
ABSTRACT 

LAMM, MELISSA SLANE. Environmental and Hormonal Regulation of Hypothalamic 
Neuropeptide Systems in the Sex-changing Bluehead Wrasse. (Under the direction of Dr. 
John Godwin). 
 
 

The environment modulates reproductive events in vertebrates with both fixed and 

plastic phenotypes. Depending on the species, abiotic and biotic environmental signals can 

modulate everything from sex determination and differentiation, puberty, and reproduction, 

to the sex of individuals as adults. Socially-induced adult sex change in sexually-plastic 

species is one of the most dramatic examples of environmental mediation of reproduction. 

We used a socially-induced sex-changing coral reef fish, the bluehead wrasse (Thalassoma 

bifasciatum), to examine neural transduction of social cues to the hypothalamic-pituitary-

gonadal (HPG) axis, which controls reproduction in vertebrates. Large females and 

subordinate initial phase (IP) males can rapidly change sex or male role, respectively, to 

become dominant terminal phase (TP) males following removal of TP males from social 

groups.  

Hypothalamic gonadotropin-releasing hormone neurons (typically GnRH1) are at the 

apex of the HPG axis and control reproductive events in all vertebrates, with evidence 

supporting regulation of sex change as well. We sought to determine potential upstream 

regulators that may relay social information to GnRH1 neurons. We focused on the 

hypothalamic arginine vasotocin (AVT; homologue of mammalian vasopressin) and 

kisspeptin systems, hypothesizing that the AVT system acts through the kisspeptin system to 

target GnRH1 neurons. This hypothesis was informed by previous findings in the bluehead 

wrasse and other vertebrates, including the necessity of AVT signaling for changes in 

territorial behavior in bluehead wrasse females following TP male removal, the necessity of 



the kisspeptin system for reproductive functions in mammals, direct regulation of GnRH1 

neurons by kisspeptin in mammals and some fishes, and direct regulation of kiss1 neurons by 

vasopressin in some mammals. 

We first mapped expression of kisspeptin-system genes and gnrh1 in the bluehead 

wrasse brain using in situ hybridization (ISH).  Expression of avt was previously localized to 

the preoptic area and ventral tuberal nucleus. We found kiss1 and kiss2 expression in discrete 

hypothalamic nuclei, the lateral hypothalamic nucleus (LHn) and dorsal hypothalamus (DH), 

respectively, with an additional population of kiss1-expressing neurons in the habenula. We 

found co-regionalization of gnrh1 mRNA and the kisspeptin receptors kissr1 and kissr2 in 

the anterior preoptic area, indicating the potential for co-localization.  

We next aimed to determine whether 1) expression of kisspeptin-system genes, avt, 

and gnrh1 varies among juveniles and adult phenotypes, 2) expression changes during 

socially-induced sex change, and 3) expression is sensitive to gonadal presence/absence and 

tide-related spawning cues (i.e., proximity to the daily spawning period). Expression of avt 

and kiss1 was higher in TP males in certain dissected brain regions. Expression of 

hypothalamic kiss1, along with gnrh1 and avt, was lower in pre-pubertal juveniles than 

adults. Expression of the kisspeptin receptor kissr2 fluctuated in the hypothalamus during sex 

change, suggesting changes in kisspeptin signaling during the process. Gonadal 

presence/absence and proximity to the daily spawning period altered expression of kiss1 

(proximity to the spawning period also altered avt mRNA abundance). These findings 

suggest kisspeptin genes, particularly kiss1, may integrate environmental and gonadal 

signals, support functions that are displayed more by TP males, and potentially modulate the 

HPG axis during socially-induced sex change. Additionally, similar expression patterns of 



avt, kiss1, and gnrh1 in some of these studies suggest potential co-regulation and interactions 

among these systems. 

In the last study, we tested 1) functional connections among these neuropeptide 

systems with injection experiments and double-label in situ hybridization (ISH) assays, and 

2) whether kiss2 could induce gonadal sex change in females on reefs in the presence of TP 

males. Preliminary findings revealed no effects on gnrh1 or avt expression in captive females 

six hours following injection with the decapeptide kiss1-10. Kiss2-10 treatment significantly 

lowered gnrh1 expression six hours following treatment, though this does not necessarily 

imply an inhibition of the HPG axis as protein expression could differ. We were unable to 

replicate our findings using the potentially more potent dodecapeptide kiss2-12 in another 

cohort of females, but we did observe an interaction of kiss2-12 with implant treatment 

(estradiol or cholesterol). This interaction suggests potential estradiol-mediated modulation 

of gnrh1 expression by kiss2-12 that could be significant under different conditions. 

Expression of kiss1 was upregulated in females six hours following AVT injection. The only 

support for direct interactions we found was co-localization of avt with kissr2 mRNA in the 

gigantocellular and magnocellular preoptic area. Kisspeptins (at least kiss2) therefore could 

exert effects on GnRH1 through interneurons. These interneurons may in part be AVT 

neurons, though functional support for this possibility is still needed. Nine-ten days of 

implantation with slow-release kiss2-10 implants was unable to induce gonadal sex change in 

females under socially inhibitory conditions. We have not yet tested whether kiss1 can 

induce gonadal sex change.  

