
General and Comparative Endocrinology 259 (2018) 165–175
Contents lists available at ScienceDirect

General and Comparative Endocrinology

journal homepage: www.elsevier .com/locate /ygcen
Research paper
Sex hormone-binding globulin b expression in the rainbow trout ovary
prior to sex differentiation
https://doi.org/10.1016/j.ygcen.2017.11.021
0016-6480/� 2017 Elsevier Inc. All rights reserved.

⇑ Corresponding author.
E-mail address: craraned@uchile.cl (C. Araneda).
Claudio Pérez a,b, Cristian Araneda a,⇑, Francisco Estay c, Nelson F. Díaz a, Denise Vizziano-Cantonnet d

a Laboratorio de Genética y Biotecnología en Acuicultura, Facultad de Ciencias Agronómicas, Universidad de Chile, Avenida Santa Rosa #11315, Santiago de, Chile
b Programa Cooperativo de Doctorado en Acuicultura, Escuela de Postgrado, Facultad de Ciencias Agronómicas, Universidad de Chile, Avenida Santa Rosa #11315, Santiago de, Chile
cPiscicultura Huililco Ltda, Camino a Caburgua km 17, Pucón IX Región, Chile
d Laboratorio de Fisiología de la Reproducción y Ecología de Peces, Facultad de Ciencias, Universidad de la República Oriental del Uruguay, Iguá 4225, Montevideo 11400, Uruguay

a r t i c l e i n f o a b s t r a c t
Article history:
Received 21 June 2017
Revised 23 November 2017
Accepted 23 November 2017
Available online 24 November 2017

Keywords:
Ovarian development
Sex hormone-binding globulin
Steroids
Fish sexual differentiation
Salmonids have two sex hormone-binding globulin (Shbg) paralogs. Shbga is mainly expressed in the
liver, while Shbgb is secreted by the granulosa cells of the rainbow trout ovary. Coexpression of shbgb
and the gonadal aromatase cyp19a1a mRNAs been observed in granulosa cells, suggesting a physiological
coordination between Shbgb expression and estrogen synthesis. As estrogens are essential for female sex
determination in the fish ovary, we propose that Shbgb participates in early ovarian differentiation, either
by binding with estrogen or through another mechanism that remains to be discovered. To elucidate this
potential role, monosex populations of female trout were studied during the molecular ovarian differen-
tiation period (28–56 dpf). shbgb mRNA expression was measured using qPCR and compared with
expression of genes for other ovarian markers (cyp19a1a, foxl2, follistatin, and estrogen receptors). shbgb
transcript expression was detected during the final stages of embryonic development (21–26 dpf) and
during molecular ovarian differentiation (32–52 dpf) after hatching (which occurred at 31 dpf). In situ
hybridization localized shbgb transcription to the undifferentiated ovary at 42 dpf, and shbgb and
cyp19a1amRNA showed similar expression patterns. These results suggest that Shbgb is involved in early
ovarian differentiation, supporting an important role for the salmonid shbgb gene in sex determination.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

Comparative studies of vertebrate ovarian differentiation have
shown that the process is highly dependent on estrogens in fish,
whereas in mammals, sex determination is entirely chromosomal
(Cutting et al., 2013; Guiguen et al., 1999; Guiguen et al., 2010;
Piferrer and Donaldson, 1994; Yamamoto, 1969). During early
gonadal development of fish, estrogens stimulate foxl2a expression
(Baron et al., 2004; Vizziano-Cantonnet et al., 2008) and upregulate
transcription of the gonadal aromatase gene cyp19a1a (Wang et al.,
2007), likely explaining the elevated foxl2a and cyp19a1a expres-
sion levels detectable at the onset of ovarian differentiation (Ijiri
et al., 2008; Vizziano et al., 2007). Follistatin is another sexually-
dimorphic factor that plays an important role in early ovarian dif-
ferentiation (Vizziano-Cantonnet et al., 2008; Vizziano et al., 2007).
Notably, expression of the genes for Follistatin and Cyp19a1a is
upregulated in the same cells (Nicol et al., 2013), and both genes
are stimulated in vivo by estrogens (Vizziano-Cantonnet et al.,
2008).

