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SUMMARY Although early exposure to androgens is
necessary to permanently organize male phenotype in
many vertebrates, animals that exhibit adult sexual plasticity
require mechanisms that prevent early ﬁxation of genital
morphology and allow for genital morphogenesis during adult
transformation. In Lythrypnus dalli, a teleost ﬁsh that exhibits
bi-directional sex change, adults display dimorphic genitalia
morphology despite the absence of sex differences in the
potent ﬁsh androgen 11-ketotestosterone. Based on conserved patterns of vertebrate development, two steroid-based
mechanisms may regulate the early development and adult
maintenance of dimorphic genitalia; local androgen receptor
(AR) and steroidogenic enzyme expression. Consistent with
the ancestral pattern of AR expression during the multipotential phase of differentiation, juvenile differentiation into either
sex involved high mesenchymal AR expression. In adults, AR

expression was high throughout the male genitalia, but low or
absent in females. Consistent with the hypothesis that adult
sexual plasticity repurposes pathways from primary differentiation, we show that adults with transitioning genitalia also
exhibited higher AR expression relative to females. Local
androgen biosynthesis may also participate in genitalia
transformation, as transitioning adults had greater 11bHSD-like immunoreactivity in the epithelial layer of the dorsal
lumen compared to both sexes. By administering an AR
antagonist to adult males, we show AR is necessary to
maintain male-typical morphology. In a species that is
resistant to early sexual canalization, early androgenic
differentiation mechanisms are consistent with other vertebrates and the tissue-speciﬁc regulation of AR expression
appears to be repurposed in adulthood to allow for transitions
between sexual phenotypes.

INTRODUCTION

(Levine et al. 1996) and AR within the genitalia is necessary for
the induction of growth factors (e.g., Sonic hedgehog and Wnt)
that regulate genital morphogenesis during male sexual
differentiation (Gonzalez-Cadavid et al. 1991; Miyagawa et
al. 2009). As growth arrests at sexual maturity in mammals, AR
declines to a low constitutive level, and disruption of androgen
signaling cannot reverse genital phenotype (Gonzalez-Cadavid
et al. 1991; Miyagawa et al. 2009). Activation of this androgenic
pathway is necessary for the development of both external
genitalia morphology and the internal structures that facilitate
sperm transfer in almost all vertebrates, thereby ensuring that
genital structure and function can be coordinated with
reproductive behavior in adult males.
Unlike mammals that canalize genital morphology early in
development, reproductive phenotype remains plastic throughout adulthood in numerous teleost ﬁshes (Ghiselin 1969; Warner
et al. 1975). As organizational ﬁxation limits sexual fate, the
release from this early canalization is necessary to allow for
phenotypic transitions during adulthood in sequential hermaphrodites. One mechanism that could allow for life-long sexual

In the majority of vertebrates, exposure to androgens during a
pre/perinatal sensitive period masculinizes critical components
of reproductive phenotype (Murashima et al. 2014). One result
of this organizational process is the ﬁxation or canalization of
sexual phenotype, such that transitions between sexual states are
mechanistically blocked for life. For instance, exogenous
administration of androgens to female mammals during the
sensitive period leads to the development of male-typical
external genitalia; however, after this time point, their
morphology is unaffected by androgens (Phoenix et al. 1959;
Young et al. 1964; Roberts et al. 2008). These masculinizing
effects occur through a highly conserved androgenic pathway
wherein androgen binding to androgen receptors (AR) in bipotential tissues initiates the genital outgrowth that is
characteristic of male development. Mutations that lead to
disruption of normal androgen signaling adversely affect male
sexual differentiation (Murakami 1987; De Bellis et al. 1994).
Speciﬁcally, elevated local synthesis of both potent androgens
© 2016 Wiley Periodicals, Inc.
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plasticity is the novel utilization of ancient pathways that
regulate key aspects of reproductive phenotype during early
sexual differentiation. Speciﬁcally, androgens and AR may still
regulate male genital morphology in sexually plastic species,
but the lifelong regulation of this signaling pathway is now
controlled via novel regulatory mechanisms (e.g, the Variable
Signal Model, Rodgers et al. 2007).
Lythrypnus dalli, a highly social, bi-directionally hermaphroditic ﬁsh, provides several advantages for examining whether
both initial sexual differentiation and adult sex change utilize the
ancestral vertebrate androgenic differentiation pathway to
generate male-typical genital morphology. First, similar to
most vertebrates, the external genitalia (genital papillae, GP) of
L. dalli is sexually dimorphic (Fig. 1). Relative to females, the
male GP is longer, and tapered at the end (Fig. 1). Second, L.

Fig. 1. Location and structural differences in the external genitalia,
the genital papilla, of L. dalli. (A) Location of the genital papillae on
a male L. dalli. (B) Female-typical genital papilla can transform, via
a transitional state, to a male-typical morphology. Genital papilla
morphology is quantiﬁed by calculating the ratio of length (L) to
width (W) of the ventral surface of the genital papilla. R, rostral and
C, caudal, (C) Conceptual ﬁgure exhibiting approximate population
averages. Fish with a L:W >1.6 (solid line) have male typical
genital papilla, whereas those with L:W < 1.4 (dashed line) have a
female typical genital papilla. Transitional ﬁsh have L:W ratios
between 1.4 and 1.6.

