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Abstract 28 

Age at maturity is a key life history trait and a significant contributor to life history strategy 29 

variation. The maturation process is complex and influenced by genetic and environmental 30 

factors alike, but specific causes of variation in maturation timing remain elusive. In many 31 

species, the increase in the regulatory gonadotropin-releasing hormone 1 (GnRH1) marks the 32 
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onset of puberty. Atlantic salmon, however, lack the gene encoding GnRH1, suggesting other 33 

regulatory factors are involved in the maturation process. Earlier research in Atlantic salmon has 34 

found a strong association between alternative alleles of vgll3 and maturation timing, making 35 

vgll3 a candidate reproductive axis gene regulator. Recently we reported strong induction of 36 

gonadotropin encoding genes (fshb and lhb) in the pituitary of male Atlantic salmon homozygous 37 

for the vgll3 allele linked with the early maturation allele (E). The induction of gonadotropins 38 

was accompanied by increased expression of their direct upstream regulators, c-jun and sf1 39 

(nr5a1b) in the pituitary. In mammals, the transcriptional activation of c-jun and sf1 is also 40 

required for induction of fshb and lhb, however, GnRH1 is responsible for increased 41 

transcriptional activity of c-jun and sf1. The absence of gnrh1 in salmon raises the possibility of 42 

the involvement of other regulators upstream of these factors. In this study, we investigated such 43 

a possibility through a stepwise approach for identifying a gene regulatory network (GRN) 44 

containing c-jun and sf1 and using the zebrafish coexpression database and transcription factor 45 

motif enrichment analysis. We found a GRN containing c-jun with predicted upstream 46 

regulators, e2f1, egr1, foxj1 and klf4, which are also differentially expressed in the pituitary. 47 

Finally, we suggest a model for transcriptional regulation of c-jun and sf1in the absence of gnrh1 48 

in the pituitary, which may have broader implications across vertebrates.  49 

 50 

Keywords: 51 

Gene regulatory network, Atlantic salmon, Maturation timing, jun, sf1, vgll3, Hippo pathway 52 

 53 

Introduction  54 

Age at maturity, i.e., the age at which an individual reproduces, is a critical trait in an organism’s 55 

life history as it affects fitness traits such as survival and reproductive success (Mobley et al., 56 

2021). This life history trait varies both within and among species and thus contributes to the 57 

remarkable variation in life history strategies of organisms (Healy et al., 2019). The maturation 58 

process is influenced by both genetic and environmental signals and involves changes in, 59 

amongst other things, hormone levels and behavior (Varlinskaya et al., 2013), but the specific 60 

factors leading to variation in its timing are poorly understood, especially at the molecular level 61 
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(Howard and Dunkel, 2019; Leka-Emiri et al., 2017; Mobley et al., 2021). The major upstream 62 

regulator of sexual maturation in most species is gonadotropin releasing hormone (GnRH), 63 

encoded by gnrh1 and expressed in the hypothalamus (Whitlock et al., 2019). In Atlantic salmon, 64 

however, the absence of gnrh1 in its genome as well as the unresolved compensatory role of 65 

other members of the gnrh family, gnrh2 and gnrh3, in controlling puberty (Muñoz-Cueto et al., 66 

2020; Whitlock et al., 2019), brings into question the potential role of other molecular regulators.  67 

 68 

Genetic variation in vgll3 (the vestigial-like family member 3 gene) is strongly associated with 69 

maturation timing in both sexes of wild Atlantic salmon but also exhibits sex-specific maturation 70 

effects (Barson et al., 2015; Czorlich et al., 2018). This association between vgll3 genotype and 71 

maturation probability has been observed in one year-old male parr in common garden settings 72 