These findings support the existence of interactions among the AVT, kisspeptin, and 

GnRH1 systems in the brain of the sexually-plastic bluehead wrasse, but reveal more 



complex interactions than originally hypothesized. Although kiss2-10 was unable to induce 

gonadal sex change in these experiments, the kisspeptin system may interact with the AVT 

and GnRH1 systems to modulate reproductive events. This is based on functional and 

anatomical connectedness of the kisspeptin system with the AVT and GnRH1 systems, TP 

male-biased neural expression of avt and some kisspeptin-system genes, sensitivity of kiss1 

to gonadal and environmental factors (and sensitivity of avt to environmental factors), and 

lower expression of avt, gnrh1, and hypothalamic kiss1 in juveniles than adults. These 

findings could have implications for other sexually-plastic vertebrates and a broader range of 

species that are reproductively-sensitive to social and abiotic cues.  
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SYMPOSIUM

The Need for Speed: Neuroendocrine Regulation of
Socially-controlled Sex Change
Melissa S. Lamm,*,† Hui Liu,‡ Neil J. Gemmell‡ and John R. Godwin1,*,†

*Department of Biological Sciences, North Carolina State University, Raleigh, NC 27695, USA; †W.M. Keck Center for

Behavioral Biology, North Carolina State University, Raleigh, NC 27695, USA; ‡Department of Anatomy, University of
Otago, Dunedin 9016, New Zealand

From the symposium ‘‘Neurohormones, Brain, and Behavior: A Comparative Approach to Understand Rapid

Neuroendocrine Function’’ presented at the annual meeting of the Society for Integrative and Comparative Biology,
January 3–7, 2015 at West Palm Beach, Florida.

1E-mail: john_godwin@ncsu.edu

Synopsis Socially-controlled functional sex change in fishes is a dramatic example of adaptive reproductive plasticity.

Functional gonadal sex change can occur within a week while behavioral sex change can begin within minutes. Significant

progress has been made in understanding the neuroendocrine bases of this phenomenon at both the gonadal and the

neurobiological levels, but a detailed mechanistic understanding remains elusive. We are working with sex-changing

wrasses to identify evolutionarily-conserved neuroendocrine pathways underlying this reproductive adaptation. One

key model is the bluehead wrasse (Thalassoma bifasciatum), in which sex change is well studied at the behavioral,

ecological, and neuroendocrine levels. Bluehead wrasses show rapid increases in aggressive and courtship behaviors

with sex change that do not depend on the presence of gonads. The display of male-typical behavior is correlated

with the expression of arginine vasotocin, and experiments support a role for this neuropeptide. Estrogen synthesis is

also critical in the process. Female bluehead wrasses have higher abundance of aromatase mRNA in the brain and gonads,

and estrogen implants block behavioral sex change. While established methods have advanced our understanding of sex

change, a full understanding will require new approaches and perspectives. First, contributions of other neuroendocrine

systems should be better characterized, particularly glucocorticoid and thyroid signaling. Second, advances in genomics

for non-traditional model species should allow conserved mechanisms to be identified with a key next-step being ma-

nipulative tests of these mechanisms. Finally, advances in genomics now also allow study of the role of epigenetic

modifications and other regulatory mechanisms in the dramatic alterations across the sex-change process.

Introduction

The plasticity of the brain of adult vertebrates is
much greater than was once appreciated (see Gross
2000; Kaslin et al. 2008). The mechanisms underlying
these plastic events are an area of intense interest,
particularly in relation to environmental influences.
Plasticity of the brain often is most apparent in
species in which individuals can undergo dramatic
behavioral transformations as adults. Some of the
most compelling examples include sex change in
many reef fishes (e.g., Fishelson 1970; Robertson
1972; Warner et al. 1975; Fricke and Fricke 1977)
and role change in species with morphologically-
and behaviorally-distinct alternative reproductive tac-
tics (e.g., Warner et al. 1975; Francis et al. 1993;

Oliveira et al. 2001). Some of the same neuroendo-
crine systems that regulate puberty and reproduction
(including gonadotropin-releasing hormone) and
dominant male-typical behaviors (including vasoto-
cin/vasopressin) in many vertebrates may also regu-
late sex change and role change in fishes (reviewed
by Foran and Bass 1999; Bass and Grober 2001;
Godwin 2009, 2010). Some of these brain systems
will be discussed in this review.

In general, switching sex or role to the dominant/
territorial phenotype confers reproductive bene-
fits, such as greater access to mates and higher
mating success (Ghiselin 1969; Warner 1975;
Warner et al. 1975). Socially-induced sex change,
whether protogynous (female-to-male), protandrous

Integrative and Comparative Biology
Integrative and Comparative Biology, volume 55, number 2, pp. 307–322
doi:10.1093/icb/icv041 Society for Integrative and Comparative Biology

Advanced Access publication May 16, 2015
! The Author 2015. Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology. All rights reserved.
For permissions please email: journals.permissions@oup.com.
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(male-to-female), or bidirectional, has been observed
in a wide range of marine fishes and can occur re-
markably rapidly: behaviorally, within minutes to
hours into the sex-change process for some species,
such as the bluehead wrasse (Thalassoma bifasciatum;
Warner and Swearer 1991) and bluebanded goby
(Lythrypnus dalli; Reavis and Grober 1999), and as
quickly as 1–2 weeks for completion of gonadal sex
change in certain species, including the bluehead
wrasse (Warner and Swearer 1991) and bluebanded
goby (Black et al. 2005a). The initial social trigger
typically involves removal of individuals of one phe-
notype (e.g., dominant/territorial males) from a
social group to allow replacement by individuals of
another phenotype (e.g., subordinate/non-territorial
females). Because individuals often live in highly
competitive, complex social groups, it is critical for
individuals to rapidly assert and maintain behavioral
dominance in order to achieve gonadal/morphologi-
cal changes that lead to higher reproductive success.

