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Age at maturity is a major contributor to the diversity of life history strategies in organisms. The process of
maturation is influenced by both genetics and the environment, and includes changes in levels of sex hormones
and behavior, but the specific factors leading to variation in maturation timing are poorly understood. gnrhl
regulates the transcription of gonadotropin genes at pubertal onset in many species, but this gene is lacking in
certain teleost species including Atlantic salmon (Salmo salar), which raises the possibility of the involvement of
other important regulatory factors during this process. Earlier research has reported a strong association of
alternative alleles of the vgll3 gene with maturation timing in Atlantic salmon, suggesting it as a potential
candidate regulating reproductive axis genes. Here, we investigated the expression of reproductive axis genes in
one-year-old Atlantic salmon males with immature gonads and different vgll3 genotypes during the spawning
period. We detected strong vgll3 genotype-dependent differential expression of reproductive axis genes (such as
fshb, Thb, amh and igf3) tested in the pituitary, and testis. In addition, we observed differential expression of jun
(ap1) and nr5alb (sf1), potential upstream regulators of gonadotropins in the pituitary, as well as axin2, id3,
insl3, itch, ptgs2a and ptger4b, the downstream targets of amh and igf3 in the testis. Hereby, we provide evidence
of strong vgll3 genotype-dependent transcriptional regulation of reproductive axis genes prior to sexual matu-
ration and suggest alternative models for distinct actions of vgll3 genotypes on the related molecular processes.

1. Introduction

The age at which an individual reproduces, its age at maturity, is a
critical time-point in an organism’s life history as it affects fitness traits
including survival, and reproductive success (Mobley et al., 2021).
There is considerable variation in maturation age both within and
among species, and maturation timing thus contributes to the remark-
able variation observed in the life history strategies of organisms (Healy
et al., 2019). The process of maturation is influenced by both genetics
and the environment, and includes changes in levels of sex hormones
and behaviour (Varlinskaya et al., 2013), but the specific factors leading
to variation in maturation timing are not well understood (Mobley et al.,
2021).

The onset of puberty is associated with the expression of gonado-
tropins, i.e. follicle-stimulating hormone (fshb) and luteinizing hormone
(lhb) in the pituitary, and the level of gonadotropin release triggers
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sexual maturation (Lethimonier et al., 2004). The major upstream
regulator of fshb and [hb is gonadotropin releasing hormone (GnRH),
encoded by gnrhl and expressed in the hypothalamus (Whitlock et al.,
2019). Genomes of fishes of the family Salmonidae, that includes
Atlantic salmon (Salmo salar), lack gnrh1 and the compensatory role of
other members of the gnrh family, gnrh2 and gnrh3, in controlling pu-
berty has remained an ongoing area of debate (Munoz-Cueto et al.,
2020; Whitlock et al., 2019). Functional studies in zebrafish, which also
lack gnrh1, showed potential compensatory role of gnrh3 in regulation of
gonadotropins (Munoz-Cueto et al., 2020). However the presence of
potential upstream regulators of gonadotropin release other than the
gnrh family which can control the transcription of both fshb and lhb has
also been proposed (Jin and Yang, 2014; Munoz-Cueto et al., 2020). In
Atlantic salmon, the vestigial-like family member 3 gene (vgil3) is
strongly associated with maturation timing in the wild in both sexes but
also exhibits sex-specific maturation effects (Barson et al., 2015;
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Czorlich et al., 2018). This association between vgll3 and maturation
probability has been subsequently validated in one year-old males in
common garden settings (Debes et al., 2021; Sinclair-Waters et al., 2021;
Verta et al., 2020). This makes vgll3 a potential candidate regulating
reproductive axis genes, however, the molecular details of the action of
vgll3 on reproductive axis genes has remained unexplored. It has already
been suggested that vgll3 might affect gametogenesis by regulating cell
fate commitment genes (Kjeerner-Semb et al., 2018; Kurko et al., 2020),
and its repression in salmon testis has been associated with induced
onset of puberty (Kjeerner-Semb et al., 2018; Verta et al., 2020). A recent
study demonstrated that expression of alternative isoforms of vgll3 is
linked with the alleles associated with variation in age at maturity in
one-year-old salmon males (Verta et al., 2020). The vgll3 alleles previ-
ously associated with later and earlier maturation, vgll3*L and vgll3*E,
respectively, display cis-regulatory expression differences and vgll3*L
expresses a rare transcript isoform in the testis at the pre-pubertal stage.
However, the effects of alternative vgll3 alleles on gene expression of
other reproductive axis genes have yet to be investigated.