(Debes et al., 2021; Sinclair‐Waters et al., 2021; Verta et al., 2020). An expression study of 73 

alternative isoforms of vgll3 revealed a link between its alleles and variation in age at maturity in 74 

one-year-old salmon males (Verta et al., 2020). Our recent study also showed that vgll3 strongly 75 

affects the expression of reproductive axis genes in one year-old males (Ahi et al., 2022). In that 76 

study we reported marked increases in transcription of the gonadotropin encoding genes (fshb 77 

and lhb) and two of their upstream transcription factors (TFs), jun and sf1, in the pituitary of 78 

phenotypically immature male Atlantic salmon homozygous for the early-maturing associated 79 

vgll3*E allele (Ahi et al., 2022).  80 

 81 

In mammals, GnRH1 induces Fshb expression by stimulating Ap-1 TF complex, which is 82 

formed by a heterodimer of c-Jun (Jun) and c-Fos (Fos) (Coss et al., 2004). GnRH1 particularly 83 

enhances the expression of Jun, which binds to Fshb promoter. Moreover, the expression of Lhb 84 

and its reproductive function can be dependent on Jun transcriptional activity (Jonak et al., 85 

2018). The second TF, sf1 (or nr5a1), is known to cooperate with jun (c-Jun) enhancing 86 

transcriptional activity of jun in regulating numerous downstream target genes (Dubé et al., 87 

2009; Guo et al., 2007; Martin and Tremblay, 2009). Sf1 is also a known direct upstream 88 

regulator of both Lhb and Fshb and its transcriptional activity is again under the influence of 89 

GnRH1 in mammals (Haisenleder et al., 1996; Kaiser et al., 2000; Keri and Nilson, 1996).  90 

 91 
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The abovementioned findings in mammals raise the questions how jun and sf1 are induced in the 92 

pituitary of Atlantic salmon in the absence of gnrh1 and also how their transcriptional induction 93 

is linked to the vgll3*E allele. Here, we conduct a stepwise approach established in different 94 

teleost fish taxa (Ahi et al., 2021, 2015; Ahi and Sefc, 2018; Pohl et al., 2021) that combines 95 

knowledge-based and de novo methods with gene expression analysis to identify gene regulatory 96 

network(s), or GRNs, linking vgll3 function to differential expression of jun and sf1 in the 97 

absence of gnrh1 in the pituitary of Atlantic salmon. 98 

 99 

Materials and methods 100 

Animal material and genotyping 101 

The Atlantic salmon used in this study were a subset of the individuals used in Sinclair-Waters et 102 

al. (2021). All individuals used here were males from the same family (FM_T7 in the dryad 103 

dataset: https://doi.org/10.5061/dryad.kwh70rz3v). The fish were the offspring of unrelated 104 

parents of Kymijoki origin (F1 hatchery generation) that were heterozygous with respect to vgll3 105 

alleles (vgll3*EL) meaning that all three vgll3 genotypes occurred amongst full sibs of the 106 

family. This enabled the assessment of the expression patterns of all the possible vgll3 genotypes 107 

within an otherwise similar genetic background. The vgll3 genotypes of the offspring were 108 

determined as described in Sinclair-Waters et al. (2021).  109 

 110 

The fish were euthanized approximately one-year post-fertilization with an overdose of the 111 

anesthetic buffered tricaine methane sulfonate (MS-222) and dissected, and sex and maturation 112 

status were determined visually by observing the presence of female or male gonads as outlined 113 

in Verta et al. (2020). The maturation status of males was classified on a scale from 1 (no 114 

phenotypic signs of gonad maturation) to 4 (large gonads leaking milt). All the individuals in the 115 

current study were classified as stage 1 and referred to hereafter as “phenotypically immature” 116 

(Supplementary data). The gonadosomatic index (GSI) was calculated for a subset of the fish. 117 

The GSI for immature category 1 individuals ranged from 0.00 to 0.05, whereas the GSI for 118 

mature category 3 and 4 individuals was around 100 times higher, between 4.7-5.6.  119 

 120 

Sample collection, RNA extraction and cDNA synthesis 121 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 21, 2022. ; https://doi.org/10.1101/2022.06.20.496813doi: bioRxiv preprint 

https://doi.org/10.5061/dryad.kwh70rz3v
https://doi.org/10.5061/dryad.kwh70rz3v
https://doi.org/10.1101/2022.06.20.496813
http://creativecommons.org/licenses/by-nc-nd/4.0/