Estrogens are critical to early ovarian development in trout
(Guiguen et al., 2010). Estrogen production, in turn, depends on
the activity of Cyp19a1a, which converts androgens to estrogens.
A recent report describing the masculinization of zebrafish after
gonadal aromatase knockout (Lau et al., 2016) confirmed the key
role of aromatase and estrogens in the sexual differentiation of tel-
eost fish. Therefore, understanding the regulation of intragonadal
estrogen concentrations is important in elucidating the sex differ-
entiation process of fish. Some authors suggest that steroid-
binding proteins may regulate estrogen levels (Bobe et al., 2008;
Hammond, 2011; Miguel-Queralt et al., 2009; Rosner et al.,
2010). The SHBG protein, encoded by the shbga gene, is common
to all vertebrates, including fish, and is secreted mainly in the liver
to regulate circulating steroid levels (Hammond, 2011; Rosner
et al., 2010). A SHBG ortholog is also expressed in the vertebrate
testis, referred to as androgen-binding protein (Foucher and Le
Gac, 1989). Salmonids, however, have two sex hormone-binding
globulin genes, possibly attributable to an ancestral fourth
whole-genome duplication (4R WGD or Ss4R) (Berthelot et al.
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(2014). These two genes encode the paralogous proteins Shbga and
Shbgb (Bobe et al., 2010). Shbgb is unique to the Salmonidae family
and is secreted principally in the follicular cells of the ovary (Bobe
et al., 2010, 2008). Shbgb binds with both estradiol and testos-
terone in trout (Bobe et al., 2008) but is more selective for estradiol
in Coho salmon (Miguel-Queralt et al., 2009). Coexpression of
shbgb and cyp19a1a in ovarian follicular cells during and after
vitellogenesis suggests an interaction between the two proteins
(Bobe et al., 2008). Interestingly, shbgb and cyp19a1a are both stim-
ulated during vitellogenesis, and expression of both genes is
repressed during oocyte maturation, when estrogen production
drops (Bobe et al., 2008). Moreover, shbgb expression is upregu-
lated in the trout ovary during early gametogenesis (Marivin
et al., 2014) in parallel with the proliferation of germ cells
(Yoshizaki et al., 2010). Another study has suggested that estrogens
play a key role in ovarian germ cell regulation during early game-
togenesis (Miura et al., 2007), and results in the juvenile and adult
trout ovary support a role for shbgb in local regulation of estrogens.

Estrogens are produced very early in trout, during the first steps
of ovarian differentiation (Baron et al., 2004; Vizziano et al., 2007),
and are known to regulate genes involved in sexual determination
(Vizziano-Cantonnet et al., 2008). These data suggest that Shbgb
may be involved in regulating early ovarian differentiation, in con-
junction with Cyp19a1a. To elucidate the potential role of Shbgb,
we studied the expression of shbgb and the gonadal aromatase
gene cyp19a1a during early ovarian differentiation in genetic
monosex female populations of rainbow trout. Because the activity
of estrogens and their interactions with the nuclear estrogen
receptor may activate shbgb transcription (Bobe et al., 2008), a
complementary analysis of estrogen receptors was also performed.
2. Materials and methods

2.1. Animal rearing

The portions of the study involving animal experimentation
were carried out in strict accordance with the recommendations
of the U.S. National Institutes of Health Guide for the Care and
Use of Laboratory Animals (NIH publication number 85–23, revised
1996). The study was approved by the Institutional Animal Care
and Use Committee of the Universidad de Chile and the
CONICYT-Fondecyt Bioethics Advisory Committee in Chile. All-
female populations of rainbow trout were reared under natural
photoperiods and a temperature range of 8–12 �C at the Huililco
fish farm (Pucón, Chile) until first reproduction, as previously
described (Estay et al., 2012). All fish received a similar diet and
were maintained under normal temperatures from fertilization
until 20 days post-fertilization (dpf). At 20 dpf, about 1000 eyed
larvae were transferred to laboratory test conditions and placed
in 0.3 m3 tanks. The embryos were transferred into a recirculated
water system and kept under a controlled photoperiod at a tem-
perature of 10 �C. Under these conditions, hatching occurred at
28–32 dpf. After complete yolk reabsorption (56 dpf), the fish were
fed a commercial diet ad libitum (Estay et al., 2012) and grown to
85 dpf.
2.2. Animal sampling

Various experiments were performed to measure shbgb levels
during early gonadal development. In the first experiment, the
ovaries of female fish at 5, 7, and 12+ months of age and the gonads
of one male fish at 12+ months of age were collected for histology
(preserved in formaldehyde, 10%) and gene expression assessment
(frozen at �80 �C until RNA extraction). One biological replicate
was collected for each stage. The ovarian and testicular samples
were used to validate previously-described shbgb primers (Bobe
et al., 2008) and to confirm gene expression in the immature ovary.
The amplified fragments were purified and sequenced to validate
the products of qPCR.

Once the primers were validated, a second experiment was per-
formed. The head and trunk of the fish from the genetic monosex
female populations were collected during pre-eclosion (21–28
dpf), eclosion (31 dpf), post-eclosion (32–48 dpf), and first feeding
(56 dpf) and frozen at �80 �C until RNA extraction. Differential
expression patterns for sexually-dimorphic genes were expected
to appear at around 32, 35, 40, 48, and 56 dpf at 10–11 �C
(Vizziano et al., 2007). shbgb mRNA expression was analyzed using
RT-PCR and qPCR in one biological replicate and two technical
replicates. As temperature was not measured during embryo and
larval rearing in this experiment, the molecular ovarian differenti-
ation stage was confirmed by measuring cyp19a1a and foxl2a
mRNA expression with qPCR (Vizziano et al., 2007). The presence
of shbgb was confirmed by sequencing the products obtained by
RT-PCR in an additional experiment.

During a third experiment, the larval trunks from the genetic
monosex female populations reared at 10 �C were sampled during
several stages of gonadal development spanning the sex differenti-
ation period. Larvae were sampled at 28, 30, 32, 35, 37, 39, 42, 44,
46, 48, 52, and 56 dpf and frozen at �80 �C until RNA extraction.
For each stage, 5 larvae were fixed in formaldehyde (10%) until
use for classic histology; 10 larvae were fixed in paraformaldehyde
(4%) in PBS, dehydrated in 100% methanol, and stored at �20 �C
until use for in situ hybridization. shbgb and cyp19a1a mRNA
expression was analyzed using qPCR in four biological replicates.
Expression of estrogen receptor genes (era1, era2, erb1, and erb2)
was also measured and compared with the shbgb expression levels.