Some species of vertebrates, particularly teleost
fishes, also exhibit plastic alternative reproductive
tactics among individuals of the same sex (usually
male), with or without distinct body morphotypes,
in which territorial/bourgeois and non-territorial/
parasitic behavioral phenotypes can switch roles de-
pending on the social environment (reviewed by
Moore and Thompson 1990; Moore 1991; Moore
et al. 1998; Taborsky 2001; Godwin 2010). Role
change among members of the same sex appears to
occur more rapidly than does change in sex, that is
in less than 1 week, since no major gonadal restruc-
turing is required, for example, Astatotilapia burtoni
(Burmeister et al. 2005; Maruska and Fernald 2010)
and the bluehead wrasse (Godwin et al. personal
observation).

Functional sex change and role change in adult
fishes both offer dramatic examples of how the
social environment can rapidly affect behavior and
reproduction. This review focuses solely on socially-
induced sex change. This phenomenon is valuable
for studies exploring the neuroendocrine bases of
dominant/subordinate behaviors and reproductive
differences, while also allowing exploration of social
effects on sex determination and the evolution of
socially-sensitive sex-determination systems in
teleosts.

In this review, we first discuss behavioral, gonadal,
and hormonal aspects of socially-induced sex change
in adult fishes, with emphasis on protogynous sex
change in the bluehead wrasse. We then discuss
known and proposed neuroendocrine pathways me-
diating rapid events during sex change. We conclude
with some promising future directions for the study

of sex change in fishes. An exhaustive review of sex
change and sex determination in fishes is beyond the
scope of this article, but we refer readers to several
comprehensive reviews (Devlin and Nagahama 2002;
Godwin 2010; Piferrer 2011).

Socially-induced sex change in
protogynous fishes

Sexual differentiation and sex change in adult
bluehead wrasses

The bluehead wrasse is a small Caribbean reef fish
that exhibits socially-controlled protogynous sex
change (Warner et al. 1975; Warner and Swearer
1991). Bluehead wrasses display strong sexual dimor-
phism as well as alternative male phenotypes with
divergent reproductive tactics (Feddern 1965;
Warner et al. 1975; Semsar and Godwin 2004).
Initial sexual differentiation into either a female or
a initial phase (IP) male occurs at approximately
30 mm standard length (Shapiro and Rasotto 1993)
and is at least partially socially-controlled (Munday
et al. 2006); most juveniles that settle on small reefs
become females, while up to 50% of those that settle
on large reefs become IP males (Warner 1984).

Adults spawn at mid-day year-round, releasing
their gametes into the water column (Feddern
1965). Females spawn two out of every 3 days on
average (Schultz and Warner 1991), while males can
spawn many times per day (Warner et al. 1975). IP
males mimic females in morphology and behavior,
showing very little aggression, territoriality, or court-
ing of females. IP males either spawn in large groups
of 5–20 or more IP males and one female, or obtain
fertilizations by ‘‘sneaking’’ or ‘‘streaking’’ on pair-
spawns between females and dominant terminal
phase (TP) males (Warner et al. 1975). TP males
develop through changes in sex or role in large fe-
males and IP males, which involve dramatic alter-
ations in behavior and morphology. TP males can
be divided into two social classes: non-territorial
(NT-TP) and territorial (T-TP). NT-TP males are
generally smaller, less aggressive, not territorial, and
display only infrequent courtship (Semsar et al.
2001). NT-TP males can rapidly occupy vacant
territories and begin displaying behaviors typical of
T-TP males (Table 1).

Development and display of behaviors typical of
T-TP males begin minutes to hours after removal of
a T-TP male and are not dependent on gonads
(Godwin et al. 1996). Ovarian atresia is advanced
by Day 3 of sex change, testicular development and
initial change in color occur about Day 4–6, and
mature sperm are produced as early as Day 8–10
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(Warner and Swearer 1991; Shapiro and Rasotto
1993; Semsar and Godwin 2003).

Social signals that regulate sex change in protogynous
fishes

The earliest clear sign of sex change in female blue-
head wrasses is the display of behaviors typical of T-
TP males (for a complete description, see Semsar and
Godwin 2004). These behavioral changes occur rap-
idly and are controlled by social cues. The absence of
larger, dominant males in the bluehead wrasse
(Warner and Swearer 1991) and other protogynous
species, for example, lyretail anthias (Anthias squa-
mipinnis; Fishelson 1970; Shapiro 1980) and blue-
streak cleaner wrasse (Labroides dimidiatus;
Robertson 1972), can be considered a ‘‘stimulus’’
or ‘‘trigger’’ because it creates a permissive social
environment for sex change in the largest, highest-
ranking females of a social group (Robertson 1972;
Ross et al. 1983; Warner and Swearer 1991). Sex
change may also depend upon the presence of at
least one smaller conspecific in at least some species,
for example, saddleback wrasses (Thalassoma duper-
rey; Ross et al. 1983) and Potter’s angelfish
(Centropyge potteri; Lutnesky 1994). Size or social
rank therefore serves as a ‘‘primer’’ or ‘‘prerequisite’’
for behavioral sex change.

Visual and chemical cues are important sensory
systems regulating reproductive and agonistic behav-
iors in fishes (Stacey and Sorensen 2011; O’Connell
et al. 2013), including sex-changing species. Ross
et al. (1983) demonstrated that visual signals are cru-
cial for sex change in saddleback wrasses, but tactile
cues are not. A study in bridled gobies
(Coryphopterus glaucofraenum) showed that chemical
signals from females are an important stimulus of sex
change. Isolated female gobies that received water

from a tank holding a group of conspecific females
were more likely to change sex than were isolated
females who received water from tanks holding no
fish, conspecific males, or females from a different
species (Cole and Shapiro 1995). It is likely that
chemical cues, in addition to visual cues, are impor-
tant in a variety of sex-changing fishes.