dalli genitalia have two internal chambers composed of
mesenchymal and epithelial tissue that are arranged in a manner
consistent with the external genitalia of most vertebrates. Third,
although primary sexual differentiation and adult sex change are
regulated by social factors in L. dalli (Rodgers et al. 2007;
Solomon-Lane et al. 2016), administration of the potent ﬁsh
androgen, 11-ketotestosterone (KT) induces rapid reorganization and masculinization of GP morphology in adult females
(Carisle et al. 2000; Pradhan et al. 2014). Paradoxically, KT
concentrations are not sexually dimorphic in this species, so the
maintenance of male genitalia is not dependent on “male
typical” androgen levels. There is a transient increase in KT
levels during female to male sex change (Lorenzi et al. 2008,
2012), so the induction of male genitalia may still require
increases in androgens. As L. dalli possess many of the
androgenic signaling mechanisms that characterize the ancestral
pattern of vertebrate sexual differentiation, the repurposing of
these conserved endocrine mechanisms may circumvent early
ﬁxation of sexual phenotype and facilitate genital transformation in adults.
One proposed mechanism of masculinization in hermaphroditic ﬁshes is via an estrogen-mediated sex determination
pathway. In this estrogen-based model, androgens are suggested
to regulate adult masculinization during phenotypic transitions
by directly inhibiting gonadal aromatase (cyp19a1a) gene
expression, and thereby reducing the conversion of testosterone
to 17b-estradiol (Kroon et al. 2005; Guiguen et al. 2010). Data
from several previous studies on L. dalli are not consistent with
the estrogen-based model (Black et al. 2005; Lorenzi et al. 2008,
2012). An alternative mechanism for the generation of male
typical genital morphology during adult phenotypic transitions
is the repurposing of the ancestral androgen-mediated differentiation pathway via capture by a novel regulatory mechanism
(Rodgers et al. 2007). By recruiting this early ontogenetic
pathway for genital differentiation, sex differences in the local
expression of AR and KT synthesis (via 11b-hydroxysteroid
dehydrogenase [11b-HSD2] regulation) in genitalia of L. dalli
might be a key mechanism by which anatomical dimorphism is
maintained or reversed.
In this study, we examined whether L. dalli uses the
conserved vertebrate androgenic signaling pathway to initiate
and/or maintain male-typical genital morphology. We ﬁrst
determined whether initial sexual differentiation in this sexually
plastic species utilizes the conserved pathway to masculinize the
external genitalia. In other vertebrates, mesenchymal androgen
signaling is necessary for the induction of growth factors that are
critical for the initiation of genitalia outgrowth (Cooke et al.
1991; Miyagawa et al. 2009). If genital masculinization follows
the conserved pattern, then AR expression should be elevated in
the mesenchyme and low or absent in GP epithelium early in
male differentiation (Crocoll et al. 1998; Murashima et al. 2014;
Zheng et al. 2015). Furthermore, if this pathway is being
repurposed during sexual differentiation in L. dalli, then
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mesenchyme–epithelial interactions should be necessary for
normal male differentiation to occur (Cooke et al. 1991;
Miyagawa et al. 2009). Thus, we expect to see a shift from
mesenchymal expression to elevated epithelial expression
during lumen differentiation (Crocoll et al. 1998).
Second, we sought to determine whether the ancestral
androgenic pathway is being repurposed in a novel manner in
adult L. dalli. This mechanism would permit the initiation of
genital morphogenesis during sex change and maintain maletypical physiology and anatomy in the absence of sex
differences in systemic KT levels. Speciﬁcally, high expression
throughout the GP in males may maintain structure and function
in the absence of dimorphic KT. Along the same lines, low or
absent AR within the mesenchyme of females may prevent the
masculinizing effects of androgens in a ﬁsh that does not
canalize phenotype. As there is a transient increase in KT during
natural sex change (Lorenzi et al. 2012), both local KT synthesis
via 11b-HSD2 and elevated AR expression may be necessary to
masculinize genital phenotype during this process. If this
pathway is repurposed, elevated expression in the mesenchyme
at the time of transient increases in KT may promote GP
morphogenesis during adult sex change. To further examine the
importance of AR in maintaining male genital morphology, we
disrupted normal androgen signaling by administering an
androgen receptor antagonist and then looked for evidence of
genital demasculinization.

METHODS

General methods
Adult and juvenile L. dalli were collected off the coast of
Catalina Island, California between April and July of 2013 and
2014 using hand nets (permit number #SC-11879). Juveniles
were split into three groups (undifferentiated, differentiating
males, and differentiating females) based on gonadal tissue in
stained cross sections, GP morphology, and size (Solomon-Lane
et al. 2016). To conﬁrm that animals were in an undifferentiated
state, we took additional sections that were more anterior and
posterior to the location of the GP to assess the presence or
absence of gonadal tissue. Differentiating animals were smaller
than adults and were characterized on the basis of their sex
typical GP morphology (Solomon-Lane et al. 2016). We did not
ascertain the exact age of ﬁeld collected juveniles, but all of the
animals had recruited from the plankton earlier that summer.
We also selected adult male, female, and transitional animals
based on body size and GP morphology (detailed in Fig. 1).
Transitional animals were further characterized by intermediate
GP morphology (St. Mary 1993, 1994; GP L:W of approximately 1.4) and presence of both sperm and eggs in the gonad
(Fig. 1). As adult ﬁshes of either sex can have gonads containing
1% or greater gametes of the opposite sex (St. Mary 1994,
1998), we only selected animals that had a GP between 1.4 and
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1.6 and exhibited >30% of the minority sex gonad. After
selection, each ﬁsh was immediately euthanized via exposure to
a lethal dose of tricaine methanesulfonate (MS-222). At this
time, measurements including standard length (SL, mm), body
mass (g), and captured digital images of the GP (Motic Image
2.0) were taken for each animal. To calculate GP length (L) to
width (W) ratio (L:W ratio), we measured papilla length and the
width half-way along this length, as indicated in Figure 1. All
ﬁsh were immersion ﬁxed in 4% paraformaldehyde overnight,
cryopreserved in 30% sucrose in phosphate buffer (PB), and
stored brieﬂy at 4°C before cryosectioning. All experiments
were conducted in accordance with the Animal Care and Use
Committee at Georgia State University.

Experiments 1 and 2: immunohistological
localization of AR and 11b-HSD2 in juvenile and
adult genitalia
To assess the developmental patterning of androgen signaling
in the developing genitalia of L. dalli, undifferentiated ﬁsh
(n ¼ 5), differentiating males (n ¼ 7), and differentiating
females (n ¼ 9) were sectioned at 20 mm in two series on a
cryostat. Following sectioning, slides were stored at 20°C
until further processing. On the day of processing, slides were
allowed to equilibrate to room temperature and sections were
washed twice in 0.1M PB for 7 min each time. Sections were
then incubated in a blocking solution (normal goat serum and
0.2% Triton-X in 0.1M PB) for 20 min. Next, the sections
were incubated in primary antibody, AR (PG-21; Millipore,
Billerica, MA); based on methods modiﬁed from Munchrath
and Hoffmann (2010), diluted (1:250) in normal goat serum
and 0.2% Triton-X in 0.1M PB and stored overnight at 4°C.
This primary antibody has been well characterized in
numerous teleost ﬁsh species and within a variety of tissues
(Gustavson et al. 1994; Munchrath and Hofmann 2010; Pouso
et al. 2010; Chakraborty et al. 2011). The following day, slides
were rinsed twice in 0.1M PB for 7 min. and then incubated in
biotinylated secondary antibody (Kirkegaard & Perry Laboratories, Gaithersburg, Maryland) for 30 min. The sections were
then twice rinsed in 0.1M PB for 7 min each and then
incubated in streptavidin–peroxidase (Kirkegaard & Perry
Laboratories) for 30 min. Immunolabeled cells were visualized using 3,30 -diaminobenzidine (Sigma Chemical). The
sections were then dehydrated in an ethanol series through
citrasolv, and cover slipped with permount. A similar
procedure was used to label cells for 11b-HSD2, except for
the use of the Aviva, ARP41372_P050 antibody diluted at
1:500. To prevent differences in levels of staining, all
juveniles and adults were processed separately, each in a
single batch.
After immunostaining, we examined differences in AR and
11b-HSD2-like labeling between adult male (AR, n ¼ 5),
female (n ¼ 6), and transitional (n ¼ 4) ﬁsh. For experiments
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1 and 2, control sections (n ¼ 2 per sex) were run by omitting the
primary antibody step (Fig. 2C). For all sections, gonadal AR
and 11b-HSD2-like expression was used as a positive control
because both are highly expressed in reproductive tissues of
many teleost ﬁshes, including L. dalli (Pelletier et al. 2000;
Chakraborty et al. 2009; Arterbery et al. 2010). Images were
acquired using an Axioplan microscope and Axiovision
software (Zeiss, Thornwood, NY). Androgen receptor expression was evaluated in three regions of interest (Fig. 2): (i) the
epithelial lining the dorsal lumen of the GP; (ii) the epithelial
lining the ventral lumen of the GP; and (iii) mesenchymal tissue
containing the extracellular matrix of the GP. To allow for direct
comparisons of our results to previous studies of AR expression
in the external genitalia of developing mammals, the level of AR
staining for each region was rated based on the following 0–3
scale: 0, no staining present; 1, mild staining (few positively
stained cells); 2, moderate staining (approximately 20–50% of
all cells in an area); and 3, abundant and intense staining
(approximately 50–100% of cells in an area). This scale has
been frequently used for evaluating region speciﬁc patterning of