2.3. Comparison of shbgb expression in male rainbow trout larvae

As additional experiment, shbgb expression in males was also
studied. One hundred twenty rainbow trout larvae were selected
from a normal population (male and female sex ratio 1:1). In this
experiment we analyzed 10 animals per stage of differentiation
between 28 and 56 dpf. Genomic DNA was obtained from caudal
fin and animals were sexed with the sdY gene as described by
Yano et al. (2012). From the trunk of male fish total RNA was
obtained and then cDNA synthesized. Subsequently, the levels of
shbgb were analyzed by qPCR according to the protocol described
in the following section. Expression levels were normalized
according to the expression of 18S rRNA and the beta actin values.

2.4. RNA extraction and reverse transcription

Total RNA was extracted using TRIzol� (Thermo Fisher) accord-
ing to manufacturer instructions. The RNA was quantified by spec-
trometry, and the ratio of absorbance at 260 nm and 280 nm was
used to assess the purity of the RNA. All RNA was first treated with
DNase to remove the presence of genomic DNA. cDNA synthesis
was carried out using 2 mg of total RNA. The RNA was denatured
in the presence of oligo(dT) (0.5 mg/ml) for 5 min at 70 �C, and then
chilled on ice. Reverse transcription was performed at 42 �C for 1 h
using RevertAid Reverse Transcriptase a according to manufacturer
instructions (Thermo Fisher).

2.5. Real-time PCR

Real-time PCR was performed using an EcoTM Real-Time PCR
instrument (Illumina). Reactions were performed in 20-ml samples
with 300 nM of each primer (Table 1) and 2 ml of a 1:10 dilution of
the RT reaction and the Power SYBR Green (Applied Biosystems)
qPCR master mix, according to manufacturer instructions. The



Table 1
Primer sequences and list of genes assayed using qRT-PCR and sequencing.

Gene Primer or probe sequence 50-30 Tm bp References

18SrRNA FW 50-CGGAGGTTCGAAGACGATCA-30 62 61 Vizziano et al. (2007)
18SrRNA RS 50-TCGCTAGTTGGCATCGTTTAT-30

shbga FW 50-CCCATTCTGGAACTTTGAGG-30 60 106 Bobe et al. (2008)
shbga RS 50-ACACCCCATAACCTGGTCAA-30

shbgb FW 50-ACATGTGGGGGATGTTCATT-30 57 117 Bobe et al. (2008)
shbgb RS 50-GAGGCCATGTTACGGTTTTG-30

shbgb-11 FW 50-ACAAGTATAGAACATAAACG-30 58 1749 +
shbgb-1760 RS 50-AATGCTTTATTGCCATTCAC-30

shbgb 56 FW 50-AGCAAGTGCCCCAAAGGACCG-30 65 1575 +
shbgb 1631 RS 50-GAGGCCATGTTACGGTTTTGCAGT-30

foxl2a FW 50-TGTGCTGGATTTGTTTTTTGTT-30 60 93 Vizziano et al. (2007)
foxl2a RS 50-GTGTCGTGGACCATCAGGGCCA-30

follistatin FW 50-ACAAAGACGAGTGCGCGTTGCT-30 60 91 Vizziano et al. (2007)
follistatin RS 50-CGGCAGGTCTTCTTGCATTTGC-30

cyp19a1b 1323 FW 50-TGAGGAAGGCACTGGAAGATGAC-30 65 165 von Schalburg et al. (2010)
cyp19a1b 1488 RS 50-GGCTGGAAGAAACGACTGGGC-30

cyp19a1a 243 FW 50-GTTTGGCCCGGAGAGAAAGA-30 58 1026 +
cyp19a1a 1269 RS 50-AGACATGTCCTCCTGGAACA-30

cyp19a1a 4 FW 50-TGCGTCAGTGTGTCTACCATGT-30 58 1265 +
cyp19a1a 1269 RS 50-AGACATGTCCTCCTGGAACA-30

+primer designed and used in this work based on the shbgb mRNA sequence from GenBank NM_001124673.1 (Bobe et al., 2008).
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incubation steps were as follows: holding stage (95 �C for 5 min),
cycling stage (95 �C for 15 s, 60 �C for 1 min), and melting curve
stage (95 �C for 15 s, 60 �C for 1 min, 95� for 30 s, 60 �C for 15 s),
followed by 40 PCR cycles. The validity of the qPCR was confirmed
by analyzing the melting curves for each gene, checking amplified
fragments in an agarose gel and through sequencing. PCR efficiency
was calculated according to the equation E = 10[�1/slope] (Pfaffl,
2001). Data were normalized according to the mRNA expression
of the housekeeping gene 18S rRNA, EF-1a, and beta-actin, accord-
ing to the 2DDCt method (Livak and Schmittgen, 2001). Relative
expression was calculated as a percentage of the highest expres-
sion level recorded for each gene.