Characteristics of gonadal sex change in protogynous
fishes

Gonadal sex change in protogynous fishes involves
radical morphological changes and the restructuring
of tissues from a functional ovary to a functional
testis. As a fascinating example of sexual lability
and phenotypic plasticity, gonadal sex change has
been intensely investigated in several protogynous
species (reviewed by Godwin 2010; see also
Muncaster et al. 2013; Nozu et al. 2013). Following
removal of TP male bluehead wrasses, sex-changing
females establish dominance, ovarian tissues regress,
and testicular tissues can develop within 4–5 days
(Figs. 1 and 2) (Warner and Swearer 1991). Sex
changers may possess fully functional testes and be
capable of fertilizing eggs by 8–10 days (Warner and
Swearer 1991).

Six structural stages describe protogynous gonadal
sex change in wrasses, based on histological charac-
teristics of the gonad (see legend for Fig. 1)
(Nakamura et al. 1989; Nozu et al. 2013). The pro-
cess of gonadal sex change appears comparable
across species based on histological characteristics.
For example, in the honeycomb grouper
(Epinephelus merra), early sex change is comparable
histologically to Stage 3–4 in Thalassoma wrasses,
while late sex change is similar to Stage 5–6
(Bhandari et al. 2003, 2005).

Table 1 Two body morphotypes in the bluehead wrasse, IP and TP, and four behavioral phenotypes, female, IP male, NT-TP male, and

T-TP male

Female IP male
Female ! T-TP male
sex changer NT-TP male T-TP male

Morph IP IP Intersex TP TP

Behavior Female-typical IP male-typical TP male-typical Less TP male-typical TP male-typical

Aggression No No Yes Little Yes

Spawning Pair-spawn or

group-spawn

as female

Group-spawn or

sneak/streak-spawn

as male

Pair-spawn as male Opportunistically

pair-spawn as male

Pair-spawn as male

Courtship No No Yes Opportunistic Yes

Genital papilla Blunt, with broad genital

opening

Pointy, with small

genital aperture

Intersex Pointy, with small

genital aperture

Pointy, with small

genital aperture

Gonadal status Ovary Testis Intersex Testis Testis
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Hormonal alterations during sex change

Estrogens and androgens are known to regulate ovar-
ian and testicular differentiation across vertebrates,
and gonadal steroids also play central roles in go-
nadal sex change (reviewed by Devlin and
Nagahama 2002; Guiguen et al. 2010; Piferrer
2011). In teleost fishes, 17b-Estradiol (E2) and the
non-aromatizable androgen 11-ketotestosterone
(11KT) function as the major estrogen and andro-
gen, respectively (Devlin and Nagahama 2002).
Although present in both sexes, E2 levels are gener-
ally higher in females than in males, while 11KT
shows the opposite pattern. Testosterone (T) is also
often found at high levels, even in females (Borg
1994; Piferrer 2011). However, this may be due to
the role of T as a ‘‘prohormone’’ in the production
of either E2 through gonadal or brain aromatase

(Cyp19a1a and Cyp19a1b, respectively) or 11KT by
11b-hydroxylase (Cyp11b) and 11b-hydroxysteroid
dehydrogenase 2 (HSD11B2) (reviewed by Baroiller
et al. 1999; Devlin and Nagahama 2002; Frisch 2005).

Changes in plasma concentrations of gonadal ste-
roids accompany gonadal sex change. E2 decreases
and 11KT typically increases during protogynous
sex change, while protandrous species show the op-
posite pattern (reviewed by Godwin 2010; Guiguen
et al. 2010). Interestingly, gobies that change sex bi-
directionally appear to show changes in E2 and not
in 11KT across sex change, for example, broad-
barred gobies (Gobiodon histrio; Kroon et al. 2003)
and bluebanded gobies (L. dalli; Lorenzi et al. 2008).
This suggests a central role for E2 in sex change,
but the role of 11KT remains unclear in these
gobies. These researchers suggest that low and

Fig. 1 Morphological and gonadal sex change in the bluehead wrasse. Left: morphological changes from female (top) to TP male

(bottom) (images by J. Godwin). Right: six gonadal sex-change stages from ovary to functional testis (images by M. Lamm and J.

Godwin). (a) Stage 1: mature ovary with healthy vitellogenic oocytes (VO) and pre-vitellogenic oocytes (PVO); (b) Stage 2: atretic

vitellogenic oocytes (AVO) with degraded zona pellucida; (c) Stage 3: atretic previtellogenic oocytes (APVO); (d) Stage 4: proliferation

of presumed spermatogonia (SG) and Leydig cells; (e) Stage 5: onset of spermatogenesis, indicated by spermatocytes (SC) in sper-

matocysts; (f) Stage 6: presence of mature, tailed sperm (SP). Based on classification by Nakamura et al. (1989). Scale bar: 50!m. (This

figure is available in black and white in print and in color at Integrative and Comparative Biology online.)
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Fig. 2 Timeframe of physiological and behavioral changes during female-to-TP-male sex change in the bluehead wrasse. Shown are the

earliest appearances of selected known (solid bars) and predicted (open bars) changes during sex change. Behavioral changes, consisting

of aggression and sexual behaviors toward conspecifics during the spawning period, are observed as early as minutes to hours after

removal of TP males (Warner and Swearer 1991). Temporary spawning coloration, composed of darkening of the pectoral fins and

translucency of the head, occurs concurrently with sexual behaviors typical of TP males during the spawning period (Godwin et al.

