Atlantic salmon maturation process. G3, 10(1), 235–246. https://​
doi.​org/​10.​1534/​g3.​119.​400882

 1365294x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.17313 by L
uonnonvarakeskus, W

iley O
nline L

ibrary on [23/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/J.TEM.2018.04.006
https://doi.org/10.1016/J.TEM.2018.04.006
https://doi.org/10.1111/MEC.17062
https://doi.org/10.1111/MEC.17062
https://doi.org/10.1038/nature16062
https://doi.org/10.1214/Aos/1013699998
https://doi.org/10.1074/jbc.C800241200
https://doi.org/10.1016/J.JNUTBIO.2022.109159
https://doi.org/10.1016/J.SCR.2018.03.010
https://doi.org/10.1016/J.SCR.2018.03.010
https://doi.org/10.3389/FENDO.2016.00030/BIBTEX
https://doi.org/10.3389/FENDO.2016.00030/BIBTEX
https://doi.org/10.1002/ECE3.6641
https://doi.org/10.1097/MED.0000000000000213
https://doi.org/10.1097/MED.0000000000000213
https://doi.org/10.1038/s41559-018-0681-5
https://doi.org/10.1016/J.METABOL.2019.153999
https://doi.org/10.1016/J.METABOL.2019.153999
https://doi.org/10.1098/rspb.2020.0867
https://doi.org/10.1098/rspb.2020.0867
https://doi.org/10.1111/MEC.16062
https://doi.org/10.1210/EN.2007-1713
https://doi.org/10.1210/EN.2007-1713
https://doi.org/10.1101/GAD.333617.119/-/DC1
https://doi.org/10.1101/GAD.333617.119/-/DC1
https://doi.org/10.1073/PNAS.1110109108/SUPPL_FILE/SM01.MOV
https://doi.org/10.1073/PNAS.1110109108/SUPPL_FILE/SM01.MOV
https://doi.org/10.1126/SCIENCE.288.5468.1047/ASSET/B8F703F7-BFA1-4E9F-8C56-578E1523A257/ASSETS/GRAPHIC/SE1708514004.JPEG
https://doi.org/10.1126/SCIENCE.288.5468.1047/ASSET/B8F703F7-BFA1-4E9F-8C56-578E1523A257/ASSETS/GRAPHIC/SE1708514004.JPEG
https://doi.org/10.1126/SCIENCE.288.5468.1047/ASSET/B8F703F7-BFA1-4E9F-8C56-578E1523A257/ASSETS/GRAPHIC/SE1708514004.JPEG
https://doi.org/10.1007/978-1-4939-9904-0_10/COVER
https://doi.org/10.1007/978-1-4939-9904-0_10/COVER
https://doi.org/10.1074/jbc.M404087200
https://doi.org/10.1194/jlr.M032755
https://doi.org/10.1002/JCP.24629
https://doi.org/10.1002/JCP.24629
https://doi.org/10.1074/jbc.ra120.012781
https://doi.org/10.1101/2023.02.22.529528
https://doi.org/10.1101/2023.02.22.529528
https://doi.org/10.1098/RSPB.2023.0432
https://doi.org/10.1098/RSPB.2023.0432
https://doi.org/10.1016/J.BBRC.2007.04.209
https://doi.org/10.1038/s41586-023-06154-w
https://doi.org/10.1038/s41586-023-06154-w
https://doi.org/10.1038/s41598-018-20308-1
https://doi.org/10.1038/s41598-018-20308-1
https://doi.org/10.1534/g3.119.400882
https://doi.org/10.1534/g3.119.400882


    |  15 of 16AHI et al.