   
 

5 
 

The brain, pituitary, and testes of 34 (ten vgll3*EE, 16 vgll3*EL, and eight vgll3*LL) 122 

phenotypically immature males were sampled immediately following euthanasia using fine 123 

forceps. Tissue samples were snap frozen in liquid nitrogen and stored at -80 °C until extraction. 124 

Dissected tissues were homogenized with a bead mill homogenizer, Bead Ruptor Elite (Omni 125 

International Inc.). We extracted RNA from the sampled brain and testis using the NucleoSpin 126 

RNA kit (Macherey-Nagel GmbH & Co. KG), and the pituitary using the NucleoSpin RNA 127 

Clean-up XS kit (Macherey-Nagel GmbH & Co. KG). RNA samples were eluted in 50 μl 128 

nuclease-free water, and their concentration and quality assessed with NanoDrop ND-1000 and 129 

the 2100 Bioanalyzer system (Agilent Technologies, Inc.). To synthesize cDNA, we used 500 ng 130 

of RNA per sample and the iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Inc.).  131 

Gene selection, designing primers and qPCR 132 

We followed a previously established approach for GRN identification (Ahi et al., 2021, 2015; 133 

Ahi and Sefc, 2018; Pohl et al., 2021) using zebrafish co-expression data available at 134 

COXPRESdb (http://coxpresdb.jp/) version 7.0 (Obayashi et al., 2019). To do this, we first 135 

selected the 10 genes with the highest co-expression values with jun and sf1 (nr5a1b). Among 136 

the tested candidate co-expressed genes, those exhibiting expression differences similar to jun 137 

were selected for the upstream regulator prediction step. We conducted motif enrichment on 4 kb 138 

upstream sequences (promoter and 5’-UTR) of these genes using the MEME Suite algorithm 139 

(Bailey et al., 2009). The overrepresented motifs in the upstream regulatory sequences of the 140 

genes were compared to position weight matrices (PWMs) attained from the TRANSFAC 141 

database (Matys et al., 2003) using the STAMP tool (Mahony and Benos, 2007) in order to 142 

predict potential transcription factor (TF) binding sites. The prediction of functional associations 143 

was conducted using STRING v10 (http://string-db.org/), an interactome databases for 144 

vertebrates. 145 

Primer design was as described in Ahi et al., 2019, using two online tools: Primer Express 3.0 146 

(Applied Biosystems, CA, USA) and OligoAnalyzer 3.1 (Integrated DNA Technology) 147 

(Supplementary data) and gene sequences obtained from the recently annotated Salmo salar 148 

genome in the Ensembl database, http://www.ensembl.org. The qPCR reactions were prepared as 149 

described in Ahi et al., 2019, using PowerUp SYBR Green Master Mix (Thermo Fischer 150 

Scientific), and performed on a Bio-Rad CFX96 Touch Real Time PCR Detection system (Bio-151 
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Rad, Hercules, CA, USA). The details of the qPCR program and calculation of primer 152 

efficiencies are described in Ahi et al., 2019. 153 

 154 

Analysis of gene expression data 155 

To calculate the expression levels of our target genes, we utilized  three reference genes 156 

validated in the pituitary of Atlantic salmon: hprt1, gapdh, and elf1a. The geometric mean of the 157 

Cq values of of these genes was used as the normalization factor together with the following 158 

formula: ΔCq target = Cq target – Cq reference.  For each gene, a biological replicate with the lowest 159 

expression level across all the samples of the three vgll3 genotypes (calibrator sample) was 160 

selected to calculate ΔΔCq values (ΔCq target – ΔCq calibrator). The relative expression quantities 161 