2.6. In situ hybridization

Digoxigenin-labeled antisense RNA probes were produced
using the DIG RNA Labeling Kit (SP6/T7) from Roche Life Science
according to manufacturer instructions. Two long fragments
(1575 and 1749 bp) of shbgb cDNA were amplified (Table 1).
The fragments were used as a template to amplify a specific shbgb
probe with primers at the 50 end containing RNA-polymerase pro-
moters, allowing for incorporation of SP6 and T7 promoter ele-
ments into the DNA fragment at both ends of the probe
(Ghafoory et al., 2012). Antisense RNA probes were synthesized
using SP6-RNA-polymerase in vitro transcription, and T7-RNA-
polymerase was used to produce sense cRNA probes (Table 2).
After sample fixation with 4% paraformaldehyde (PAF) for 24 h,
the larval trunks were stored in 100% methanol at �20 �C. The
in situ hybridization assay was then performed (Vizziano-
Cantonnet et al., 2011). Following fixation, the tissues were rehy-
drated for 5 min in 75% methanol and for 5 min in 50% methanol
and finally incubated in PBS X 1 (Tween 0.1% v/v) for 15 min. Tis-
sues were then cryoprotected in increasing concentrations of
sucrose (5%, 15%, and 30%) in saline buffer phosphate (SBP,
13.68 mM NaCl, 0.268 mM KCl, 1.014 mM Na2HPO4, and 0.176
mM KH2PO4) overnight, at a pH of 7.4 and temperature of 4 �C.
Tissues were cut to 10 lm and placed in a cryostat, and slides
were coated with poly-lysine. The slides were washed in SBP at
pH 7.4 at room temperature, re-fixed with PAF% at 4%, and per-
meabilized with proteinase K (3 lg ml�1) for 5 min. After stop-
ping the proteinase K treatment with 4% PAF, the samples were
acetylated with buffer 0.1 M triethanolamine (pH 8) and acetic
anhydride (2.5 ml ml�1). Pre-hybridization was performed at 60–
62 �C using a hybridization buffer (formamide 50%, SSC (75 mM
standard saline citrate and 0.75 M NaCl; pH 7.4), Tween (0.1%),
heparin (10 lg ml�1), and ARNt (10 lg ml�1)). Hybridization was
carried out using 3 ng ml�1 of the probe overnight at 60–62 �C.
Incubation and elimination of non-specific binding were per-
formed using SCC buffer (pH 7.4) with decreasing concentrations
of formamide (50%, 25%, and 0%). The gonads were then washed
with Tris buffer (0.1 M, pH 7.5) and saturated with Tris (0.1 M;
pH 7.5) and 2% dehydrated milk. The digoxigenin was detected
using an antibody to anti-digoxigenin coupled to a phosphatase
alkaline and incubated overnight at 4 �C. The samples were then
washed with Tris buffer (0.1 M; pH 7.5) and incubated with the
buffer-based developer (0.1 M Tris-HCl, 0.1 M NaCl, 0.05 M MgCl2;
pH 9.5) and NBT-BCIP. The reaction was stopped using 0.1 M gly-
cine (pH 2.4), PBS (pH 5.5) with 1 mM EDTA, and 4% PAF. The
hybridization signal was observed with a binocular microscope,
and macroscopic photos were captured. An Eclipse 80i Nikon
microscope was used to capture images.
2.7. Histology

After fixation, the gonads were dehydrated, embedded in paraf-
fin, and cut to 5-mm thick sections. The tissues were stained with
Mayer’s staining hematoxylin and eosin (Gabe, 1968).
2.8. Statistical analysis

DDCt values were normalized to the 18S rRNA and the beta
actin values obtained in the qPCR reactions. There were no signif-
icant statistical differences in expression levels when using either
housekeeping to normalize. Results for the various larval stages
were used calculate the DCt and DDCt values, analyzed using the
stats and agricolae packages from the R statistical environment
(http://cran.r-project.org). In general, datasets were not distributed
normally, according to the Shapiro-Wilks test. Therefore, differ-
ences between the respective mRNA expression values for the var-
ious larval stages were evaluated using a nonparametric, Kruskal-
Wallis one-way ANOVA followed by a multiple comparisons test
using the nonparametric Kruskal command in the R package agri-
colae. Each stage had a sample size of n = 4 for each transcript
analyzed.

http://cran.r-project.org


Table 2
Primer sequences for probes used in in situ hybridization and sequencing.

*Probes designed using SP6 and T7 promoter sequences (Ghafoory et al., 2012) and shbgbmRNA sequence NM_001124673.1 (Bobe
et al., 2008).
**Probes designed using SP6 and T7 promoter sequences (Ghafoory et al., 2012), cyp19a1a expressed sequence tags for rainbow
trout (GenBank; AM259371 ovary1; EST BX083177), and salmonDB (http://salmondb.cmm.uchile.cl) clone OM2U000484, length
1011 bp, 99% similar to rainbow trout cyp19a1a mRNA.
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3. Results

3.1. Shbgb expression during embryonic and larval stages

In the first experiment, shbgb expression was measuring during
the embryonic and larval stages using RT-PCR, covering the follow-
ing periods: pre-eclosion, eclosion, post-eclosion, and first feeding.
The shbgb gene was expressed at almost all embryonic and larval
stages tested (Fig. 1). The housekeeping gene 18S rRNA was
expressed in all stages tested. This finding represents the first evi-
dence of very early shbgb expression in the developing trout ovary,
including during the putative molecular sex differentiation period
(31–55 dpf) (Vizziano et al., 2007).
3.2. Shbgb and cyp19a1a expression levels are elevated in the larval
ovary