1996). avt mRNA abundance in the magnocellular preoptic area (mPOA) of females increases within 2–3 days of removal of TP males

(earliest time measured; Godwin et al. 2000) but is predicted to increase within hours into behavioral sex change because AVT

signaling is necessary for behavioral changes (Semsar et al. 2001). Abundance of cyp19a1b mRNA in the POA is significantly lower in

TP males than in females (Marsh-Hunkin et al. 2013) and likely decreases very early into sex change, as suggested by decreases in brain

aromatase activity in female sex-changing bluebanded gobies (Lythrypnus dalli) within hours of males being removed (Black et al. 2005a).

cyp19a1a gonadal mRNA decreases by Stage 3 (earliest stage sampled; Liu et al. unpublished) and is predicted to decrease by Stage 2

of sex change, concurrently with falls of E2 in the serum. Serum E2 has not been measured in bluehead wrasses but, based on patterns

in the congener Thalassoma duperrey (Nakamura et al. 1989), is predicted to decrease by Stage 2 of sex change and remain low.

Ovarian atresia is evident by Stage 2 (degeneration of vitellogenic oocytes) and continues through Stage 3 (degeneration of pre-

vitellogenic oocytes) and often Stage 4 (degeneration of remaining cysts of oocytes; classification by Nakamura et al. 1989). dmrt1

gonadal mRNA increases by Stage 3 of sex change (earliest stage sampled; Liu et al. unpublished), just prior to the appearance of

spermatogonia and Leydig cells in Stage 4. Testicular growth begins at Stage 4 of sex change and continues through Stage 5 (sper-

matogenesis inside spermatocysts) and Stage 6 (presence of tailed sperm). cyp11b gonadal mRNA begins to rise at Stage 3 and remains

elevated compared to values for females (Liu et al. unpublished). hsd11b2 gonadal mRNA rises at Stage 4 and remains elevated (Liu

et al. unpublished). Serum 11KT is higher in TP males than in females (Grammer 1998) and rises within 6–7 days into sex change

(earliest time measured; Godwin et al. unpublished). 11KT is predicted to increase around Stage 4 of sex change due to the presence

of Leydig cells and elevated levels of cyp11b and hsd11b2 mRNA. Permanent blue coloration is dependent on 11KT signaling (Godwin

et al. 1996; Semsar and Godwin 2003) and first appears on the ventral surface of the body 5 days into sex change (Warner and

Swearer 1991), corresponding to Stage 4–5. (This figure is available in black and white in print and in color at Integrative and

Comparative Biology online.)
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indistinguishable levels of 11KT in males and females
may be due to a lack of dramatic differences in the
secondary sexual characteristics of males (Lorenzi
et al. 2008), and may also facilitate bidirectional
sex change (Kroon et al. 2003). In addition to abso-
lute levels of gonadal steroids, the ratio of 11KT to
E2, expression levels of androgen and estrogen recep-
tors, and other factors are important considerations
for the regulation of sex change.

Manipulative studies also support a role for E2

and 11KT in sex change. Working with three-spot
wrasses (Halichoeres trimaculatus), Higa et al.
(2003) showed that treatment with either the aro-
matase inhibitor (AI) fadrozole or the 11KT
induced gonadal sex change, but co-administration
with E2 blocked these effects. Results of in vivo or
in vitro manipulations in other protogynous fishes
have produced similar overall results (reviewed
by Devlin and Nagahama 2002; Guiguen et al.
2010; see also Marsh-Hunkin et al. 2013). Taken
together, patterns across a variety of sex-changing
species are consistent with a critical role for estro-
gens in this process.

Gonadal E2 levels are well-correlated with the ex-
pression of gonadal aromatase (cyp19a1a) mRNA in
fishes (reviewed by Guiguen et al. 2010). What fac-
tors down-regulate cyp19a1a and therefore E2 levels
during sex change? In females, the pituitary gonad-
otropins follicle-stimulating hormone (FSH) and
luteinizing hormone (LH) bind to their receptors
in the gonad to regulate transcription of cyp19a1a
(reviewed by Devlin and Nagahama 2002), but it is
unknown whether/how LH/FSH signaling induces
changes in the expression of cyp19a1a during sex
change. In the gonochoristic Nile tilapia
(Oreochromis niloticus) and Japanese flounder
(Paralichthys olivaceus), cyp19a1a was shown to be
regulated by the transcription factors forkhead box
protein L2 (FoxL2) and doublesex and mab-3 related
transcription factor 1 (DMRT1), which act antago-
nistically to up-regulate and down-regulate the ex-
pression of cyp19a1a, respectively, and regulate
ovarian (FoxL2) or testicular (DMRT1) differentia-
tion (Wang et al. 2007; Yamaguchi 2007; Wang et al.
2010). However, their roles in sex-changing fishes are
poorly understood. Cortisol and certain DNA
methyltransferases (DNMTs) have also been shown
to down-regulate the expression of cyp19a1a
(Yamaguchi et al. 2010; Navarro-Martı́n et al. 2011;
Zhang et al. 2013). Both these factors may be impor-
tant regulators of cyp19a1a during protogynous
sex change.

In honeycomb grouper, the expression of dmrt1
mRNA was higher and foxl2 lower in late-stage sex

changers and males, but not in early-stage sex chan-
gers (Alam et al. 2008), suggesting that these factors
may not critically regulate the expression of cyp19a1a
during sex change because E2 levels (and therefore
the expression of cyp19a1a) decrease in early sex
change, for example, saddleback wrasses (Nakamura
et al. 1989) and Mediterranean red porgies (Pagrus
pagrus; Kokokiris et al. 2006). Our findings in the
bluehead wrasse are largely consistent with these pat-
terns over the course of sex change (Fig. 2) (Liu et al.
unpublished). Surprisingly, Kobayashi et al. (2010b)
found no difference in gonadal foxl2 expression
among three-spot wrasse females, IP males, and TP
males. Treatment with an AI to induce sex change in
females increased the levels of foxl2 mRNA during
sex change (Kobayashi et al. 2010b), possibly due to
a feedback response to declining E2 levels. Together,
these findings suggest that cyp19a1a expression may
be decoupled from FoxL2 regulation during proto-
gynous sex change. While DMRT1 may not signifi-
cantly down-regulate cyp19a1a in early protogynous
sex change, DMRT1 is likely important for testicular
development in mid-late sex change (reviewed by
Herpin and Schartl 2011).