(RQ values) were calculated as 2
−ΔΔCq

, and their fold changes (logarithmic values of RQs) were 162 

used for statistical analysis (Pfaffl, 2001). The Student’s t-test was applied for direct 163 

comparisons of gene expression levels between the genotypes, followed by Benjamini-Hochberg 164 

correction for multiple comparisons (Thissen et al., 2002). 165 

 166 

Results 167 

Expression patterns of nr5a1b co-expressed candidate genes 168 

Expression analysis of the top 10 genes co-expressed with nr5a1b revealed that only 3 genes, 169 

efna5b, mtf1 and zgc:113142 had marginally significant expression level differences between 170 

genotypes (Figure 1). These differences were unlike our previous finding in which nr5a1b 171 

expression was much higher in the vgll3*EE genotype than EL and LL genotypes. More 172 

specifically, enfa5b only shows a significant difference between EE and EL genotypes and mtf1 173 

displays a difference between the EE and LL genotypes, whereas zgc:113142 shows opposite 174 

expression patterns to nr5a1b, i.e. LL and EL genotypes have higher expression than the EE 175 

genotype. These observations suggest the absence of a co-regulatory connection between nr5a1b 176 

and the selected co-expressed genes in the pituitary of Atlantic salmon. This may also indicate 177 

that expression differences in nr5a1b are controlled by a regulatory element unique to this gene, 178 

which is probably not present in the promoters of the other co-expressed genes.  179 

 180 
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Expression patterns of jun co-expressed candidate genes 181 

We implemented the same approach to identify differential expression in jun co-expressed genes 182 

by selecting the top 10 genes ranked with highest probability of expression correlation with jun. 183 

Strikingly, all the selected genes were found to display significantly higher expression in 184 

vgll3*EE genotype individuals than in individuals with the two other vgll3 genotypes (Figure 2), 185 

thus following a similar expression pattern observed for jun in our previous study (Ahi et al., 186 

2022). These findings provide evidence supporting the possible presence of a co-regulatory 187 

connection between jun and the selected co-expressed genes in the pituitary of Atlantic salmon. 188 

 189 

Identification of transcription factors at upstream of jun co-expression module 190 

Next, we explored the presence of potential upstream regulators of the identified jun co-191 

expression module by investigating de novo enrichment of TF binding sites in the upstream 192 

regulatory sequences of the co-expressed genes. To do this, we used the promoters and 5’-UTR 193 

sequences of the jun co-expression module, i.e. jun and the top 10 candidate co-expressed genes 194 

with a similar expression patterns to jun (see the above section), for the motif enrichment 195 

analysis step. We identified 8 motifs enriched in the regulatory sequences of almost all of these 196 

genes (Table 1). We then parsed the motifs against the database for vertebrate TF binding sites 197 

and listed the top matched TF(s) for each motif in Table 1.  198 

 199 

Expression patterns of predicted TFs at upstream of of jun co-expression module 200 

The expression analysis of potential upstream TFs of the jun co-expression module showed that 201 

four of the TFs, e2f1, egr1, klf4 and foxj1a, had similar expression patterns to jun co-expression 202 

module genes, i.e. higher expression in vgll3*EE individuals than vgll3*EL and vgll3*LL 203 

individuals (Figure 3). It should be noted that the expression of one of the predicted TFs, foxd3, 204 

was not detected by qPCR, possibly due to its very low expression level in the pituitary. Taken 205 

together, these findings suggest that the GRN consists of four TFs upstream of a co-expression 206 

module of genes containing jun itself, and that the transcriptional activity of the GRN is under 207 

the influence of different vgll3 alleles. Finally in order to find functional links between vgll3 and 208 

the four TFs, we conducted functional associations analyses of the TFs together with vgll3 and 209 
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other components of the Hippo pathway (yap1, TAZ and TEADs) using an interactome database 210 

for vertebrates (Szklarczyk et al., 2015) (Figure 4A). The result showed that the TFs only have 211 

regulatory connections with yap1 and TEADs but not vgll3. 212 

 213 

Discussion  214 

In this study, we combined knowledge-based and de novo methods with gene expression analysis 215 

to identify GRNs, linking vgll3 function to differential expression of jun and sf1 in the absence 216 

of gnrh1 in the pituitary of Atlantic salmon. Using this approach, all 10 of the jun co-expressed 217 

candidate genes assessed displayed significantly higher expression in vgll3*EE genotype 218 

individuals than in individuals with the two other vgll3 genotypes. This vgll3 genotype 219 

associated expression pattern is in a similar direction to that observed earlier for jun (Ahi et al., 220 