In the previous section, we demonstrated that shbgb is
expressed during embryonic and larval development, including
the putative molecular sex differentiation period (31–55 dpf),
using RT-PCR. The kinetics of gonadal development depend on
temperature. Because incubation temperature was not measured
precisely in this phase of the study, cyp19a1a expression was used
to confirm the molecular sex differentiation stage of the develop-
ing trout ovaries. cyp19a1a expression was low at 32 and 35 dpf,
Fig. 1. shbgb mRNA transcript expression analyzed using RT-PCR in embryon

Fig. 2. Quantitative expression of ovarian mRNA markers and shbgb mRNA. We analyze
during the molecular sex differentiation period (32–56 dpf). A. shbgb, B. cyp19a1a, C. fo
transcripts.
increasing at 38 dpf and then decreasing again at 56 dpf (Fig. 2).
These results confirm that the sexual differentiation period
spanned 38–56 dpf in this experiment, differing slightly from pre-
vious reports in trout (Vizziano et al., 2007). Interestingly, shbgb
was highly expressed at the same time as cyp19a1a prior to ovarian
differentiation. In this experiment, we also detected transcript
expression for the gene for foxl2 another key marker of the female
sexual differentiation process (Vizziano et al., 2007). This experi-
ment was performed with using one replicate each from five sam-
pling times. Given this small sample size, results were descriptive
but not suitable for a statistical analysis to confirm the gene
expression trends. Additional data was therefore collected to fur-
ther elucidate this process, described in the next section.

3.3. Shbgb and cyp19a1a expression levels are elevated in the ovary
prior to sex differentiation

shbgb expression was studied in four biological replicates at 28,
30, 32, 35, 37, 39, 42, 44, 46, 49, 52, and 56 dpf. Morphology con-
firmed that the gonads were not sex-differentiated during these
stages (Fig. 3), as there were no signs of meiosis in germ cells or
special somatic arrangements. At 63 dpf, the ovaries were distin-
guished by somatic tissue invaginations inside the gonad, repre-
senting the primordium of the ovigerous lamellae (Fig. 3). To
compare expression of the enzymes Cyp19a1a (which transforms
androgens into estrogens) and Shbgb (which specifically binds
ic and larval tissue. An 18S rRNA transcript was amplified as a control.

d the relative quantitative expression of shbgb mRNA in the larval trunks of trout
llistatin, and D. foxl2a. Transcript expression was normalized relative to 18S rRNA



Fig. 3. Histology of undifferentiated gonads of female trout larvae. The figure shows undifferentiated gonads at 42–63 dpf (A–E) and a histologically differentiated ovary at
75 dpf (F). In the undifferentiated gonad, somatic cells are seen circling a few germ cells. Ovigerous lamellae are expected to appear at 63–75 dpf.

Fig. 4. Relative quantitative expression of shbgbmRNA and ovarian markers according to qPCR. The figure shows the expression of transcripts for (A) shbgb in monosex female,
(B) cyp19a1a, (C) shbgb in male and (D) foxl2a in the larval trunks of trout during molecular differentiation (28–56 dpf). Expression was calculated relative to the 18S rRNA
transcript. Different letters above bars indicate significantly different expression between stages (p < .05).

170 C. Pérez et al. / General and Comparative Endocrinology 259 (2018) 165–175



C. Pérez et al. / General and Comparative Endocrinology 259 (2018) 165–175 171
estrogens), transcript expression levels of the genes for both pro-
teins were measured by qPCR (Fig. 4). Ovarian shbgb transcripts
increased significantly (p < .05) during very early larval develop-
ment (30–32 dpf) and again (p > .05) at 32–39/44 dpf. Expression
was sustained and then decreased significantly at 52–56 dpf
(Fig. 4A). shbgb peaked at 39–44 dpf. cyp19a1a expression
increased significantly (p < .05) at 37 dpf, five days after the first
significant increase in shbgb levels, reaching a significant (p < .05)
maximum at 42 dpf. This cyp19a1a expression remained high until
49 dpf and then decreased significantly at 52–56 dpf (Fig. 4B). In
order to compare expression of shbgb between sexes, we quantified
the levels of transcript in male larvae. In Fig. 4C it is observed that
the expression of shbgb in male during the stages of sexual differ-
entiation between 28–56 dpf were extremely low. Lower levels of
shbgb expression in males are maintained throughout the whole
period of molecular sexual differentiation. In contrast, shbgb
expression in genetic monosex females begins to increase before
cyp19a1a expression (32 vs. 37 dpf), however the elevated expres-
sion levels for both genes were sustained simultaneously in
females (37–49 dpf).

3.4. Expression of estrogen receptor mRNA during the sexual
differentiation period

Transcripts for the estrogen receptor genes era1, era2, erb1, and
erb2 were also evaluated. Only two genes (era1 and erb1) showed
Fig. 5. Relative quantitative expression of estrogen receptor mRNAs. The figure shows ex
molecular sex differentiation (28–56 dpf) is observed comparatively. Expression was c
significantly-different expression between stages (p < .05).
significant variation in expression levels. era1 expression increased
significantly (p < .05) at 37 dpf. Expression remained elevated from
37–42 dpf and then decreased significantly (p < .05) after 56 dpf
(Fig. 5A). This expression pattern is similar to that of the aromatase
gene cyp19a1a. Expression levels for erb1, on the other hand, were
high during early development (28–42 dpf), decreasing signifi-
cantly (p < .05) after 48 dpf (Fig. 5C).