Lange, A. W., Sridharan, A., Xu, Y., Stripp, B. R., Perl, A. K., & Whitsett, 
J. A. (2015). Hippo/yap signaling controls epithelial progenitor cell 
proliferation and differentiation in the embryonic and adult lung. 
Journal of Molecular Cell Biology, 7(1), 35–47. https://​doi.​org/​10.​
1093/​JMCB/​MJU046

Langfelder, P., & Horvath, S. (2008). WGCNA: An R package for weighted 
correlation network analysis. BMC Bioinformatics, 9, 1–13. https://​
doi.​org/​10.​1186/​1471-​2105-​9-​559

Langfelder, P., Luo, R., Oldham, M. C., & Horvath, S. (2011). Is my network 
module preserved and reproducible? PLoS Computational Biology, 
7(1), e1001057. https://​doi.​org/​10.​1371/​journ​al.​pcbi.​1001057

Lecaudey, L. A., Singh, P., Sturmbauer, C., Duenser, A., Gessl, W., & Ahi, E. 
P. (2021). Transcriptomics unravels molecular players shaping dor-
sal lip hypertrophy in the vacuum cleaner cichlid, Gnathochromis 
permaxillaris. BMC Genomics, 22(1), 506. https://​doi.​org/​10.​1186/​
s1286​4-​021-​07775​-​z

Lecoutre, S., Lambert, M., Drygalski, K., Dugail, I., Maqdasy, S., 
Hautefeuille, M., & Clément, K. (2022). Importance of the micro-
environment and mechanosensing in adipose tissue biology. Cells, 
11(15), 2310. https://​doi.​org/​10.​3390/​CELLS​11152310

Li, X., Zhang, H., Ma, X., Wang, Y., Han, X., Yang, Y., Yu, H., & Bao, Y. 
(2023). FSTL3 is highly expressed in adipose tissue of individuals 
with overweight or obesity and is associated with inflammation. 
Obesity (Silver Spring, Md), 31(1), 171–183. https://​doi.​org/​10.​1002/​
OBY.​23598​

Liu, F., He, J., Wang, H., Zhu, D., & Bi, Y. (2020). Adipose morphol-
ogy: A critical factor in regulation of human metabolic dis-
eases and adipose tissue dysfunction. Obesity Surgery, 30(12), 
5086–5100. https://​doi.​org/​10.​1007/​S1169​5-​020-​04983​-​6/​
FIGUR​ES/​2

Liu, L., Liu, X., Liu, M., Jihu, Y., Xie, D., & Yan, H. (2022). Mechanical sig-
nals induces reprogramming of mature adipocytes through the 
YAP/TAZ-binding motif. Experimental Cell Research, 415(1), 113109. 
https://​doi.​org/​10.​1016/J.​YEXCR.​2022.​113109

Liu, X., Lian, X., Liu, X., Du, Y., Zhu, Y., Hu, M., Zhang, P., Liu, Y., & Zhou, 
Y. (2021). Aldo-keto reductase family 1 member C1 regulates the 
osteogenic differentiation of human ASCs by targeting the proges-
terone receptor. Stem Cell Research & Therapy, 12(1), 1–13. https://​
doi.​org/​10.​1186/​S1328​7-​021-​02425​-​3/​FIGUR​ES/​5

Luo, M., Meng, Z., Moroishi, T., Lin, K. C., Shen, G., Mo, F., Shao, B., Wei, 
X., Zhang, P., Wei, Y., & Guan, K. L. (2020). Heat stress activates 
YAP/TAZ to induce the heat shock transcriptome. Nature Cell 
Biology, 22(12), 1447–1459. https://​doi.​org/​10.​1038/​s4155​6-​020-​
00602​-​9

Mazur, E. C., Vasquez, Y. M., Li, X., Kommagani, R., Jiang, L., Chen, R., 
Lanz, R. B., Kovanci, E., Gibbons, W. E., & DeMayo, F. J. (2015). 
Progesterone receptor transcriptome and cistrome in decidualized 
human endometrial stromal cells. Endocrinology, 156(6), 2239–
2253. https://​doi.​org/​10.​1210/​EN.​2014-​1566

Merrett, J. E., Bo, T., Psaltis, P. J., & Proud, C. G. (2020). Identification of 
DNA response elements regulating expression of CCAAT/enhancer-
binding protein (C/EBP) β and δ and MAP kinase-interacting kinases 
during early adipogenesis. Adipocyte, 9(1), 427–442. https://​doi.​
org/​10.​1080/​21623​945.​2020.​1796361