AR in developing mammalian reproductive tissues (Takane et
al. 1991; Sonea et al. 1997; Kim et al. 2002; Sajjad et al. 2007).
Evaluations of tissue staining were performed by two observers
blind to the sex and age the animals. When assessing the degree
of tissue staining observers distinguished between pigmented
epithelium (PE) and DAB staining in the GP (Fig. 2, B/C), and
observers only scored the degree of cell staining in the
mesenchyme.

Experiment 3: effect of systemic ﬂutamide on
genital morphology
Social groups consisting of an adult male and subordinate
females were constructed in the laboratory at the USC Wrigley
Institute for Environmental Science on Catalina Island,
California. Males were size matched between treatment groups,
as previous research documented a strong association between
SL and GP ratio in males (Grober, A.G. and Grober M.S.,
unpublished data). On the ﬁrst day of the study, males were
anaesthetized, and SL, mass, and GP images were acquired as

Fig. 2. External genitalia morphology and immunohistological localization of the androgen receptor in undifferentiated L. dalli,
differentiating males (D-top), and differentiating females (D-bottom). (A) Mean (SE) differences in genital papilla length to with ratio (L:
W) between undifferentiated ﬁsh (n ¼ 5), differentiating females (n ¼ 9), and differentiating males (n ¼ 7). (B) Hematoxylin and eosin
staining of a differentiating female depicting layers of the genital papilla. (C) Differentiating male genital papilla with primary antibody
omitted. (D) Representation AR staining in cross sections of undifferentiated, differentiating male, and differentiating females papilla. (E)
Mean (SEM) level of androgen receptor (AR) staining within the dorsal epithelium, ventral epithelium, and mesenchyme in juvenile L.
dalli. (F) Association between genital papilla length to with ratio (L:W) and intensity of AR staining within the mesenchyme. DE, dorsal
epithelium; VE, ventral epithelium; M, mesenchyme; PE, pigmented epithelium. All images were taken under a 40 objective lens. Scale bar
for cross sections ¼ 50 mm. Asterisks indicate signiﬁcant differences ( P < 0.05,  P < 0.01,  P <0.001).
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described above. While still anaesthetized, males were
intraperitoneally injected with either 50 mg/g ﬂutamide (an
AR antagonist, n ¼ 5) or vehicle (0.1M PB, n ¼ 6) using a 28.5G
needle (Becton Dickinson Lo-Dose). The ﬂutamide dose was
determined from previous research (O’Connor et al. 2002; Dang
et al. 2011), as well as a pilot study conducted to determine an
optimal dose for L. dalli. Following the injection, males were
placed in a cup containing 100 ml sea water and allowed to
recover for at least 15 min. Prior to returning males to their
social groups, they were placed in a new 100 ml cup containing
clean water to prevent potential ﬂutamide contamination when
being placed back in their tank. Each male was injected every
day for 4 days, and GP pictures were taken every other day. On
the afternoon of the 5th day, ﬁnal measurements were taken, and
animals were euthanized. ImageJ (NIH) was used to calculate
GP L:W ratio (Fig. 1).

Data analysis
Multivariate analysis of variance (MANOVA) was used to
examine differences in AR expression between undifferentiated
and differentiating males and females. We utilized t tests to
assess our a priori prediction that there should be tissue-speciﬁc
differences in AR expression if L. dalli follows the conserved
androgenic differentiation pathway. Additional MANOVAs
were used to compare regional differences in AR or 11b-HSD2like expression between adult male, transitional, and female
animals. Linear regression analyses were used to examine the
relationships between GP L:W and (i) SL and (ii) AR expression
in the GP of juvenile and adult L. dalli. As GP ratio differed
between groups at the start of the experiment, we used two
paired sample t tests to examine the effect of each treatment on
GP morphology. Independent samples t tests were used to
determine whether there were differences in percent change in
SL or GP L:W resulting from ﬂutamide administration. When
applicable, Scheffe post hoc analyses were used to further
examine differences. All analyses were carried out using SPSS
21.0. Data are shown as mean  SEM throughout.

RESULTS

Experiment 1: AR expression in the genital
papilla of juvenile L. dalli
Genital papilla ratio in undifferentiated juveniles was signiﬁcantly smaller than juveniles differentiating as females and males
(Fig. 2A; F(2,18) ¼ 27.92, P < 0.0001). Differentiating males
exhibited a greater GP ratio compared to differentiating females
(P < 0.001) and undifferentiated juveniles (Fig. 2A; P < 0.01). In
addition, differentiating females had a greater GP ratio compared
to undifferentiated juveniles (Fig. 2A; P < 0.001).
In both differentiating males and females, AR expression
(Fig. 2) was greater within the mesenchyme compared to dorsal
(males, t(6) ¼ 3.33, P ¼ 0.008; females, t(8) ¼ 3.83, P ¼ 0.003)
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and ventral lumen epithelia (males, t(6) ¼ 2.12, P ¼ 0.04;
females, t(8) ¼ 2.27, P ¼ 0.03). In undifferentiated animals,
mesenchymal expression was greater than dorsal (t(4) ¼ 2.45,
P ¼ 0.04), but not ventral epithelium (t(4) ¼ 1.50, P ¼ 0.10).
There were no differences in AR expression within the dorsal
epithelium (F(2,18) ¼ 0.85, P ¼ 0.45), ventral epithelium
(F(2,18) ¼ 1.33, P ¼ 0.29), or mesenchyme (F(2,18) ¼ 2.53,
P ¼ 0.11) between undifferentiated juveniles and differentiating
males or females (Fig. 2, C–E). In juveniles, there was no
association between GP L:W and AR expression in the dorsal
epithelium (b ¼ 0.14, t(20) ¼ 0.51, P ¼ 0.62) or ventral epithelium (b ¼ 0.53, t(20) ¼ 1.66, P ¼ 0.11); however, there was a
positive association in mesenchymal AR expression (b ¼ 0.82,
t(20) ¼ 2.41, P ¼ 0.02, Fig. 2F). There was no association
between SL and AR expression in any region of the GP
(P > 0.05).