3.5. Shbgb is expressed in the trout gonad prior to sex differentiation

In the first in situ hybridization experiment, four shbgb probes
(Table 2) were tested in an adult ovary as a positive control. The
probe sizes were as follows: probe 1 = 860 nt, probe 2 = 817 nt,
probe 3 = 1079, and probe 4 = 1378 nt. shbgb expression was evi-
dent in the granulosa cells of the ovarian follicles when probes 1,
2, and 3 were used (Fig. 6), but only a slight reaction was observed
for the 1378nt probe (probe 4) (Fig. 6). The same four probes were
also tested in larval ovaries at 56 dpf, prior to sex differentiation
(Fig. 6). The 56 dpf stage was selected because the gonad was large
(Fig. 6), and shbgb was well-expressed according to qPCR (Fig. 4A).
A slight, non-conclusive reaction was observed for all four probes
at 56 dpf.

In the second in situ hybridization experiment, probe 4 was
hydrolyzed and tested in the future ovaries of monosex female lar-
vae prior to sex differentiation (42–75 dpf). The specific signal for
the antisense probe was observed in the ovaries at 42, 44, 46, 49,
pression of era1 (A), era2 (B), erb1 (C), and erb2 (D) transcripts in larval trunks during
alculated relative to the 18S rRNA transcript. Different letters above bars indicate



Fig. 6. In situ hybridization with shbgb and cyp19a1a antisense probes. shbgb probes were as follows: probe 1 (860 nt) (A-B), probe 2 (817 nt) (C-D), probe 3 (1079 nt) (E-F),
and probe 4 (1378 nt) (G-H). The cyp19a1a antisense probe 1 was 805 nt (I-J). Cryostat sections of adult ovaries in post-vitellogenesis and undifferentiated ovaries at 56 dpf
were used. gn: gonad, gr: granulosa cells, vt: vitellogenin.

172 C. Pérez et al. / General and Comparative Endocrinology 259 (2018) 165–175
52, 56, 63, and 75 dpf, and the shbgb probe was negative in the
sense assay (Fig. 7). The signal increased at 42 and 49 dpf, prior
to sex differentiation, and at 75 dpf, during early gametogenesis.
Fig. 7. In situ hybridization of shbgb (probe 4, hydrolyzed) in various stages of sexual diffe
dpf). E&F-undifferentiated ovaries (46 dpf). G&H-undifferentiated ovaries (49 dpf). I&
undifferentiated ovaries (63 dpf). O&P-differentiated ovaries (75 dpf). Arrow indicates th
At 42 dpf, shbgb mRNA expression was observed and localized to
the somatic cells of the undifferentiated gonad (Fig. 7). At this
stage, the in situ signal was slightly masked by a non-specific
rentiation. A&B-undifferentiated ovaries (42 dpf). C&D-undifferentiated ovaries (44
J-undifferentiated ovaries (52 dpf). K&L-undifferentiated ovaries (56 dpf). M&N-
e location of the developing gonad. gn: gonad, vt: vitellogenin.
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reaction present in the yolk surrounding the gonad. From 44–63
dpf, the undifferentiated gonad showed clear expression of shbgb
(Fig. 7), especially as compared to the corresponding negative con-
trol panel (Fig. 7). At 49 dpf, the reaction became stronger, decreas-
ing again between 52–63 dpf, coinciding with the decline in
expression levels as assessed by qPCR (Fig. 4). The number of
somatic cells expressing shbgb increased in the ovary again at 75
dpf, during early gametogenesis.
4. Discussion

These results show that shbgb mRNA in monosex female is
expressed prior to hatching, throughout the molecular differentia-
tion period proposed by Vizziano et al. (2007) as well as at the
beginning of morphological differentiation. The morphological dif-
ferentiation stage was defined based on histological criteria in
rainbow trout 5 weeks post-hatching at 10 �C (67 dpf) (Lebrun
et al., 1982). Early expression of shbgb during pre-hatching may
serve to delimit the physiological effects of estrogens during a
highly vulnerable stage of embryo development. shbgb expression
in unhatched embryos may be attributable to small concentrations
of estrogens that are optimized or stored during embryonic devel-
opment to be used during larval development (Antila, 1984; Feist
and Schreck, 1996; van den Hurk et al., 1982; Yeoh et al., 1996a,
b). Other studies have indicated that estrogens are harmful or
detrimental to the maintenance and differentiation of various cel-
lular precursors and that SHBG proteins may protect against exces-
sive concentrations of sex steroid during development (Becchis
et al., 1996; Becker and Iles, 1985). A recent study indicated that
survival rates were lower for rainbow trout larvae treated with
high concentrations of estradiol during the embryonic stage and
that the surviving fish showed abnormal growth and adult length
(Marlatt et al., 2014). In our work, shbgb mRNA levels in monosex
females increased at the beginning of the molecular differentiation
period, peaking at 49 dpf. At 52 dpf, in situ hybridization of the
shbgb signal was no longer detectable. This finding could be attri-
butable to a depletion of nutrient reserves, resulting in a
deprivation-like effect. At 75 dpf, shbgb expression increased again,
in agreement with a prior report by Marivin et al. (2014). Although
our study of shbgb expression was focused on the physiological role
of this protein in the stages of sexual differentiation of the ovary in
rainbow trout, we also studied shbgb expression in males. The
results of shbgb expression in males indicate that the levels of these
transcripts were very low throughout the period of molecular dif-
ferentiation (28–56 dpf). These levels of shbgb in males reported
here are in agreement with the data obtained by Marivin et al.
(2014) and they indicate that both mRNAs maintain consistently
lower levels during early gonadal development in males.