2022) indicating the potential existence of shared upstream factors regulating the gene network. 221 

In addition we predicted 4 TFs, e2f1, egr1, foxj1 and klf4, upstream of the co-expressed genes 222 

that showed a similar expression pattern to jun with higher expression in vgll3*EE genotypes. 223 

Such a co-regulatory connection could be the result of transcriptional activity of shared upstream 224 

regulators binding to similar sites on the promoters or short distance sequences of the jun co-225 

expressed genes. 226 

Previous research in mammals provides some clues as to how these four transcription factors 227 

could potentially interact and subsequently exert their transcriptional activity in a vgll3 genotype-228 

specific manner. For example, e2f1 expression induction might be responsible for the increased 229 

expression of klf4 and egr1 (Riverso et al., 2017; Zhang et al., 2014; Zheng et al., 2009), but not 230 

foxj1 in the pituitary of the vgll3*EE genotype. Moreover, it has been shown that egr1 can act 231 

directly upstream of klf4 and induces its expression (Lai et al., 2012; Riddick et al., 2017). On 232 

the other hand, the similar expression patterns of the four identified TFs here could also indicate 233 

cooperative interactions among them in transcriptional regulation of jun and the other 234 

downstream co-expressed genes. In mammalian cells, cooperative interactions in regulation of 235 

shared downstream target genes have already been reported between egr1 and klf4 (Whitlock et 236 

al., 2011), and between e2f1 and egr1 (Wu et al., 2017).  237 
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Direct connections between vgll3 and the abovementioned TFs have not been reported in any 238 

vertebrates, however, an indirect connection is between these factors and vgll3 is conceivable 239 

through components of the Hippo signaling pathway. Based on findings in Atlantic salmon and 240 

other vertebrates, a multi-level connection between vgll3 and other components of the Hippo 241 

pathway has been recently proposed (Kurko et al., 2020). Vgll3 binds to TEAD transcription 242 

factors, which are major regulators of Hippo signaling, and acts as a cofactor influencing the 243 

downstream effects of the Hippo signaling pathway (Figeac et al., 2019; Hori et al., 2020; 244 

Kjærner-Semb et al., 2018; Meng et al., 2016; Mesrouze et al., 2020). More specifically, vgll3 245 

can activate the Hippo pathway by competing with YAP/TAZ interaction with TEADs, thereby, 246 

suppressing genes downstream of YAP/TAZ/TEADs while enhancing transcription of 247 

vgll3/TEADs downstream target genes (Hori et al., 2020). In Atlantic salmon, it has been shown 248 

that expression of vgll3 is negatively correlated with yap, which indicates negative 249 

transcriptional regulatory effects between these cofactors (Kurko et al., 2020). In addition, a 250 

recent study hypothesized that a short isoform of vgll3, mainly encoded by the vgll3*L allele, has 251 

stronger inhibitory effects on yap1 expression and its interaction with TEADs (Verta et al., 252 

2020). By predicting functional associations of the identified TFs, along with vgll3, yap1 and 253 

TEADs, using an interactome database for vertebrates (Szklarczyk et al., 2015), our current 254 

study found that the TFs only show regulatory connections with yap1 and TEADs but not vgll3 255 