Experiment 2: AR and 11b-HSD2 expression in
the genital papilla of adult L. dalli
Androgen receptor expression was signiﬁcantly different among
male, female, and transitional adults across the different regions
of the GP (dorsal epithelium, F(2,12) ¼ 8.28, P ¼ 0.006; ventral
epithelium, F(2,12) ¼ 5.85, P ¼ 0.02; and mesenchyme,
F(2,12) ¼ 5.89, P ¼ 0.02; Fig. 3E). Post hoc analyses revealed
that, compared to females, males exhibited higher AR
expression in the dorsal epithelium (Fig. 3, A and C;
P ¼ 0.01), ventral epithelium (Fig. 3, A and C; P ¼ 0.02), and
mesenchymal layer of the GP (Fig. 3, A and C; P ¼ 0.03).
Transitional animals had signiﬁcantly higher AR expression in
the dorsal epithelium (Fig. 3, A and B, P ¼ 0.02) and
mesenchyme (Fig. 3, A/B, P ¼ 0.02) compared to females but
did not differ signiﬁcantly from males. There was a positive
association between GP ratio and AR expression in the dorsal
epithelium (Fig. 4A; b ¼ 0.60, t(14) ¼ 3.43, P < 0.01), as well as
the ventral epithelium (Fig. 4C; b ¼ 0.63, t(14) ¼ 3.30, P < 0.01),
but not mesenchymal tissue (Fig. 4E; b ¼ 0.17, t(14) ¼ 0.70,
P ¼ 0.50). In addition, SL was positively associated with AR
expression in the dorsal epithelium (Fig. 4B; b ¼ 0.17,
t(14) ¼ 4.59, P < 0.001), ventral epithelium (Fig. 4D; b ¼ 0.15,
t(14) ¼ 2.83, P ¼ 0.02), and mesenchymal tissue (Fig. 4F;
b ¼ 0.13, t(14) ¼ 2.32, P ¼ 0.05).
Male, female, and transitional ﬁshes signiﬁcantly differed in
11b-HSD2-like expression within the dorsal epithelial
(F(2,9) ¼ 8.31, P ¼ 0.009) and ventral epithelium (F(2,9) ¼ 5.76,
P ¼ 0.025), but not mesenchyme (F(2,9) ¼ 1.97, P ¼ 0.20).
Transitional ﬁsh exhibited higher 11b-HSD2-like expression in
the dorsal epithelium (Fig. 5, A and C; P ¼ 0.01) and ventral
epithelium (Fig. 5, A–C; P ¼ 0.04) compared to females, and
higher expression relative to males (Fig. 5, A–C; P ¼ 0.04) within
the dorsal epithelium. In addition, males exhibited notably higher
levels of 11b-HSD2-like within the ventral epithelium of the GP
relative to females (Fig. 5; P ¼ 0.058).
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Fig. 3. Immunohistological localization and differences in the expression of the androgen receptor in genital papillae of adult L. dalli (A)
female, (B) transitional, and (C) male. (D) Female papilla stained with hematoxylin and eosin. (E) Mean (SEM) level of androgen receptor
(AR) staining within the dorsal epithelium, ventral epithelium, and mesenchyme between males (n ¼ 6), females (n ¼ 6), and transitional
(n ¼ 4) animals. Scale bar on A–C (20 objective) ¼ 200 mm, insert (100 objective) for A–C ¼ 20 mm, D ¼ 100 mm. Asterisks indicate
signiﬁcant differences ( P < 0.05). T ¼ transitional.

Experiment 3: effect of systemic ﬂutamide on
genital papilla morphology
Prior to pharmacological manipulation, all males had a GP ratio
>2.0, and the two treatment groups did not signiﬁcantly differ in
SL (t(10) ¼ 0.94, P ¼ 0.37). Flutamide administration signiﬁcantly decreased GP ratio from baseline to day 5 (Fig. 6B,
t(4) ¼ 3.95, P ¼ 0.015), but the vehicle had no effect (Fig. 6B,
t(5) ¼ 0.74; P ¼ 0.94). Animals treated with ﬂutamide also had
a signiﬁcant percent change in GP ratio compared to controls
(Fig. 6C; t(10) ¼ 3.07, P ¼ 0.013).

DISCUSSION
This study investigated whether a conserved androgenic
pathway serves to establish and/or maintain male-typical genital
phenotype in adult L. dalli. We provide evidence that the regionspeciﬁc patterning of AR within the GP of differentiating males
and females is similar to that observed during development in
other vertebrates. In general, vertebrates maintain low epithelial,
but high mesenchymal AR expression within the genitalia
during early differentiation. Our ﬁndings also illustrate that
transitional ﬁsh exhibit higher AR and 11b-HSD2-like
expression in epithelial and mesenchymal tissue compared to
females. By injecting males with an AR antagonist, we

demonstrated that disruption of AR signaling is sufﬁcient to
initiate genital demasculinization in adult males. Our data are
consistent with the hypothesis that adult sexual plasticity results
from repurposing an ancestral androgenic pathway to facilitate
adult phenotypic transitions and maintain male-typical phenotype even in the absence of sexually dimorphic levels of
androgens.

Androgen receptor expression in developing
L. dalli
Androgen receptor expression within the genitalia of differentiating L. dalli follows the conserved vertebrate pattern (Cooke et
al. 1991; Kim et al. 2002; Murashima et al. 2011). In developing
mammalian genitalia, mesenchymal AR expression precedes
epithelial expression and is necessary for inducing growth factors
that regulate genital outgrowth early in development. Later,
mesenchymal–epithelial paracrine signaling induces cell proliferation and differentiation within the epithelium of the male
genitalia (Cooke et al. 1991; Kim et al. 2002; Murashima et al.
2011). Consistent with this, we found that AR expression within
the mesenchyme of L. dalli is higher than epithelial expression in
differentiating males, suggesting that androgen signaling within
mesenchymal cells is a highly conserved mechanism to regulate
morphogenesis of genital phenotype among vertebrates (Cooke et
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Fig. 4. Relationship between AR staining intensity and standard length (A, C, and E) or genital papilla length to width ratio (GPL:W; B, D,
and F) in the dorsal epithelium (A/B), ventral epithelium (C/D), and mesenchyme (E/F).