Rapid epigenetic methylation of cyp19a1a could
also be responsible for early decreases in the expres-
sion of cyp19a1a. Temperature-induced DNA meth-
ylation of the cyp19a1a promoter in European sea
bass (Dicentrarchus labrax) induced the formation
of testes in fish reared at different temperatures
and caused cyp19a1a to be less responsive to FoxL2
protein in vitro (Navarro-Martı́n et al. 2011).
Similarly, working with the protogynous ricefield
eel (Monopterus albus), Zhang et al. (2013) found
greater methylation in the promoter region of
cyp19a1a in testes and in the ovotestes of sex chan-
gers than in ovaries. Treatment with gonadotropins
in vitro was only able to increase the expression of
cyp19a1a in ovaries. In our studies employing RNA-
sequencing, we found increased expression of some
genes encoding DNMTs, including dnmt3ab and
dnmt4, in the gonads of bluehead wrasses with ad-
vanced ovarian regression and the beginnings of tes-
ticular proliferation (Liu et al. unpublished). It is
unknown whether these particular DNMTs interact
with cyp19a1a.

Finally, cortisol can also inhibit transcription of
cyp19a1a and cause masculinization, for example,
in flounder species (Yamaguchi et al. 2010;
Mankiewicz et al. 2013). Because E2 positively up-
regulates the expression of cyp19a1a (Guiguen et al.
2010), lower E2 levels due to down-regulation of
cyp19a1a in early sex change may help to maintain
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low expression of cyp19a1a throughout the comple-
tion of sex change.

Rapid neuroendocrine mechanisms
mediating protogynous sex change

The neuroendocrine mechanisms by which social
cues are ‘‘transduced’’ into rapid behavioral and go-
nadal changes are intriguing, but poorly understood.
However, significant progress has been made in
recent years, and that progress is the focus of this
section.

Behavioral sex change may promote gonadal tran-
sition because changes in behavior usually precede
gonadal changes. However, because behavior and go-
nadal change can be decoupled in some cases
(Godwin et al. 1996), and because gonadal sex
change can also occur without changes in the behav-
ioral phenotype, for example, changes from female to
IP male in some wrasses and parrotfishes, it is there-
fore also possible that these processes are regulated
through different pathways. Male-typical behaviors
are influenced by fast-acting neurochemicals, such
as vasotocin (Semsar et al. 2001; Semsar and
Godwin 2003, 2004), while reproduction and likely
gonadal sex change are regulated by gonadotropins
and gonadal steroid hormones via the hypothalamo–
pituitary–gonadal (HPG) axis. There is also potential
crossover between the systems controlling behavioral
and gonadal sex change. We discuss these possibili-
ties in detail.

Fast-acting neuropeptides, monoamines, and
neurosteroids

The neuropeptide arginine vasotocin (AVT; non-
mammalian homolog of vasopressin) is a key medi-
ator of male-typical behaviors in vertebrates generally
(recently reviewed by Godwin and Thompson 2012;
Kelly and Goodson 2013). For sex-changing species,
actions and expression of AVT have been best stud-
ied in the bluehead wrasse, in which the expression
of avt appears independent of gonadal influences and
11KT does not affect its expression (McIntyre 1998;
Semsar and Godwin 2003). Abundance both of avt
mRNA in the magnocellular preoptic area (mPOA)
and the v1a2 AVT receptor subtype in the hypothal-
amus was higher in TP males than in females and
increased during socially-induced sex change
(Godwin et al. 2000; Lema et al. 2012). In the pres-
ence of T-TP males (inhibitory environment), injec-
tion of AVT increased aggression and courtship in
NT-TP males (Semsar et al. 2001), but not in females
or IP males (Semsar and Godwin 2004). However,
the AVT receptor antagonist Manning compound

blocked behaviors typical of T-TP males in all phe-
notypes (Semsar et al. 2001; Semsar and Godwin
2004). These findings indicate that AVT signaling is
necessary for behavioral sex change in females.
However, alterations in AVT signaling alone are
not sufficient, suggesting that other neurochemical
changes are also critical for behavioral sex change.

The neuropeptides isotocin (IST; non-mammalian
homolog to oxytocin) and neuropeptide Y may also
mediate sex change, but information is limited.
Injection of NPY in female bluehead wrasses induced
clear gonadal sex change in some individuals in tanks
(Kramer et al. 1997), presumably through stimula-
tion of the HPG axis (reviewed by Van Der Kraak
2009). However, expression and activity of NPY
during protogynous sex change remain uncharacter-
ized. IST is also poorly studied with respect to sex
change, although Black et al. (2004) found that in
bluebanded gobies the number of IST-ir neurons was
lower in the preoptic area (POA) of males and late-
stage sex changers than of females. Given the impor-
tance of oxytocin in social interactions in mammals
(reviewed by Donaldson and Young 2008), IST sig-
naling might be a particularly interesting area of
inquiry.