Meyers, V. E., Zayzafoon, M., Douglas, J. T., & McDonald, J. M. (2005). 
RhoA and cytoskeletal disruption mediate reduced osteoblas-
togenesis and enhanced adipogenesis of human mesenchymal 
stem cells in modeled microgravity. Journal of Bone and Mineral 
Research, 20(10), 1858–1866. https://​doi.​org/​10.​1359/​JBMR.​
050611

Miettinen, A., Dannewitz, J., Palm, S., Ahi, E. P., Romakkaniemi, A., Vähä, 
V., Östergren, J., Primmer, C. R., & Pritchard, V. L. (2023). Loci as-
sociated with maturation, migration and appetite control are linked 
with signals of fine-scale local selection in a large Atlantic salmon 
population. BioRxiv, 2023.08.23.553800. https://​doi.​org/​10.​1101/​
2023.​08.​23.​553800

Mobley, K. B., Aykanat, T., Czorlich, Y., House, A., Kurko, J., Miettinen, 
A., Moustakas-Verho, J., Salgado, A., Sinclair-Waters, M., Verta, J. 
P., & Primmer, C. R. (2021). Maturation in Atlantic salmon (Salmo 
salar, Salmonidae): A synthesis of ecological, genetic, and molecular 
processes. Reviews in Fish Biology and Fisheries, 21(1), 1–49. https://​
doi.​org/​10.​1007/​s1116​0-​021-​09656​-​w

Mogensen, S., & Post, J. R. (2012). Energy allocation strategy modifies 
growth-survival trade-offs in juvenile fish across ecological and en-
vironmental gradients. Oecologia, 168(4), 923–933. https://​doi.​org/​
10.​1007/​S0044​2-​011-​2164-​0/​FIGUR​ES/​9

Nardone, G., Oliver-De La Cruz, J., Vrbsky, J., Martini, C., Pribyl, J., 
Skládal, P., Pešl, M., Caluori, G., Pagliari, S., Martino, F., Maceckova, 
Z., Hajduch, M., Sanz-Garcia, A., Pugno, N. M., Stokin, G. B., & 
Forte, G. (2017). YAP regulates cell mechanics by controlling focal 
adhesion assembly. Nature Communications, 8(1), 1–13. https://​doi.​
org/​10.​1038/​ncomm​s15321

Narum, S. R., Di Genova, A., Micheletti, S. J., & Maass, A. (2018). Genomic 
variation underlying complex life-history traits revealed by genome 
sequencing in Chinook salmon. Proceedings of the Royal Society B: 
Biological Sciences, 285(1883), 20180935. https://​doi.​org/​10.​1098/​
RSPB.​2018.​0935

Pérez-Mancera, P. A., Bermejo-Rodríguez, C., González-Herrero, I., 
Herranz, M., Flores, T., Jiménez, R., & Sánchez-García, I. (2007). 
Adipose tissue mass is modulated by SLUG (SNAI2). Human 
Molecular Genetics, 16(23), 2972–2986. https://​doi.​org/​10.​1093/​
HMG/​DDM278

Perry, J. R., Day, F., Elks, C. E., Sulem, P., Thompson, D. J., Ferreira, T., 
He, C., Chasman, D. I., Esko, T., Thorleifsson, G., Albrecht, E., Ang, 
W. Q., Corre, T., Cousminer, D. L., Feenstra, B., Franceschini, N., 
Ganna, A., Johnson, A. D., Kjellqvist, S., … Ong, K. K. (2014). Parent-
of-origin-specific allelic associations among 106 genomic loci for 
age at menarche. Nature, 514(7520), 92–97. https://​doi.​org/​10.​
1038/​natur​e13545

Rowe, D. K., Thorpe, J. E., & Shanks, A. M. (2011). Role of fat stores in 
the maturation of male Atlantic salmon (Salmo salar) Parr. Canadian 
Journal of Fisheries and Aquatic Sciences, 48(3), 405–413. https://​
doi.​org/​10.​1139/​F91-​052

Sen Sharma, S., Vats, A., & Majumdar, S. (2019). Regulation of hippo 
pathway components by FSH in testis. Reproductive Biology, 19(1), 
61–66. https://​doi.​org/​10.​1016/j.​repbio.​2019.​01.​003