al. 1991; Miyagawa et al. 2009). Furthermore, high mesenchymal
AR expression in differentiating females suggests that the
outgrowth of female genitalia may also be androgen dependent
and that elevated levels of AR within the mesenchymal region of
developing animals might be characteristic of multipotentiality,
allowing for genital morphogenesis during initial sexual
differentiation in both sexes. Ultimately, our ﬁndings are
consistent with the hypothesis that the patterning of AR staining
in differentiating male L. dalli is reminiscent of the widespread
distribution of AR in bi-potential mesenchymal tissues (Cooke et
al. 1991; Kim et al. 2002; Murashima et al. 2011). Similar to the
sexually canalized vertebrates, early mesenchymal–epithelial
androgenic pathways likely regulate initial genital differentiation
in a sexually plastic species.
Our ﬁndings are consistent with previous work on developing L. dalli that demonstrate these animals initially lack gonadal
tissue (Lorenzi 2009). During this undifferentiated period,

genitalia outgrowth may proceed in a default mode and arrest
until sexual differentiation begins. Research on sex changing
ﬁshes demonstrates that transduction of salient social information induces gonadal and genitalia differentiation (Hobbs et al.
2004; Rodgers et al. 2007; Iwata et al. 2008). As initial sexual
differentiation coincides with gonadal development in L. dalli, it
seems likely that steroid hormones of gonadal origin may
regulate some aspects of genital phenotype.

Androgen receptor and 11b-HSD2 expression in
the genitalia of adult L. dalli
In the absence of sex differences in KT (Lorenzi et al. 2008)
there are at least two endocrine mechanisms that might be
regulating the development and maintenance of sexually
dimorphic genitalia. Past work has proposed that reproductive
phenotype in other hermaphroditic ﬁshes can be maintained
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Fig. 5. Immunohistological localization of 11b-hydroxysteroid dehydrogenase in adult female (A), ambiguous (B), and male genital
papillae (C). Mean (SEM level of diaminobenzidine (DAB) staining within the dorsal epithelium, ventral epithelium, and mesenchyme
between males (n ¼ 5), females (n ¼ 4), and transitional (n ¼ 3) animals. (D) All images were taken under a 20 objective lens. Scale bar for
cross sections ¼ 200 mm. Asterisks indicate signiﬁcant differences ( P < 0.05). T ¼ transitional.

and masculinized by androgens directly regulating aromatase
expression (Kroon et al. 2005; Guiguen et al. 2010) and thus
decreasing estradiol levels. Although aromatase is critical for
steroidogenic regulation of gonadal function in vertebrates,
the ﬁndings from the current and previous studies in L. dalli
are not consistent with the hypothesis that aromatase is a
central regulator of male-typical phenotype or adult sex
change (Black et al. 2005; Lorenzi et al. 2008, 2012). Instead,
we provide evidence that in the absence of sex differences in
androgen levels, the ancestral localized mesenchymal–epithelial androgen signaling pathway could maintain genital
dimorphism and initiate phenotypic transitions in adult
L. dalli.
First, we assessed whether region-speciﬁc patterning of AR
during phenotypic transitions was similar to initial differentiation
in other vertebrates. Expression of AR within the dorsal
epithelium and mesenchyme was highest in males and
transitional ﬁsh compared to females (Fig. 3, A–C). In a variety
of vertebrates, androgen signaling during development regulates
expression of growth factors within the mesenchymal layer of the
external genitalia (Haraguchi et al. 2000; Ogino et al. 2004;
Miyagawa et al. 2009; Murashima et al. 2011). Although
mesenchymal AR precedes epithelial expression during

mammalian genitalia differentiation (Cooke et al. 1991; Kim et
al. 2002), simultaneous changes in both mesenchymal and
epithelial AR expression in adult transitional ﬁshes may be
necessary to facilitate genital morphogenesis and promote maletypical reproductive function in L. dalli. Our ﬁndings examining
11b-HSD2 are also consistent with previous research that
demonstrates local androgen biosynthesis is critical for normal
genital masculinization in mammals (Kim et al. 2002; Murashima
et al. 2011). Furthermore, in undifferentiated female vertebrates,
exogenous administration of androgens can increase AR
expression within the developing genitalia (Zheng et al. 2015).
Thus, in L. dalli, transient increases in androgens may promote
the increased androgenic sensitivity seen in transitional ﬁshes to
facilitate aspects genital morphogenesis (Lorenzi et al. 2012).
Importantly, our ﬁndings do not preclude androgens from
participating in genitalia morphogenesis during male to female
sex change. Indeed previous ﬁndings have demonstrated that
androgens modulates female external genitalia outgrowth (Drea
et al. 1998). This suggests that there is likely a tight temporal
interplay between multiple steroid hormone pathways to generate
and maintain sexually dimorphic genitalia.
In females, low constitutive AR expression within the papilla
may allow this tissue to remain sensitive to the morphological
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Fig. 6. The effect of ﬂutamide treatment on genital papilla morphology in nesting males. (A) Representative images of vehicle and ﬂutamide
treated genital papillae on days 1 and 5 after the onset of treatment. Dashed lines represent changes in genital papilla length to width ratio
following treatment with ﬂutamide. (B) Average (SEM) genital papilla length to width ratio (L:W) before and after treatment with
ﬂutamide (n ¼ 5) or vehicle (n ¼ 6). (C) Average (SEM) percent change in genital papilla L:W between vehicle or ﬂutamide treated
animals. Asterisks indicate signiﬁcant differences ( P < 0.05). All images were taken at the same scale and resolution under a
stereomicroscope.

actions of androgens. This is consistent with ﬁndings in adult
male green anoles (Anolis carolinensis) that exhibit AR positive
cells in all areas of their external genitalia. In this species,
androgen treatment increases genitalia size and AR expression
in copulatory muscles (Holmes and Wade 2005). Unlike most
vertebrates that exhibit a reduction in AR expression once they
become reproductively mature (Gonzalez-Cadavid et al. 1991),
in L. dalli, high constitutive levels of mesenchymal AR might be
necessary to further lengthen the GP and elaborate internal
anatomy/physiology that is necessary for male reproductive
function. Although transitioning females can attain male-typical
phenotype (GP ratio  2.0) relatively quickly, male GP continue
to lengthen throughout adulthood (Grober, A.J. and Grober M.
S., unpublished data). Thus, remaining sensitive to androgens
throughout life might be one mechanism by which both sexes
avoid early phenotypic canalization (Pradhan et al. 2015). Our
results illustrate a striking similarity between adult and juvenile
AR patterning during genitalia morphogenesis, which is
consistent with the idea that adult sex change does not utilize
a novel mechanism to regulate phenotypic transitions, but rather
is repurposing ancestral mechanisms, at least one of which
regulates male sexual differentiation (Wilkins 2002; Rodgers
et al. 2007). Data on social regulation of sexual phenotype in
L. dalli are consistent with the repurposing hypothesis. Both
initial sexual development (Solomon-Lane et al. 2016) and adult