Monoamine neurotransmitters can change rapidly
in different areas of the brain at the beginning of
protogynous sex change. In the saddleback wrasse,
activity of norepinephrine (NE) peaked in the POA
3 days into sex change and returned to baseline levels
by Day 5, while activities of dopamine (DA) and
serotonin (5-HT) showed the opposite pattern, de-
creasing by Day 3 and returning to baseline levels by
Day 7 (Larson et al. 2003a). Consistent with a func-
tionally important role in sex change, elevating the
activity of NE with implants of the NE agonist
ephedrine, or the NE reuptake inhibitor maprotiline,
induced sex change in female saddleback wrasses
under inhibitory conditions, that is, in isolation,
after 4 and 8 weeks. In contrast, elevating the activ-
ities of DA and 5-HT with implants of the DA ago-
nist apomorphine, or the selective serotonin reuptake
inhibitor (SSRI) sertraline, reduced rates of protogy-
nous sex change under permissive conditions, that is,
a smaller female present (Larson et al. 2003a). In a
complementary finding in bluehead wrasses, the SSRI
fluoxetine decreased both the aggressive behavior and
the abundance of avt mRNA in TP males (Perreault
et al. 2003; Semsar et al. 2004). Blockade of behav-
ioral or gonadal sex change in female bluehead
wrasses was not tested. In contrast, protogynous
sex change in bluebanded gobies was not affected
either by augmenting or by antagonizing serotonergic
signaling (Lorenzi et al. 2009).
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Local production of steroid hormones in the brain
is of increasing interest with respect to control of
reproductive behavior in a variety of species. E2

and 11KT can produce rapid changes in behavior
in teleosts (on the order of minutes) (Remage-
Healey and Bass 2007), although this is not well-ex-
plored in sex-changing fishes. Both hsd11b2 and
cyp19a1b, the aromatase gene that is predominantly
expressed in the brain of teleosts, are expressed
widely and abundantly in the brain of male and
female adult teleosts (Marsh et al. 2006; Alderman
and Vijayan 2012). In the bluehead wrasse, aroma-
tase-ir glial cells were found in close association with
AVT-ir and tyrosine hydroxylase-ir neurons in the
POA (Marsh et al. 2006), suggesting potential inter-
actions among E2, AVT, and DA in controlling be-
havior. Abundance of cyp19a1b mRNA in the POA
was lower in bluehead wrasse TP males than in fe-
males, and implants of E2 in females both elevated
the abundance of cyp19a1b mRNA in the preoptic
area and blocked behavioral sex change under per-
missive social conditions (Marsh-Hunkin et al.
2013). Similarly, female bluebanded gobies showed
decreases in whole-brain activity of aromatase
within hours of the removal of males and the initi-
ation of sex change (Black et al. 2005a). However, it
was later shown that behavioral changes preceded
changes in whole-brain activity of aromatase during
sex change in this species (Black et al. 2011).

11KT is also produced in the brain by the activity
of local HSD11B2. In zebrafish (Danio rerio),
hsd11b2 was abundantly expressed in every major
region of the brain (Alderman and Vijayan 2012),
often overlapping areas of known cyp19a1b expres-
sion. In protogynous fishes, it is unknown if, or how
rapidly, the activity of HSD11B2 might change
during sex change. It is known that changes in the
activity of HSD11B2 can produce rapid behavioral
changes in bluebanded gobies, in which injection of
an HSD11B2 inhibitor into the brain eliminated pa-
rental behavior within 20 min, while co-injection
with 11KT rescued these behaviors (Pradhan et al.
2014). It is possible that rapid increases in the activ-
ity and transcription of HSD11B2 occur very early
during protogynous sex change, increasing local
levels of 11KT in the brain and potentially promot-
ing behaviors typical of dominant males. In female
bluehead wrasses, exogenous 11KT could induce op-
portunistic displays of courtship behavior typical of
T-TP males, but these implants were intraperitoneal
(Semsar and Godwin 2004). Because elevations of
11KT levels (as evidenced by typical coloration for
TP males) are not seen until mid-to-late sex change
and behavioral sex change can occur in the absence

of gonads, neural synthesis of 11KT that exposes the
brain to elevated 11KT earlier in the sex-change pro-
cess could still be important.

The HPG axis, kisspeptin, and GnIH

Social cues are transduced through a series of neu-
rotransmitter and neuroendocrine systems, including
the systems described in section 3.1, which relay
these signals to the HPG axis to regulate gonadal
steroid-hormone synthesis and sex change. The evo-
lutionarily-conserved HPG axis controls reproduc-
tion in males and in females, but in different ways.
In females, the hypothalamic-releasing form of go-
nadotropin-releasing hormone (GnRH), typically
GnRH1, from the POA regulates release of FSH
and LH from the anterior pituitary for follicular de-
velopment and production of estrogens and other
gonadal steroids, while GnRH also stimulates surges
in LH that lead to ovulation. In males, GnRH acti-
vates both FSH and LH to regulate spermatogenesis
and production of androgens and other steroids (re-
viewed by Devlin and Nagahama 2002; Zohar et al.
2010; Maruska and Fernald 2011).

Consistent sexual dimorphism of GnRH neurons
in the POA has been found in both protogynous and
protandrous species: males typically have larger and/
or a greater number of GnRH neurons than do fe-
males (reviewed by Godwin 2010). In bluehead
wrasses, 11KT implants increased the number of
GnRH neurons in the POA of females and IP
males while inducing changes in sex or role to the
TP-male phenotype (Grober et al. 1991). It is unclear
if the actions of 11KT on the number of GnRH neu-
rons are caused by direct effects of 11KT, suppres-
sion of E2 production, or both. While there are
currently no data for any species on the changes in
GnRH during sex change, the very rapid activation
of GnRH1 neurons during males’ role change in the
gonochoristic cichlid fish A. burtoni shows that this
system can respond rapidly to social cues
(Burmeister et al. 2005).

Our knowledge of changes in gonadotropin hor-
mones (GtHs; LH/FSH) in sex-changing species is
mostly based on the detection of pituitary mRNA
expression of GtH subunits: lhb, fshb, and glycopro-
tein hormone ! subunit (cga), the latter of which is
part both of the mature LH and FSH peptides.
However, there is presently no consistent pattern in
the expression of GtH-subunits during sex change
across species (e.g., Ohta et al. 2008; An et al.
2009, 2010; Kobayashi et al. 2010a; Hu et al. 2011).