Seo, J., & Kim, J. (2018). Regulation of hippo signaling by actin remod-
eling. BMB Reports, 51(3), 151–156. https://​doi.​org/​10.​5483/​
BMBREP.​2018.​51.3.​012

Shen, H., Huang, X., Zhao, Y., Wu, D., Xue, K., Yao, J., Wang, Y., Tang, N., 
& Qiu, Y. (2022). The hippo pathway links adipocyte plasticity to 
adipose tissue fibrosis. Nature Communications, 13(1), 1–19. https://​
doi.​org/​10.​1038/​s4146​7-​022-​33800​-​0

Shu, Z., Gao, Y., Zhang, G., Zhou, Y., Cao, J., Wan, D., Zhu, X., & Xiong, 
W. (2019). A functional interaction between hippo-YAP signalling 
and SREBPs mediates hepatic steatosis in diabetic mice. Journal of 
Cellular and Molecular Medicine, 23(5), 3616–3628. https://​doi.​org/​
10.​1111/​jcmm.​14262​

Simon, E., Thézé, N., Fédou, S., Thiébaud, P., & Faucheux, C. (2017). 
Vestigial-like 3 is a novel Ets1 interacting partner and regulates tri-
geminal nerve formation and cranial neural crest migration. Biology 
Open, 6(10), 1528–1540. https://​doi.​org/​10.​1242/​BIO.​026153/​
256764/​AM/​VESTI​GIAL-​LIKE-​3-​IS-​A-​NOVEL​-​ETS1-​INTER​
ACTING

Sinclair-Waters, M., Piavchenko, N., Ruokolainen, A., Aykanat, T., 
Erkinaro, J., & Primmer, C. R. (2021). Refining the genomic lo-
cation of single nucleotide polymorphism variation affecting 
Atlantic salmon maturation timing at a key large-effect locus. 
Molecular Ecology, 31(2), 562–570. https://​doi.​org/​10.​1111/​mec.​
16256​

Singh, P., Ahi, E. P., & Sturmbauer, C. (2021). Gene coexpression networks 
reveal molecular interactions underlying cichlid jaw modularity. 

 1365294x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.17313 by L
uonnonvarakeskus, W

iley O
nline L

ibrary on [23/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1093/JMCB/MJU046
https://doi.org/10.1093/JMCB/MJU046
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1371/journal.pcbi.1001057
https://doi.org/10.1186/s12864-021-07775-z
https://doi.org/10.1186/s12864-021-07775-z
https://doi.org/10.3390/CELLS11152310
https://doi.org/10.1002/OBY.23598
https://doi.org/10.1002/OBY.23598
https://doi.org/10.1007/S11695-020-04983-6/FIGURES/2
https://doi.org/10.1007/S11695-020-04983-6/FIGURES/2
https://doi.org/10.1016/J.YEXCR.2022.113109
https://doi.org/10.1186/S13287-021-02425-3/FIGURES/5
https://doi.org/10.1186/S13287-021-02425-3/FIGURES/5
https://doi.org/10.1038/s41556-020-00602-9
https://doi.org/10.1038/s41556-020-00602-9
https://doi.org/10.1210/EN.2014-1566
https://doi.org/10.1080/21623945.2020.1796361
https://doi.org/10.1080/21623945.2020.1796361
https://doi.org/10.1359/JBMR.050611
https://doi.org/10.1359/JBMR.050611
https://doi.org/10.1101/2023.08.23.553800
https://doi.org/10.1101/2023.08.23.553800
https://doi.org/10.1007/s11160-021-09656-w
https://doi.org/10.1007/s11160-021-09656-w
https://doi.org/10.1007/S00442-011-2164-0/FIGURES/9
https://doi.org/10.1007/S00442-011-2164-0/FIGURES/9
https://doi.org/10.1038/ncomms15321
https://doi.org/10.1038/ncomms15321
https://doi.org/10.1098/RSPB.2018.0935
https://doi.org/10.1098/RSPB.2018.0935
https://doi.org/10.1093/HMG/DDM278
https://doi.org/10.1093/HMG/DDM278
https://doi.org/10.1038/nature13545
https://doi.org/10.1038/nature13545
https://doi.org/10.1139/F91-052
https://doi.org/10.1139/F91-052
https://doi.org/10.1016/j.repbio.2019.01.003
https://doi.org/10.5483/BMBREP.2018.51.3.012
https://doi.org/10.5483/BMBREP.2018.51.3.012
https://doi.org/10.1038/s41467-022-33800-0
https://doi.org/10.1038/s41467-022-33800-0
https://doi.org/10.1111/jcmm.14262
https://doi.org/10.1111/jcmm.14262
https://doi.org/10.1242/BIO.026153/256764/AM/VESTIGIAL-LIKE-3-IS-A-NOVEL-ETS1-INTERACTING
https://doi.org/10.1242/BIO.026153/256764/AM/VESTIGIAL-LIKE-3-IS-A-NOVEL-ETS1-INTERACTING
https://doi.org/10.1242/BIO.026153/256764/AM/VESTIGIAL-LIKE-3-IS-A-NOVEL-ETS1-INTERACTING
https://doi.org/10.1111/mec.16256
https://doi.org/10.1111/mec.16256