To further explore the role of vgil3 in sexual maturation, we exam-
ined the expression of reproductive axis genes in phenotypically
immature one year old Atlantic salmon males with different vgll3 ge-
notypes during the spawning period. We first investigated the expression
levels of nine reproductive axis genes including in the brain, pituitary,
and testis of one-year-old phenotypically immature male Atlantic
salmon with different vgll3 genotypes. Moreover, to elucidate the
mechanism by which vgll3 regulates the expression of reproductive axis
genes, we tested the expression level of other potential upstream regu-
lators of fshb and lhb in the pituitary (Jin and Yang, 2014), and down-
stream targets of anti-Miillerian hormone (amh) and insulin-like growth
factor-3 (igf3) in the testis (Morais et al., 2017).

2. Materials and methods
2.1. Animal material and genotyping

Atlantic salmon used for this study were a subset of individuals used
in Sinclair-Waters et al., 2021. Individuals used for this study were
selected from the males of a single family (family “FM_T7” in dryad
dataset https://doi.org/10.5061/dryad.kwh70rz3v), average length
13.5 cm, average mass 30.4 gm) resulting from crossing unrelated par-
ents (Kymijoki origin, F1 hatchery generation) with heterozygous
(vglI3*EL) genotypes, thus enabling assessment of expression patterns of
all vgll3 genotypes within a similar genetic background. Offspring vgil3
genotypes were determined as described in Sinclair-Waters et al 2021.
Phenotypically immature individuals were selected randomly until all
three genotypes were equally represented. Sex and maturation status
were determined phenotypically, by dissection of euthanized in-
dividuals and subsequent checking for the presence of female or male
gonads as outlined in Verta et al. (2020). GSI was measured for a sub-set
of fish whose maturation status had been subjectively categorized on a
scale of 1 (little or no phenotypic signs of testes maturation) to 4 (large
gonads leaking milt). The GSI for individuals in the immature category
(1) ranged from 0.0 to 0.05 whereas the GSI for mature individuals (3 or
4) was 100 times higher 4.7-5.6. All the males used in the current study
were classified as being stage 1 i.e. immature with slim testis and the
term “phenotypically immature” used here refers to males with testes
visually observed to belong to class ‘1’. Phenotype and genotype details
of each individual in the family are reported in (Supplementary data).

2.2. Sample collection, RNA extraction and cDNA synthesis

Tissue sampling took place approximately one-year post-fertiliza-
tion. Salmon were euthanized with anesthetic overdose (buffered tri-
caine methanesulfonate (MS-222)) and the brain, pituitary, and testes
dissected immediately from phenotypically immature males (10
vglI3*EE, 16 vglI3*EL, and 8 vglI3*LL individuals) using fine forceps.
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Tissue samples were snap frozen in liquid nitrogen and stored at —80 °C
until extraction. Dissected tissues were carefully homogenized using the
using a Bullet Blender (Next Advance). We extracted RNA from the
sampled brain and testis using the NucleoSpin RNA extraction kit
(Biotop), and pituitary using NucleoSpin RNA Clean-up XS (Biotop). The
RNA pellets were dissolved in 50 pl of nuclease-free water (Ambion),
and genomic DNA removed by incubation with DNasel. The quality and
quantity of RNA were assessed by NanoDrop 1000 v3.7 and Bioanalyzer
(Agilent), respectively, and 500 ng of RNA per sample was used for
cDNA synthesis using SuperScript™ III Reverse Transcriptase
(Invitrogen).