It should be emphasized that shbgb mRNA in monosex female
may show a ‘‘biphasic” expression pattern. Some authors suggest
that during the initial increase in expression, Shbgb proteins may
serve to regulate estrogen levels, in close coordination with the
synthesis of estradiol and the expression of aromatase and foxl2
transcription factors (Baron et al., 2004; Vizziano et al., 2007). Dur-
ing these stages, interactions between Shbgb, Cyp19a1a and Foxl2
may also be associated with maintenance of granulosa cell differ-
entiation (Vizziano et al., 2007). During the second period of
increased expression at 63–75 dpf, Shbgb may modulate levels of
17b-estradiol, which acts directly in oogonial proliferation during
early oogenesis (Lubzens et al., 2010).

The absence of shbgb mRNA expression at 52–56 dpf in mono-
sex female could be due to a depletion of nutrient reserves, as men-
tioned above. Several studies on the transcriptional regulation of
the SHBG gene in mammals have presented strong evidence that
this gene is highly sensitive to metabolic disturbances and lowered
concentrations of growth factors (Selva et al., 2007). The transcrip-
tional inhibition of the shbgb gene in female observed in this work
seems critical and may be an essential factor for morphological dif-
ferentiation of the ovary. The lack of Shbgb protein secretion dur-
ing this period may allow for the release of estrogen reserves that
are bound to the protein, in turn allowing for redirection of hor-
mone activity towards other tissues or cells.

In terms of the expression and early localization of shbgb mRNA
during the molecular differentiation period of the ovary, our work
differs from the results reported by Marivin et al. (2014). The sen-
sitivity of our in situ methodology and the type of histological sec-
tions used may explain the differences in early detection and
localization of shbgb transcripts. Marivin et al. (2014) performed
hybridizations of shbgb in female whole larval tissue, observing
an incipient localization of these transcripts only at 68 dpf, during
an advanced stage of ovarian morphological differentiation. To the
above result it should be added that in the in situ hybridization
assays of shbgb in males they did not observe hybridization signal
of these transcripts. Which is consistent with the low levels of
these transcripts, detected by qPCR assays in the non-
differentiated male gonad in this work. It is important to empha-
size that they did not include control of sense probes in the shbgb
in situ hybridization experiments, which are fundamental for this
type of study. Moreover, whole-mount in situ hybridization of rain-
bow trout larval tissue has a clear disadvantage, in that this
method does not have the capacity to localize transcripts under
conditions of low or minimal expression. Therefore, the conclu-
sions from the report by Marivin et al. (2014) must be interpreted
with caution. Our shbgb hybridization results in monosex female,
indicating a spike in expression during the molecular differentia-
tion period, strongly support our initial hypothesis that physiolog-
ical coordination among Cyp19a1a expression, estrogen synthesis,
and Shbgb localization may serve to regulate hormone levels in
cellular precursors during the molecular differentiation process
leading to ovarian development.

4.1. Estrogen signals and role of shbgb proteins during ovarian sexual
differentiation

The three known targets of estrogens are estrogen receptors,
GPR30, and SHBG proteins (Barton et al., 2017; Ge et al., 2012;
Ijiri et al., 2008; Thomas, 2017). To understand the action of estro-
gens during molecular differentiation of the trout ovary, it is cru-
cial to know which factors are produced to support maintenance
and proliferation of germinal and somatic cellular precursors. In
birds, for example, germline precursors do not express estrogen
receptors during the gonadal differentiation period prior to mor-
phological differentiation, but rather GPR30 proteins that are acti-
vated by estrogens (Ge et al., 2012). Stimulation of the GPR30
receptor induces cAMP synthesis, in turn stimulating cell prolifer-
ation (Ge et al., 2012). In tilapia, the estrogen receptors expressed
(esr1, esr2a, and esr2b) do not show dimorphic expression during
gonadal molecular differentiation (Ijiri et al., 2008). In another
study, era1 receptor expression was observed in the undifferenti-
ated trout ovary only after 55 dpf (Guiguen et al., 1999). In this
same study, era1 expression was found to increase slightly at 63
dpf. era1 expression was similar in males and females during mor-
phological differentiation of the ovary and testis (Guiguen et al.,
1999). Later studies indicated that rainbow trout and salmonid
estrogen genes include duplicates (Nagler et al., 2007). Our qPCR
analysis of the larval trunk was aimed at determining whether
estrogen receptor expression was correlated with shbgb transcript
expression. Our qPCR results did not indicate significant differ-
ences in the expression of the four types of estrogen receptors
expressed during molecular differentiation. Our results for estro-
gen receptor expression levels are similar to previous findings
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(Boyce-Derricott et al., 2010). Although we were unable to docu-
ment differential expression of estrogen receptors, the abrupt drop
in expression of the estrogen receptor after 42 dpf is striking. It is
unclear whether this receptor participates directly in molecular
differentiation events in rainbow trout.