16 of 16  |     AHI et al.

BMC Ecology and Evolution, 21(62), 1–17. https://​doi.​org/​10.​1186/​
s1286​2-​021-​01787​-​9

Szklarczyk, D., Kirsch, R., Koutrouli, M., Nastou, K., Mehryary, F., 
Hachilif, R., Gable, A. L., Fang, T., Doncheva, N. T., Pyysalo, S., Bork, 
P., Jensen, L. J., & von Mering, C. (2023). The STRING database in 
2023: Protein–protein association networks and functional enrich-
ment analyses for any sequenced genome of interest. Nucleic Acids 
Research, 51(D1), D638–D646. https://​doi.​org/​10.​1093/​NAR/​
GKAC1000

Taranger, G. L., Carrillo, M., Schulz, R. W., Fontaine, P., Zanuy, S., Felip, 
A., Weltzien, F. A., Dufour, S., Karlsen, O., Norberg, B., Andersson, 
E., & Hansen, T. (2010). Control of puberty in farmed fish. General 
and Comparative Endocrinology, 165(3), 483–515. https://​doi.​org/​
10.​1016/j.​ygcen.​2009.​05.​004

Tassy, O., & Pourquié, O. (2014). Manteia, a predictive data mining sys-
tem for vertebrate genes and its applications to human genetic dis-
eases. Nucleic Acids Research, 42, D882–D891. https://​doi.​org/​10.​
1093/​nar/​gkt807

Tsakoumis, E., Ahi, E. P., & Schmitz, M. (2022). Impaired leptin signal-
ing causes subfertility in female zebrafish. Molecular and Cellular 
Endocrinology, 546, 111595. https://​doi.​org/​10.​1016/j.​mce.​2022.​
111595

Verta, J. P., Debes, P. V., Piavchenko, N., Ruokolainen, A., Ovaskainen, O., 
Moustakas-Verho, J. E., Tillanen, S., Parre, N., Aykanat, T., Erkinaro, 
J., & Primmer, C. R. (2020). Cis-regulatory differences in isoform 
expression associate with life history strategy variation in Atlantic 
salmon. PLoS Genetics, 16(9), e1009055. https://​doi.​org/​10.​1371/​
journ​al.​pgen.​1009055

Wang, S., Cao, S., Arhatte, M., Li, D., Shi, Y., Kurz, S., Hu, J., Wang, L., 
Shao, J., Atzberger, A., Wang, Z., Wang, C., Zang, W., Fleming, I., 
Wettschureck, N., Honoré, E., & Offermanns, S. (2020). Adipocyte 
Piezo1 mediates obesogenic adipogenesis through the FGF1/
FGFR1 signaling pathway in mice. Nature Communications, 11, 
2303. https://​doi.​org/​10.​1038/​S4146​7-​020-​16026​-​W