(Figure 4A). This could indicate an indirect regulatory connection between vgll3 and the 256 

identified TFs through yap1 and TEADs. Interestingly, it has been shown in mammalian cells 257 

that Yap acts directly upstream of two of the identified TFs, e2f1 and foxj1, by enhancing their 258 

transcription (Mahoney et al., 2014; Mizuno et al., 2012; Oku et al., 2018). These findings in 259 

mammals could explain both an indirect connection between the identified TFs and vgll3, as well 260 

as the reduced expression of the TFs in the pituitary of fish carrying the vgll3*L allele. Using this 261 

knowledge, we propose a hierarchical regulatory cascade in which the short vgll3 isoform has 262 

stronger inhibitory effects on yap1 and thus leads to reduced expression of yap1 and its 263 

downstream TFs, e2f1 and foxj1. Subsequently, the decreased e2f1 expression leads to reduced 264 

expression of its downstream target TFs, egr1 and klf4. Finally, the reduced expression of all 265 

four TFs predicted upstream of jun causes reduced expression of jun and its co-expressed genes 266 

(depicted in Figure 4B).   267 
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By combining knowledge of previous studies with our current results, we propose another 268 

hierarchical regulatory cascade involving Hippo signaling, sf1, and gonadotropins in the pituitary 269 

of male Atlantic salmon, which may be affected by changes in the availability of different vgll3 270 

isoforms (Fig. 4B). In this cascade, the stronger vgll3 mediated repression of the Yap/Taz 271 

interaction with Tead1-4 in the vgll3*LL genotype weakens the stimulatory effect of 272 

Yap/Taz/Tead on a potential ERα-activated enhancer (at upstream of sf1). Subsequently, this 273 

leads to reduced expression of sf1 in the pituitary of vgll3*LL compared to vgll3*EE individuals 274 

(see Figure 4). Sf1 (also called nr5a1b) is a TF belonging to the nuclear receptor superfamily, 275 

and is essential for anterior pituitary stem cell differentiation into the gonadotrope cell lineage 276 

(Ingraham et al., 1994). As with jun, we tested the expression of the top genes co-expressed with 277 

sf1 but did not find similar expression differences. This could indicate that regulatory elements 278 

other than those acting on short distance binding elements (within the promoters) may be 279 

involved, since the co-expressed genes usually have binding sites for similar TFs on their 280 

promoter region. One possibility could be the existence of a long distance enhancer specifically 281 

regulating sf1 expression (but not the other co-expressed genes). Evidence in mammals supports 282 

this hypothesis: a pituitary ERα-activated enhancer (an enhancer for the estrogen receptor) has 283 

been shown to specifically trigger the expression of Sf1 in mammals (Pacini et al., 2019). It has 284 

been shown in mammalian cells that ERα enhancers can be activated through a non-canonical 285 

YAP/TEAD pathway by which both YAP and TEAD act as co-factors binding to ERα enhancers 286 

and increase estrogen-induced transcriptional activity (Zhu et al., 2019).  287 

Taken together, we propose a model which summarizes our results and hypothesis by depicting 288 

potential hierarchical and interconnected GRN involving Hippo signaling, jun and sf1 TFs and 289 

gonadotropins in the pituitary of male Atlantic salmon, which may be affected by changes in the 290 

changes availability of different vgll3 isoforms (Fig. 4B). Moreover, the proposed regulatory 291 

connections seem to be independent of gnrh1 function, which is lacking in the genome Atlantic 292 

salmon. Future studies with larger sample sizes including good representation of all vgll3 293 

genotypes as well as different population backgrounds will help shed further light on the details 294 

and expression patterns of the proposed GRN.  295 

 296 

Conclusions 297 
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This study provides the first evidence for the existence of a complex gene regulatory network in 298 

the pituitary of Atlantic salmon that appears to be downstream of the Hippo pathway, i.e. under 299 

direct control of Yap/TEADs canonical and non-canonical signals, and thus, indirectly linked to 300 

vgll3 function. The canonical signal consists of transcription factors such as e2f1, egr1, klf4 and 301 

foxj1a and their downstream genes, jun and its co-expressed genes, whereas the non-canonical 302 

signal involves sf1 (nr5a1b) probably through an ERα-activated enhancer. Both signals seem to 303 

be active in transcriptional regulation of gonadotropin encoding genes. The gene regulatory 304 

network proposed here may be one of the molecular cascades that regulate transcription of 305 

gonadotropins in species lacking gnrh1. Further functional investigations are required to validate 306 

this hypothesis.  307 
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Table 1. Predicted TF binding sites for potential upstream regulators of the identified jun 546 

co-expressed genes. PWD ID indicates the positional weight matrix ID of a predicted binding 547 

site and E-values refer to matching similarity between the predicted motif sequences and the 548 