In terms of other receptors, GPR30 has been identified in limited
numbers of fish species, including Atlantic croaker (Micropogonias
undulates), zebrafish (Danio rerio), orange-spotted grouper (Epine-
phelus coioides), and channel catfish (Ictalurus punctatus) (Liu
et al., 2016; Pang et al., 2008; Thomas, 2017). The participation
of GPR30 receptors in the context of gonadal differentiation of fish
has received very little attention. However, a study in E. coioides
revealed a significant increase in GPR30 expression at 110 days
post-hatching in the forebrain and midbrain during gonadal sex
differentiation (Nagarajan et al., 2011). There are no sequences in
GenBank for this type of receptor in rainbow trout or other salmo-
nids, suggesting either that these receptors have been lost during
salmonid evolution or that they are under-represented in cDNA
libraries. It is important to continue the search for non-classical
estrogen receptors in salmonids, given their functional relevance
and potential contributions to the physiological process of gonadal
differentiation in fish. Studies in mammals indicate that SHBG
alone or SHBG plus estradiol may activate membrane receptors,
triggering the activation of cAMP synthesis (Fortunati et al.,
2010; Rosner et al., 2010). In fish, there are no reports on the
molecular properties of Shbga and Shbgb in terms of binding to
membrane receptors to stimulate the synthesis of this type of sec-
ond messenger. Although we have identified shbgb transcripts at
the level of cellular somatic precursors during molecular differen-
tiation, it remains unclear whether Shbgb proteins are also directly
involved in estrogen signal transduction mechanisms, possibly
through activation of G-protein-coupled receptors. In rainbow
trout, there is no biochemical evidence of effective endogenous
estrogen synthesis during very early gonadal differentiation. It is
difficult to quantify estrogen levels in extremely small gonads,
and mixtures of gonadal extracts complicate discrimination of
the sexual phenotype of origin (Hines et al., 1999; Rowell et al.,
2002; van den Hurk et al., 1982). Therefore, we cannot rule out
the possibility that Shbgb proteins interact with a specific mem-
brane receptor during early gonadal differentiation of fish, inde-
pendent of estrogen availability in the extracellular medium. In
later stages of molecular differentiation, Shbgb proteins may bind
to the local estrogens contributed by incipient Cyp19a1a activity.

Findings from this work support two important concepts posed
by Yamamoto (1969) regarding the mechanisms underlying sexual
differentiation of teleost fish. This author elegantly elucidated the
importance of identifying 1) the precursors of sex hormones (sex
inducers) and the manner in which these precursors influence
the indifferent gonia (protogonia) to develop into oocytes or sper-
matocytes; and 2) the biosynthesis routes for estrogens (sexogens)
acting on cells surrounding the indifferent gonad, which may be
active or inactive (Yamamoto, 1969). In this article, we reinterpret
these concepts to elucidate the function of testosterone and estro-
gen mobilization as well as the nature of the transport of these hor-
mones. Shbg proteins may transport these hormones from non-
reproductive tissues towards the incipient gonads during early
ovarian molecular differentiation. The yolk sac in trout is an impor-
tant reservoir of hormones, steroid precursors, and nutrients vital
for embryonic and larval development (Yeoh et al., 1996a,b). The
need to transport hormones from these reserve tissues to the
undifferentiated gonads in trout may be explained by the biosyn-
thetic limitations of steroidogenic cell precursors and the absence
of key enzymes such as 17beta-HSD, which transforms
androstenedione into testosterone. Almost no studies in fish other
than tilapia (Ijiri et al., 2008; Kobayashi and Nagahama, 2009) have
provided evidence regarding 17beta-HSD expression during
ovarian molecular differentiation. Partial or limited steroidogene-
sis during the early differentiation stages in trout creates a need
to transport testosterone to the germ cell precursors, possibly
inducing the cellular proliferation of these precursors. The trans-
port and input of testosterone (or estrogens), mediated by hepatic
Shbga and Shbgb proteins, may represent an important coopera-
tive mechanism that contributes to ovarian molecular differentia-
tion and that is essential for subsequent Cyp19a1a activity and
estrogen synthesis in the undifferentiated gonad. Once estrogens
are synthesized, levels of these hormones are finely modulated
by Shbgb proteins secreted by steroidogenic somatic cell precur-
sors. Therefore, we cannot rule out the possibility that extrago-
nadal Shbga proteins, along with local Shbgb in undifferentiated
gonads, contribute in some measure to molecular differentiation
of the ovary.
5. Conclusion

The results in this study performed by qPCR experiments and
in situ hybridization of shbgb transcripts demonstrate that during
the molecular differentiation period of the rainbow trout ovary, a
group of cells express these mRNAs. Perhaps the function of
expression and secretion of Shbgb to the external environment
could be related to regulation of estrogen and testosterone levels
during the period of sexual differentiation.
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