sexual phenotype (Rodgers et al. 2007) are regulated by the
same social cues. This suggests that the androgenic regulation
pathway has been released from early ﬁxation via coupling to a
novel mechanism of sex determination that is responsive to
social behavior and thus ﬂexible throughout life.
In addition to maintaining male-typical anatomy, sex
differences in epithelial AR expression may be necessary to
regulate evolutionarily conserved male-typical reproductive
physiology. This idea is supported by evidence from other
vertebrates wherein AR expression within the epithelial layer of
the genitalia remains high throughout adulthood and regulates
the secretion of seminal ﬂuid (Cunha and Young 1991; Dietrich
et al. 2004; Holmes and Wade 2005; Murashima et al. 2011).
Although the function of the two chambers (Fig. 3) within the
GP of L. dalli remains unknown, preliminary evidence suggests
that the ventral chamber in males has a blind end and likely is
utilized to hydrostatically stiffen the genitalia to facilitate sperm
and mucus transfer to the nest surface (Archambeault et al.
2015). The dorsal chamber in males likely releases sperm
embedded in proteins as well as mucus synthesized in the malespeciﬁc accessory gonadal structure (Archambeault et al. 2015).
Accordingly, we show that males exhibit increased expression
of AR and 11b-HSD2 in the ventral epithelium relative to
females, suggesting that androgenic signaling regulates the
release of sperm and mucus in males. Thus, a highly conserved
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androgenic pathway regulates both the development of maletypical genitalia morphology and the physiological processes
that facilitate sperm transfer in L. dalli.
Given the difﬁculties of examining androgenic signaling in
female genitalia, few studies have documented the functional
role of epithelial AR in females. Unlike other goby species, L.
dalli eggs within the female ovary lack the adhesive threads that
are used for attachment to the substrate (Tavolga 1950).
Accordingly, these ﬁlaments must be added during transport of
the egg from the ovary to the substrate (Archambeault et al.
2015). Given its anatomy and location, the ventral chamber in
female genitalia is most likely the source of the adhesive threads
in this species (Fig. 3). Similar to males, we suggest that the
dorsal chamber in females is the conduit for gamete transport.
We showed that epithelial expression of AR and 11b-HSD2 in
female L. dalli is often low or absent, which contrasts with
previous ﬁndings in female leopard geckos (Eupblepharis
macularius) that show high AR expression within the epithelial
layer of the oviduct (Rhen and Crews 2001). As genital
phenotype remains plastic and transient androgen levels can
facilitate adult phenotypic transitions in L. dalli, low AR and
11b-HSD2 is likely necessary to maintain female-typical
genitalia in adults. If epithelial signaling is necessary for
female-typical reproductive physiology in L. dalli, then perhaps
aspects of their physiology are regulated by another steroid
hormone (e.g., E2 signaling through the estrogen receptor).

establish what is generating these changes in genital morphology by blocking AR. One possibility is that changes in genital
morphology during adult phenotypic transitions occur by
shutting off an androgenic pathway and augmenting local
estrogenic signaling. This notion is supported by ﬁndings that
demonstrate estrogens lead to the induction of many growth
factors within bi-potential tissues, including genitalia mesenchyme during development, which may facilitate female-typical
morphogenesis (Cooke et al. 1998). However, we suspect that
morphogenesis mediated solely through an estrogenic pathway
is unlikely, given the slow changes in estrogens in L. dalli during
phenotypic transitions (Black et al. 2005; Lorenzi et al. 2008,
2012). Although our results demonstrate that blocking
androgenic signaling is sufﬁcient to de-masculinize adult males,
it does not preclude androgenic action within genitalia
mesenchyme for initiating or partially regulating aspects of
male to female morphogenesis. In spotted hyenas (Crocuta
crocuta), androgens have been suggested to participate in
clitoral outgrowth, yet substantial outgrowth still occurs when
androgen signaling is pharmacologically blocked (Drea et al.
1998; Glickman et al. 2005). This raises the possibility that both
androgenic and estrogenic pathways work in tandem within bipotential genital tissues to regulate genital outgrowth in female
vertebrates. It is clear from these data that future research
focusing on multiple steroid hormone pathways is needed to
determine the role, and possible interplay, between developmental pathways.

Effects of systemic ﬂutimide on genital papilla
morphology

CONCLUSIONS

The effects of ﬂutamide on adult genital morphology in L. dalli
provide causal evidence that androgen signaling is necessary to
maintain male-typical genitalia. We demonstrate that the
genitalia of adult male L. dalli remains sensitive to the effects
of androgens. Thus these ﬁndings show that, administration of an
AR antagonist reduces masculinization of phenotype in a manner
that is similar to other developing vertebrates. For instance,
perinatal administration of ﬂutamide, when AR expression is
highest within the genitalia, can inhibit normal masculinization in
mammals (Simon et al. 2012). Our data are also consistent with
the ﬁnding that functional AR is necessary for development of
male-typical genital morphology in other teleost ﬁshes (Bayley et
al. 2002; Ogino et al. 2004). In developing western mosquito ﬁsh
(Gambusia afﬁnis), ﬂutamide inhibited sonic hedgehog expression and altered the induction of ﬁn rays to acquire male-typical
genital morphology (Ogino et al. 2004). These ﬁndings not only
highlight the importance of high AR expression within the
mesenchymal layer to maintain male genital morphology, but
also the potential necessity of decreasing androgen signaling
pathways to facilitate GP morphogenesis during male-to-female
sex change.
Despite ﬁnding that increased androgenic sensitivity likely
maintains adult male morphology, our study does not directly

Functional AR expression is critical for normal male-typical
sexual differentiation in vertebrates. We demonstrate that
region-speciﬁc localization of AR in developing L. dalli is
similar to non-sex changing ﬁsh (Ogino et al. 2004) and other
vertebrates (Cooke et al. 1991; Kim et al. 2002). In the absence
of sex differences in KT levels (Lorenzi et al. 2008, 2012),
sexually dimorphic AR expression within the mesenchymal and
epithelial layers of the GP may maintain male-typical
physiology and morphology in adults. Findings from both
juveniles and transitional adults suggest mesenchymal AR in L.
dalli is important in regulating genital morphogenesis. This
suggests that the role of AR in masculinizing genital phenotype
during initial sexual differentiation may be highly conserved
among vertebrates. Furthermore, masculinization of phenotype
during adult sex change is likely utilizing this conversed
androgenic pathway. Finally, we demonstrate that short-term
administration of an AR antagonist is sufﬁcient to partially demasculinize males. Together, these data provide clear evidence
that at least one sexually plastic vertebrate has not generated a
novel taxon-speciﬁc mechanism to regulate masculinization of
genital phenotype. Instead, we suggest that L. dalli has
repurposed a highly conserved androgenic pathway, which is
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now regulated by social status, to generate male-typical genital
phenotype in adults. Based on our ﬁndings, we suggest that
future research on the evolution of sexual plasticity should
assess whether these animals also repurpose other highly
conserved mechanisms that regulate aspects of vertebrate
development and physiology.
Acknowledgments
The authors would like to thank Megan M. Williams, Alma Thomas,
Cierra Lockhart, and Alyssa Millikin for their assistance with running
the ﬂutamide experiment. We would like to thank Cathleen Drilling and
Michael Black for their early work on the histology and description of
the internal genitalia. Also, we would like to thank Dr. Casonya Johnson
and Dr. Walter Walthall for input on experiments and comments on
early versions of this manuscript. Finally, the authors would like to
thank two anonymous reviewers for their helpful comments in
improving the quality of this manuscript. This work was supported
by NSF #IOB0548567 & #IBN 9723817 (MG), NSF Doctoral
Dissertation Improvement Grant #IOB1210382 & IOB1311303 (DSP
& TKSL), and a Society for Integrative and Comparative Biology grant
in aid of research (ERS).