2.3. Candidate genes, designing primers and qPCR

We selected 9 candidate genes with a major role in regulating onset
of reproduction, 5 genes upstream of fshb and lhb, and 6 genes down-
stream of amh and igf3, as well as 7 candidate reference genes (Sup-
plementary data). Primer design was conducted as described by Ahi
etal., 2019, using the Primer Express 3.0 (Applied Biosystems, CA, USA)
and OligoAnalyzer 3.1 (Integrated DNA Technology) (Supplementary
data) based on gene sequences retrieved from the annotated Salmo salar
genome available in the Ensembl database, http://www.ensembl.org.
The qPCR reactions were prepared as described by Ahi et al., 2019, using
PowerUp SYBR Green Master Mix (Thermo Fischer Scientific), and were
performed on a Bio-Rad CFX96 Touch Real Time PCR Detection system
(Bio-Rad, Hercules, CA, USA). The details of qPCR program and calcu-
lation of primer efficiencies are described by Lecaudey et al. (2019).

2.4. Analysis of gene expression data

We implemented two common algorithms to validate the most
suitable reference gene(s); NormFinder (Andersen et al., 2004) and
geNorm (Vandesompele et al., 2002). These algorithms use different
analysis approaches to rank the most stably expressed reference genes.
The geometric means of the Cq values of the top three ranked most stable
reference genes across all individuals were used as normalization factors
to calculate the expression levels of our target genes in pituitary (Hprtl,
Gapdh and Elf1a) and testis (Gapdh, Actb1 and Hprt1) (Table 1) using the
following formula: ACq target = Cq target — Cq reference- In brain, we used
the expression of Elfla as the normalization factor as it was already
validated to be the most stable reference gene in this organ in Atlantic
salmon (Olsvik et al., 2005). Within each tissue, a biological replicate
with the lowest expression level for each gene (calibrator sample) was
selected to calculate AACq values (ACQ target — ACQ calibrator)- The rela-
tive expression quantities (RQ values) were calculated by 27224, and
their fold changes (logarithmic values of RQs) were used for statistical
analysis (Pfaffl, 2001). The student t-test was applied for the direct
comparisons of gene expression levels between the genotypes, followed
by Benjamini-Hochberg correction for multiple comparisons.

3. Results
3.1. Expression pattern of reproductive axis genes

There were weak differences between Atlantic salmon individuals
with different vgll3 genotypes in brain expression levels of three gnrh
family members. gnrh2 expression was higher in vglI3*EE than in
vglI3*EL and vgll3*LL individuals, but only significantly so compared to
vglI3*EL (Fig. 1A). This suggests that the potential regulatory effects of
vgll3 on pituitary expression of gonadotropins may be partly mediated
through differential regulation of gnrh2, but not gnrh3a and gnrh3b,
which did not show any differences, at least at this developmental stage
in males.

The most striking finding of this study was the remarkably higher
expression levels of the gonadotropin encoding genes, fshb and lhb, in
the pituitary of vglI3*EE individuals compared to the other two vgll3
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Table 1
Expression stability ranking of reference genes in testis and pituitary of Atlantic salmon. Abbreviations: NE = Not expressed, SV = stability value, M = mean value of
stability.
Pituitary Testis
geNorm NormFinder geNorm NormFinder
Ranking M Ranking sV Ranking M Ranking sV
Hprt1 0.780 Elfla 0.216 Gapdh 1.021 Actbl 0.212
Gapdh 0.785 Gapdh 0.251 Actb1 1.043 Gapdh 0.349
Elfla 0.788 Hprtl 0.266 Hprtl 1.107 Hprtl 0.390
Rnal8s 0.834 Rnal8s 0.391 Rps20 1.117 Rps20 0.508
Gépd 0.940 Gépd 0.427 Rnal8s 1.163 Rnal8s 0.522
Rps20 1.050 Rps20 0.456 Efla 1.183 Efla 0.545
Actbl 1.666 Actbl 0.625 G6pd NE Gépd NE
gnrh2 fshb Ihb amh igf3 jun nr5alb
ok ok %k % % ¥k * K %k K K K kK k.
* KRk Hkk Hkk EX.23 L] % EX 33 K%
i L el . S el .
M = 7.5 75 == 3 9 PR |
3 - . 4 ..
. 3 4 50 5.0 6 R 3 -
= — 5 2 e 2 5
2. = 2 . 25 25 3 %] ) .
5 S e B ;‘_TL acal 1 * == -
5 o . 0 U5 00 7o 0.0 0 0 0
5 EE EL L EE EL LL EE EL L EE EL LL EE EL LL EE EL LL EE EL LL
z
g E
=
= axin2 id3 insl3 itch ptger4b ptgs2a
() *% Ak **k * % *ok *
2 T ETTE T *xk i
© 15 & 15 N 5 4 E
5 4 50 - Hypothalamus
% . 20— d & 1 O — — N '_LH g Pituitary
W - . N . o
[o = 7 | 2 : Testis
5 1 R 5 5 .
g O BAP -, - = et 1
= ‘ i
0 . 0 ) 0 0 . ] (]
EE EL LL EE EL L EE EL LL EE EL L EE EL LL EE EL LL
vgllI3 genotype