PWD IDs. ‘Count’ indicates the number of genes inferred in the network containing the 549 

predicted motif sequence in their regulatory region. 550 

TF binding 

site 
PWM ID Count Predicted motif sequence E-value 

Foxd3 M00130 10/11 GTTDTYSTTTDTTTK 5.36E-08 

Rreb1 M00257 10/11 SCACCCMCACACMMHCACWCMCCC 5.71E-08 

Foxj1 M00742 10/11 MASTSCAGWCACAWAAVMAAHCAAA 1.71E-07 

Egr1 M00982 11/11 ATGCYCCCSCBCCTYCCCVTS 4.64E-07 

Sox10 MA0442.1 10/11 CTCACAAAGAC 7.72E-07 

E2f1 M00430 11/11 CCKSCAATSCHCDAGTCWGC 2.14E-05 

Klf4 MA0039.1 10/11 AAAGRGGRAARGAAR 2.29E-05 

Foxo3 MA0157.1 11/11 ACTGTAAARAAAAA 5.46E-05 
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 560 

Figure 1. Expression analysis of selected candidate genes co-expressed with nr5a1b in the 561 

pituitary of male Atlantic salmon with different vgll3 genotypes. Small dots indicate 562 

individual expression levels, the middle line represents the median, the box indicates the 25/75 563 

percentiles and the whiskers the 5/95 percentiles for each plot. Asterisks above each plot indicate 564 

significantly different differential expression comparisons (* P < 0.05; ** P < 0.01; *** 565 

P < 0.001). 566 
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 577 

Figure 2. Expression analysis of selected candidate genes co-expressed with jun in the 578 

pituitary of male Atlantic salmon with different vgll3 genotypes. Small dots indicate 579 

individual expression levels, the middle line represents the median, the box indicates the 25/75 580 

percentiles and the whiskers the 5/95 percentiles for each plot. Asterisks above each plot indicate 581 

the level of significance for differential expression comparisons (* P < 0.05; ** P < 0.01; *** 582 

P < 0.001). 583 
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 595 

Figure 3. Expression analysis of predicted upstream regulators of jun co-expressed genes in 596 

the pituitary of male Atlantic salmon with different vgll3 genotypes. Small dots indicate 597 

individual expression levels, the middle line represents the median, the box indicates the 25/75 598 

percentiles and the whiskers the 5/95 percentiles for each plot. Asterisks above each plot indicate 599 

the level of significance for differential expression comparison (* P < 0.05; ** P < 0.01; *** 600 

P < 0.001). 601 
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 613 

Figure 4. Alternative modes of vgll3-allele regulatory effects on upstream regulators of 614 

gonadotropins in male Atlantic salmon. (A) Predicted functional associations between the 615 

predicted differentially expressed TFs and components of the Hippo signaling pathway based on 616 

STRING v10 (http://string-db.org/), an interactome databases for vertebrates. (B) Proposed 617 

models for the indirect vgll3 regulatory connections with the genes investigated in this study. We 618 

hypothesize that the vgll3*L allele, which promotes transcription of vgll3 short isoform with 619 

stronger inhibitory effects on Yap/Taz binding to Tead1-4, is responsible for the decreased 620 

expression level of the identified transcription factors, e2f1, egr1, foxj1 and klf4. In the vgll3*E 621 

allele, however, the short isoform of vgll3 is less transcribed causing more Yap/Taz binding to 622 

Tead1-4. This results transcriptional activation of Yap/Taz downstream targets i.e. the identified 623 

TFs, and thus also jun and gonadotropin encoding genes.  624 
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