REFERENCES
Archambeault, S., et al. 2015. Reproduction, larviculture and early
development of the Bluebanded goby, Lythrypnus dalli, an emerging
model organism for studies in evolutionary developmental biology and
sexual plasticity. Aquacult. Res. 9: 1–18.
Arterbery, A., Deitcher, D. and Bass, A. 2010. Divergent expression of
11beta-hydroxysteroid dehydrogenase and 11beta-hydroxylase genes
between male morphs in the central nervous system, sonic muscle and
testis of a vocal ﬁsh. Gen. Comp. Endocrinol. 167: 44–50.
Bayley, M., Junge, M. and Baatrup, E. 2002. Exposure of juvenile guppies to
three antiandrogens causes demasculinization and a reduced sperm count
in adults. Aquat. Toxicol. 56: 227–239.
Black, M., Balthazart, J., Baillien, M. and Grober, M. 2005. Socially
induced and rapid increases in aggression are inversely related to brain
aromatase activity in a sex-changing ﬁsh, Lythrypnus dalli. Proc. Biol.
Sci. 272: 2435–2440.
Carisle, S. L., Marxer-Miller, S. K., Canario, A. V. M., Oliveira, R. F.,
Carneiro, L. and Grober, M. S. 2000. Effects of 11-ketotestosterone on
genital papilla morphology in the sex changing ﬁsh Lythrypnus dalli. J.
Fish Biol. 57: 445–456.
Chakraborty, A., Sreenivasulu, K. and Raman, R. 2009. Involvement of
androgen receptor gene in male gonad differentiation in Indian garden
lizard, Calotes versicolor. Mol. Cell. Endocrinol. 303: 100–106.
Chakraborty, S. B., Banerjee, S. and Chatterjee, S. 2011. Increased androgen
receptor expression in muscle tissue contributing to growth increase in
androgen-treated Nile tilapia. Aquac. Int. 19: 1119–1137.
Cooke, P. S., Buchanan, D. L., Lubahn, D. B. and Cunha, G. R. 1998.
Mechanism of estrogen action: lessons from the estrogen receptor-a
knockout mouse. Biol. Reprod. 59: 470–475.
Cooke, P. S., Young, P. and Cunha, G. R. 1991. Androgen receptor
expression in developing male reproductive organs. Endocrinology 128:
2867–2873.
Crocoll, A., Zhu, C. C., Cato, A. C. B. and Blum, M. 1998. Expression of
androgen receptor mRNA during mouse embryogenesis. Mech. Dev. 72:
175–178.
Cunha, G. R. and Young, P. 1991. Inability of Tfm (Testicular Feminization)
epithelial cells to express androgen-dependent seminal vesicle secretory
proteins in chimeric tissue recombinants. Endocrinology 128: 3293–3298.
Dang, Z., Traas, T. and Vermeire, T. 2011. Evaluation of the ﬁsh short term
reproduction assay for detecting endocrine disrupters. Chemosphere 85:
1592–1603.

Repurposing of androgen differentiation pathways

295

De Bellis, A., et al. 1994. Characterization of mutant androgen receptors
causing partial androgen insensitivity syndrome. J. Clin. Endocrinol.
Metab. 78: 513–522.
Dietrich, W., Haitel, A., Huber, J. C. and Reiter, W. J. 2004. Expression of
estrogen receptors in human corpus cavernosum and male urethra. J.
Histochem. Cytochem. 52: 355–360.
Drea, C. M., et al. 1998. Androgens and masculinization of genitalia in the
spotted hyaena (Crocuta crocuta). 2. Effects of prenatal anti-androgens.
J. Reprod. Fertil. 113: 117–127.
Ghiselin, M. T. 1969. The evolution of hermaphroditism among animals.
Q. Rev. Biol. 44: 189–208.
Glickman, S. E., Short, R. V. and Renfree, M. B. 2005. Sexual
differentiation in three unconventional mammals: spotted hyenas,
elephants and tammar wallabies. Horm. Behav. 48: 403–417.
Gonzalez-Cadavid, N. F., Swerdloff, R. S., Lemmi, C. A. and Rajfer, J.
1991. Expression of the androgen receptor gene in tissue and cells during
sexual maturation. Endocrinology 129: 1671–1677.
Guiguen, Y., Fostier, A., Piferrer, F. and Chang, C. F. 2010. Ovarian
aromatase and estrogens: a pivotal role for gonadal sex differentiation and
sex change in ﬁsh. Gen. Comp. Endocrinol. 165: 352–366.
Gustavson, S., Zakon, H. and Prins, G. 1994. Androgen receptors in the
brain, electroreceptors and electric organ of a wave-type electric ﬁsh.
Abstr. Soc. Neurosci. 19: 371.
Haraguchi, R., et al. 2000. Molecular analysis of external genitalia
formation: the role of ﬁbroblast growth factor (Fgf) genes during genital
tubercle formation. Development 127: 2471–2479.
Hobbs, J. A., Munday, P. L. and Jones, G. P. 2004. Social induction of
maturation and sex determination in a coral reef ﬁsh. Proc. Biol. Sci. 271:
2109–2114.
Holmes, M. M. and Wade, J. 2005. Testosterone regulates androgen receptor
immunoreactivity in the copulatory, but not courtship, neuromuscular
system in adult male green anoles. J. Neuroendocrinol. 17: 560–569.
Iwata, E., Nagai, Y., Hyoudou, M. and Sasaki, H. 2008. Social environment
and sex differentiation in the false clown anemoneﬁsh, Amphiprion
ocellaris. Zool. Sci. 25: 123–128.
Kim, K. S., et al. 2002. Expression of the androgen receptor and 5 alphareductase type 2 in the developing human fetal penis and urethra. Cell
Tissue Res. 307: 145–153.
Kroon, F., Munday, P., Westcott, D., Hobbs, J.-P. and Liley, N. R. 2005.
Aromatase pathway mediates sex change in each direction. Proc. Biol.
Sci. 272: 1399–1405.
Levine, A. C., Wang, J. P., Ren, M., Eliashvili, E., Russell, D. W. and
Kirschenbaum, A. 1996. Immunohistochemical localization of steroid 5
alpha-reductase 2 in the human male fetal reproductive tract and adult
prostate. J. Clin. Endocrinol. Metab. 81: 384–389.
Lorenzi, V.(2009) The behavioral neuroendocrinology of ﬁsh sex change:
the role of steroids and monoamines. Atlanta: Department of Biology,
Georgia State University.
Lorenzi, V., Earley, R. L. and Grober, M. S. 2012. Differential responses of
brain, gonad and muscle steroid levels to changes in social status and sex
in a sequential and bidirectional hermaphroditic ﬁsh. PLoS ONE 7:
e51158.
Lorenzi, V., Earley, R. L., Rodgers, E. W., Pepper, D. R. and Grober, M. S.
2008. Diurnal patterns and sex differences in cortisol, 11-ketotestosterone, testosterone, and 17beta-estradiol in the bluebanded goby
(Lythrypnus dalli). Gen. Comp. Endocrinol. 155: 438–446.
Miyagawa, S., et al. 2009. Genetic interactions of the androgen and Wnt/
beta-catenin pathways for the masculinization of external genitalia. Mol.
Endocrinol. 23: 871–880.
Munchrath, L. A. and Hofmann, H. A. 2010. Distribution of sex steroid
hormone receptors in the brain of an African cichlid ﬁsh, Astatotilapia
burtoni. J. Comp. Neurol. 518: 3302–3326.
Murakami, R. 1987. A histological study of the development of the penis of
wild-type and androgen-insensitive mice. J. Anat. 153: 223–231.
Murashima, A., Kishigami, S., Thomson, A. and Yamada, G. 2014.
Androgens and mammalian male reproductive tract development.
Biochim. Biophys. Acta. 1849: 163–170.
Murashima, A., et al. 2011. Essential roles of androgen signaling in wolfﬁan
duct stabilization and epididymal cell differentiation. Endocrinology
152: 1640–1651.