L = late maturation allele  E = early maturation allele

Fig. 1. Reproductive axis genes with significant differential expression in juvenile immature male Atlantic salmon with different vgIl3 genotypes. (A-C)
Major reproductive axis genes with significant differences in expression levels in brain, pituitary and testis. (D) Differences in pituitary expression levels of tran-
scription factors at upstream of fshb and lhb. (E) Testis expression levels of downstream targets of amh and igf3. Small dots indicate individual expression levels, the
middle line represents the median, the box indicates the 25/75 percentiles and the whiskers the 5/95 percentiles for each plot. Asterisks above each plot indicate the
level of significance for differential expression (* P < 0.05; ** P < 0.01; *** P < 0.001).

genotypes (Fig. 1B). This indicates that the induction of gonadotropins
has been initiated in the pituitary of vglI3*EE males during the repro-
ductive season despite them being phenotypically immature.

In testis, we observed higher expression of igf3 and lower expression
of amh in vglI3*EE individuals compared to the two other genotypes
(Fig. 1C). However, we did not find any differential expression in testis
between the genotypes for the receptors of gonadotropins, fshr and lhr
(Supplementary data).

3.2. Expression pattern of selected upstream and downstream genes

We tested the expression of five candidate upstream regulators which
have been suggested to bind to promoters of both fshb and lhb across
different groups of vertebrates (Jin and Yang, 2014). Differential
expression between vgll3 genotypes was detected for jun (apl) and
nr5alb (sf1): the highest expression level was seen in vgll3*EE in-
dividuals, intermediate in vglI3*EL and the lowest expression level in
vglI3*LL (Fig. 1D). vgll3-related expression differences were not detected
for pitx1 and foxola (Supplementary data), and the expression levels of
foxp3b and nr5ala were below the qPCR detection threshold. This sug-
gests a potential direct regulatory link between the vgll3 alleles and jun
and nr5alb in the pituitary of male salmon.

We further tested the expression of five known downstream targets of
amh and a downstream target of igf3 in testis. The expression level of
vglI3*EE individuals differed significantly from the other genotypes in all
of these genes. axin2, a downstream target of igf3, showed a similar
expression pattern to igf3 with significantly higher expression in
vglI3*EE individuals than the other genotypes (Fig. 1E). Among the amh
downstream targets, two genes, ptgs2a and ptger4b, showed lower, and
three genes, id3, insl3 and itch, displayed higher expression levels in
vglI3*EE individuals than the other two genotypes (Fig. 1E).

4. Discussion

Here, we report the differential expression of reproductive axis genes
in the brain (gnrh2), pituitary (fshb, lhb, jun, and nr5alb), and testis
(amh, igf3, axin2, id3, insl3, itch, ptger4b, and ptgs2a) in phenotypically
immature one year old Atlantic salmon males with different vgll3 ge-
notypes. We find significant differences in expression of these genes
between vglI3*EE individuals compared to vgll3*EL and vglI3*LL in-
dividuals, suggesting that the regulation of these genes is vgll3 allele-
dependent.