Wu, N., Zheng, F., Li, N., Han, Y., Xiong, X. Q., Wang, J. J., Chen, Q., Li, 
Y. H., Zhu, G. Q., & Zhou, Y. B. (2021). RND3 attenuates oxidative 
stress and vascular remodeling in spontaneously hypertensive rat 
via inhibiting ROCK1 signaling. Redox Biology, 48, 102204. https://​
doi.​org/​10.​1016/J.​REDOX.​2021.​102204

Yan, H., Li, Q., Li, M., Zou, X., Bai, N., Yu, Z., Zhang, J., Zhang, D., Zhang, 
Q., Wang, J., Jia, H., Wu, Y., & Hou, Z. (2022). Ajuba functions as a 
co-activator of C/EBPβ to induce expression of PPARγ and C/EBPα 
during adipogenesis. Molecular and Cellular Endocrinology, 539, 
111485. https://​doi.​org/​10.​1016/J.​MCE.​2021.​111485

Zhang, H., Su, F., Huang, L., Li, B., Yuan, X., Luo, M., & Ge, L. (2021). 
Effects of progesterone on the lipolysis of lipid droplets and prosta-
glandin E2 synthesis in murine cervical epithelial cells. Reproduction, 
Fertility and Development, 33(3), 209–219. https://​doi.​org/​10.​1071/​
RD20195

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Ahi, E. P., Verta, J.-P., Kurko, J., 
Ruokolainen, A., Singh, P., Debes, P. V., Erkinaro, J., & 
Primmer, C. R. (2024). Gene co-expression patterns in 
Atlantic salmon adipose tissue provide a molecular link 
among seasonal changes, energy balance and age at 
maturity. Molecular Ecology, 00, e17313. https://doi.
org/10.1111/mec.17313

 1365294x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.17313 by L
uonnonvarakeskus, W

iley O
nline L

ibrary on [23/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1186/s12862-021-01787-9
https://doi.org/10.1186/s12862-021-01787-9
https://doi.org/10.1093/NAR/GKAC1000
https://doi.org/10.1093/NAR/GKAC1000
https://doi.org/10.1016/j.ygcen.2009.05.004
https://doi.org/10.1016/j.ygcen.2009.05.004
https://doi.org/10.1093/nar/gkt807
https://doi.org/10.1093/nar/gkt807
https://doi.org/10.1016/j.mce.2022.111595
https://doi.org/10.1016/j.mce.2022.111595
https://doi.org/10.1371/journal.pgen.1009055
https://doi.org/10.1371/journal.pgen.1009055
https://doi.org/10.1038/S41467-020-16026-W
https://doi.org/10.1016/J.REDOX.2021.102204
https://doi.org/10.1016/J.REDOX.2021.102204
https://doi.org/10.1016/J.MCE.2021.111485
https://doi.org/10.1071/RD20195
https://doi.org/10.1071/RD20195
https://doi.org/10.1111/mec.17313
https://doi.org/10.1111/mec.17313

	Gene co-­expression patterns in Atlantic salmon adipose tissue provide a molecular link among seasonal changes, energy balance and age at maturity
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Fish material and tissue sampling
	2.1.1|Immature 1
	2.1.2|Immature 2
	2.1.3|Mature

	2.2|RNA extraction
	2.3|Nanostring nCounter mRNA expression panel
	2.4|Data analysis

	3|RESULTS
	3.1|Differences in gene expression between vgll3 genotypes
	3.2|Maturation-­specific gene expression differences
	3.3|Identification of gene coexpression networks

	4|DISCUSSION
	4.1|Gene expression patterns at the immature stage reflect higher lipid storage capacity of vgll3*EE individuals in the spring
	4.2|Gene expression patterns at the mature stage reflect higher lipid storage capacity of vgll3*LL individuals in the early autumn
	4.3|Gene expression patterns reflect reduced lipid storage capacity at the mature stage in both vgll3 genotypes but with less Hippo pathway dependency in vgll3*EE
	4.4|Gene expression-­GSI correlations suggests reduced lipid storage capacity at the mature stage in both vgll3 genotypes
	4.5|Gene expression network analysis suggests differing Hippo pathway associations in vgll3*EE and vgll3*LL individuals

	5|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ETHICS STATEMENT
	REFERENCES