296

EVOLUTION & DEVELOPMENT

Vol. 18, No. 5–6, September–December 2016

O’Connor, J. C., Frame, S. R. and Ladics, G. S. 2002. Evaluation of a 15-day
screening assay using intact male rats for identifying antiandrogens.
Toxicol. Sci. 69: 92–108.
Ogino, Y., Katoh, H. and Yamada, G. 2004. Androgen dependent
development of a modiﬁed anal ﬁn, gonopodium, as a model to
understand the mechanism of secondary sexual character expression in
vertebrates. FEBS Lett. 575: 119–126.
Pelletier, G., Labrie, C. and Labrie, F. 2000. Localization of oestrogen
receptor alpha, oestrogen receptor beta and androgen receptors in the rat
reproductive organs. J. Endocrinol. 165: 359–370.
Phoenix, C. H., Goy, R. W., Gerall, A. A. and Young, W. C. 1959.
Organizing action of prenatally administered testosterone propionate on
the tissues mediating mating behavior in the female guinea pig.
Endocrinology 65: 369–382.
Pouso, P., Quintana, L., Bolatto, C. and Silva, A. C. 2010. Brain androgen
receptor expression correlates with seasonal changes in the behavior of a
weakly electric ﬁsh, Brachyhypopomus gauderio. Horm. Behav. 58:
729–736.
Pradhan, D. S., Connor, K. R., Pritchett, E. M. and Grober, M. S. 2014.
Contextual modulation of androgen effects on agonistic interactions.
Horm. Behav. 65: 47–56.
Pradhan, D. S., Solomon-Lane, T. K. and Grober, M. S. 2015. Contextual
modulation of social and endocrine correlates of ﬁtness: insights from the
life history of a sex changing ﬁsh. Front. Neurosci. 9.
Rhen, T. and Crews, D. 2001. Distribution of androgen and estrgen receptor
mRNA in the brain and reproductive tissues of leopard geckos,
Eublepharis macularius. J. Comp. Neurol. 437: 385–397.
Roberts, E., Padmanabhan, V. and Lee, T. 2008. Differential effects of
prenatal testosterone timing and duration on phenotypic and behavioral
masculinization and defeminization of female sheep. Biol. Reprod. 79:
43–50.
Rodgers, E. W., Earley, R. L. and Grober, M. S. 2007. Social status
determines sexual phenotype in the bi-directional sex changing
bluebanded goby Lythrypnus dalli. J. Fish Biol. 70: 1660–1668.

Sajjad, Y., Quenby, S., Nickson, P., Lewis-Jones, D. I. and Vince, G. 2007.
Androgen receptors are expressed in a variety of human fetal extragenital
tissues: an immunohistochemical study. Asian J. Androl. 9: 751–759.
Simon, L., et al. 2012. Exposure of neonatal rats to anti-androgens induces
penile mal-developments and infertility comparable to those induced by
oestrogens. Int. J. Androl. 35: 364–376.
Solomon-Lane, T. K., et al. 2016. Juvenile social status predicts primary sex
allocation in a sex changing ﬁsh. Evol. Dev. 18: 245–253.
Sonea, I. M., Iqbal, J., Prins, G. S. and Jacobson, C. D. 1997. Ontogeny of
androgen receptor-like immunoreactivity in the reproductive tract of
male Monodelphis domestica. Biol. Reprod. 56: 852–860.
St. Mary, C 1993. Novel sexual patterns in two simultaneously
hermaphroditic gobies, Lythrypnus dalli and Lythrypnus zebra. Copeia
4: 1062–1072.
St. Mary, C. 1994. Sex allocation in a simultaneous hermaphrodite, the bluebanded goby (Lythrypnus dalli): the effects of body size and behavioral
gender and the consequences for reproduction. Behav. Ecol. 5: 304–313.
St. Mary, C. 1998. Characteristic gonad structure in the gobiid genus
Lythrypnus with comparisons to other hermaphroditic gobies. Copeia
1998: 720–724.
Takane, K. K., Husmann, D. A., McPhaul, M. J. and Wilson, J. D. 1991.
Androgen receptor levels in the rat penis are controlled differently in
distinctive cell types. Endocrinology 128: 2234–2238.
Tavolga, W. N. 1950. Development of the gobiid ﬁsh, Bathygobius
sporator. J. Morphol. 87: 467–492.
Warner, R. R., Robertson, D. R. and Egbert, G. L. 1975. Sex change and
sexual selection. Science 190: 633–638.
Wilkins, A. S.(2002) The evolution of developmental pathways. Sunderland,
Massachusetts: Sinauer Associates, Inc.
Young, W. C., Goy, R. W. and Phoenix, C. H. 1964. Hormones and sexual
behavior. Science 143: 212–218.
Zheng, Z., Armﬁeld, B. A. and Cohn, M. J. 2015. Timing of androgen receptor
disruption and estrogen exposure underlies a spectrum of congenital penile
anomalies. Proc. Natl. Acad. Sci. U.S.A. 112: E7194–E7203.