The differential expression of gnrh2 in the brain showed the weakest
difference across genotypes, with other gnrh genes showing no
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differences in expression. Although the receptor of gnrh2 is also
expressed in the pituitary of Atlantic salmon during maturation (Ciani
et al., 2020), it is uncertain whether the weak changes in gnrh2
expression can be responsible for the dramatic changes in expression of
gonadotropins in this study, or whether other upstream player(s) are
involved. However, dramatic changes in expression of gonadotropins
may not necessarily lead to dramatic changes in their release. Further, it
should be emphasized that gnrh2 might bind to other gnrh receptors and
expression changes of these receptors can be an interesting target of
future studies. Therefore, we still cannot rule out the possibility of a
regulatory connection between vgll3 and gnrh genes in Atlantic salmon
based solely on lack of strong expression differences, and future func-
tional investigations are required to address this point.

We find higher expression of gonadotropins fshb and lhb in the pi-
tuitary of phenotypically immature vglI3*EE individuals compared to
vglI3*EL and vgll3*LL individuals. Consistent with this, we find that each
additional copy of the vglI3*E allele increased expression of jun and
nr5alb, candidate upstream regulators of fshb and [hb (Jin and Yang,
2014), in the pituitary of phenotypically immature individuals with
vglI3*EE individuals having the highest, vglI3*EL individuals interme-
diate, and vglI3*LL individuals the lowest relative expression of these
genes.

amh is a crucial factor in maintaining spermatogonia in an undif-
ferentiated state (Pfennig et al., 2015), whereas upregulation of igf3
stimulates spermatogonial proliferation and differentiation (Morais
et al., 2017). Intriguingly, expression of amh was lower and igf3 higher
in the testis of phenotypically immature vgll3*EE individuals as
compared to the testis of phenotypically immature vglI3*EL and vgll3*LL
individuals. This is likely due to higher expression of fshb of vgll3*EE
individuals, and potentially the essential higher level of release of Fsh
from the pituitary (although not investigated here), since fshb induces
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igf3 and inhibits amh expression, which can lead to the onset of matu-
ration (Li et al., 2021). The inhibitory effects of amh on spermatogonial
differentiation and the stimulatory effects of igf3 may be mediated by
differential regulation of their downstream targets, including id3, insl3,
itch, ptgs2a, ptger4b, and axin2 in testis.

Insulin-like peptide 3 gene, inls3, is expressed in Leydig cells in the
testis, and it has been shown in zebrafish that insl3 promotes sper-
matogonial differentiation and mediates the stimulatory effect of fshb on
spermatogenesis (Assis et al., 2016). Moreover, Sertoli cell-derived amh
inhibits spermatogonial differentiation partly through reducing the
expression levels of insl3 in Leydig cells in adult zebrafish (Skaar et al.,
2011). Consistently, we found reduced expression of insl3 in testis
accompanied with increased expression level of amh in vgll3*LL in-
dividuals of phenotypically immature Atlantic salmon. This suggests
amh dependent insl3 inhibition as a potential molecular mechanism by
which spermatogonial differentiation could be delayed in vglI3*LL
individuals.

Another feasible scenario for inhibition of spermatogonial differen-
tiation in vgll3*LL individuals could be the increased expression of ptgs2a
and ptger4b, which are known to be transcriptionally induced by amh in
fish testis (Morais et al., 2017). ptgs2a encodes a key enzyme involved in
production of a prostaglandin (PGE5), which reduces the mitotic activity
of differentiating spermatogonia, and thereby inhibits spermatogenesis
(Crespo et al., 2020). The inhibition of PGE; on the development of
spermatogonia seems to be mediated through a receptor encoded by
ptger4b expressed mainly by testicular somatic cells (Crespo et al., 2020).
Taken together, we suggest that in salmon with the vgli3*L allele, sexual
maturation may be delayed through an amh dependent mechanism of
inhibition of spermatogenesis (summarized in Fig. 2A).

The gene expression results were more complicated to interpret in
the phenotypically immature vglI3*EE salmon, since both gonadotropins

Fig. 2. Models for alternative modes of potential
vgll3-allele dependent regulatory interactions be-
tween the differentially expressed genes along the
reproductive axis in premature male Atlantic
salmon. Red arrows indicate transcriptional induc-
tion, blue blocked lines represent transcriptional in-
hibition and black crosses display expected inhibition
of transcriptional regulatory connections, whereas
question marks on the highlighted arrows indicate
unexpected regulatory outcomes via currently un-
known molecular mechanism(s). We hypothesize that
the vgll3*L allele promotes the premature state in the
testis via inhibition of spermatogonia differentiation,
whereas the premature state in vglI3*EE individuals
results from cell fate commitment prevention and thus
the maintenance of pluripotency in the testis via an
unknown amh independent mechanism.

Inhibition of

differentiation

Reduced
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had much higher expression levels in pituitary than the other vgll3 ge-
notypes as well as higher expression of igf3 and lower expression of amh
in testis. These expression patterns are reminiscent of the mature state
(Morais et al., 2017); however, all these individuals, sampled during the
spawning period, were immature. This indicates that although these
molecular changes were consistent with promotion of maturation, it
appears they were not sufficient for inducing maturation in these in-
dividuals in time for the spawning season. Previous studies showed that
male Atlantic salmon entering maturation can show transcriptional
changes along the reproductive axis while their testis are still pheno-
typically immature (Crespo et al., 2019; Schulz et al., 2019). Therefore,
although the males in this study had visually immature testis, the
transcriptional changes along the reproductive axis could indicate
entrance to maturation already at molecular level (Crespo et al., 2019;
Skaftnesmo et al., 2017). We find this unlikely in this experiment
however as other research with families created using the same salmon
broodstock, conducted in the same facilities and in similar conditions
resulted in clearly phenotypically distinguishable mature vs immature
individuals, with a significant association between mature parr matu-
ration and the vglI3*E allele (Debes et al., 2021; Sinclair-Waters et al.,
2021). This suggests that males able to mature during the spawning
season in this experiment should already have done so. Below we pro-
vide a scenario that may explain this.

In vglI3*EE fish, the increased expression of gonadotropins was
accompanied by increased expression of igf3, a growth factor with gonad
specific expression in teleost fish, which is induced by fshb and mediates
its effects on testis (Li et al., 2021). Moreover, the increased expression
of axin2, a downstream target of Igf3 involved in proliferation of un-
differentiated spermatogonia (Safian et al., 2018), indicates functional
activity of Igf3 in the testis of vglI3*EE fish. In contrast, the reduced
expression of amh was not accompanied by similar changes in two of its
downstream effectors, itch and id3, in vgll3*EE fish testis. This might
explain why these individuals exhibited no visually mature testes, since
both itch and id3 are known to inhibit cell fate commitment by con-
trolling the maintenance of self-renewal, pluripotency and the undif-
ferentiated state of progenitor cells (Morais et al., 2017) (summarized in
Fig. 2B) although it should be recognized that alternative options exist.
Why the reduced expression of amh did not result in decreased expres-
sion of itch and id3 in vglI3*EE fish thus requires further investigations.
This might be due to the presence of other unknown molecular gate-
keepers acting independently, as well as other potential regulatory
scenarios affecting this process, such as problems with the release of
growth factors, expression of binding proteins neutralizing growth fac-
tors and insufficient expression of growth factor receptors. To summa-
rize, the late vgll3 allele appears to promote the premature state in the
testis via inhibition of spermatogonia differentiation, whereas the pre-
mature state in vglI3*EE individuals might be a result of cell fate
commitment prevention and thus the maintenance of pluripotency in
the testis via an unknown amh independent mechanism (Fig. 2).
Therefore, the effects of the early vgll3 allele alone on testicular gene
expression pattern appeared to be insufficient to trigger testis matura-
tion at this stage in juvenile Atlantic salmon.
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