Genes encoding GtH receptors, fshr and lhr,
showed parallel gonadal expression in the
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bidirectional goby Trimma okinawae (Kobayashi
et al. 2009). This species possesses an ovotestis, in
which maturation of the ovarian or testicular portion
of the gonad depends on social status. Expressions of
fshr and lhr were high in the active part of the gonad
and very low in the quiescent portion. As individuals
underwent sex change (activation of either the ovar-
ian or the testicular tissue), fshr and lhr expression
increased in the newly active gonadal tissue within
12–24 h, and these newly-activated tissues became
responsive to GtHs within 24 h. The mechanisms
underlying the shift in GtHR expression remain
unknown, and there are no comparable data for
sex-changing species that do not possess ovotestes.

Manipulations of GnRH or GtH signaling can
induce partial-to-complete sex change in a number
of species. Bovine FSH (but not LH) triggered sex
change in female honeycomb groupers (Kobayashi
et al. 2010a). LH or human chorionic gonadotropin
(analog of LH) exerted the same effect in female
rainbow wrasses (Coris julis; Reinboth and Bruslé-
Sicard 1997), bluehead wrasses (Koulish and
Kramer 1989), and ricefield eels (Tang et al. 1974;
Yeung et al. 1993). The observed effects of GnRH in
induction of sex change have been less striking than
those of GtHs, perhaps because GnRH is upstream to
GtHs and a variety of neuropeptides and neurotrans-
mitters can modulate the stimulatory effects of
GnRH on GtHs. For example, GnRH analogs typi-
cally need to be applied with a dopamine receptor
antagonist to induce sex change (Kramer et al. 1993;
Ravaglia et al. 1997), with an exception being rice-
field eels (Tao et al. 1993). While there is not a clear
understanding of their role, there is nevertheless con-
siderable evidence indicating that GtHs are impor-
tant in regulating sex change.

Kisspeptins, a conserved group of RF-amide pep-
tides encoded by the kiss1 and/or kiss2 genes in
nearly all vertebrates, typically stimulate expression
and release of GnRH in the POA of fishes (re-
viewed by Elizur 2009; Oakley et al. 2009; Oka
2009), though effects can depend on the gonadal
state of individuals. For example, intramuscular in-
jections of kisspeptins in gonochoristic female and
male hybrid bass (Morone saxatilis!M. chrysops)
induced release of LH at both pre-puberty and re-
crudescence, but reduced the expression of gnrh1
mRNA during recrudescence while increasing the
expression during pre-puberty (Zmora et al.
2012). In the protogynous orange-spotted grouper
(Epinephelus coioides), mature females had higher
expression of hypothalamic kiss2 than did males
(Shi et al. 2010). During 4 weeks of methyltestos-
terone treatment to induce sex change in females,

kiss2 and gnrh1 mRNA levels decreased during the
first 3 weeks, but increased two- and eight-fold,
respectively, during week 4. Shi et al. (2010) suggest
that lower kiss2 and gnrh1 expression during early
sex change may be important for ovarian atresia,
and levels may increase during testicular develop-
ment. We found that implantation of kiss2 for
9–10 days in females with either active or regressed
ovaries at sampling was not sufficient to override
social inhibition and induce sex change in the pres-
ence of TP males (Lamm et al. unpublished).
Effects of blocking the action of kisspeptin have
not been tested in any sex-changing species.
Interactions of AVT with the kisspeptin and
GnRH1 systems could also be important, potentially
as a connection between AVT-controlled behavioral
changes and HPG-controlled gonadal changes.
Studies in fishes have found connections between
the AVT and GnRH1 systems, for example, the
rockhind grouper (Epinephelus adscensionis; Kline
2010), and studies in mammals found connections
between AVP and kisspeptin in mice (Vida et al.
2010) and Syrian hamsters (Williams et al. 2011).
It is possible that interactions between AVT
and kisspeptin also occur in fishes, including sex-
changing species.

Another recently discovered RF-amide peptide,
gonadotropin-inhibitory hormone (GnIH), also
known as neuropeptide VF (NPVF) or LPXRF in
fishes, also interacts with GnRH neurons and GtH
gonadotropes to regulate the release of GtHs in ver-
tebrates (reviewed by Ogawa and Parhar 2014).
GnIH and its receptor have been found in a variety
of fishes, but in vivo and in vitro studies in gono-
choristic fishes have shown complex and even con-
flicting results of GnIH on the synthesis and release
of GtHs (Zhang et al. 2010; Moussavi et al. 2012; Qi
et al. 2013; Biran et al. 2014; reviewed by Ogawa and
Parhar 2014). Ogawa and Parhar (2014) suggested
that, like kisspeptins, the effects of GnIH signaling
depend on the reproductive state of the fish and on
the concentrations of circulating gonadal steroids at
the time of treatment.

To our knowledge, the role of GnIH in sex-
changing fishes has not yet been investigated. In
birds, intracerebroventricular injection of GnIH
inhibited male-typical sexual and aggressive behav-
iors in male quail (Coturnix japonica) and increased
estrogen synthesis in the POA via aromatase activa-
tion within 30 min of injection, whereas GnIH RNA
interference increased these behaviors 1 day after in-
jection (Ubuka et al. 2014). GnIH RNA interference
also induced sexual and aggressive behaviors 2 days
after injection in male white crowned sparrows
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(Zonotrichia leucophrys gambelii) (Ubuka et al. 2012).
These studies suggest a potential for rapid modula-
tion of behavior and gonadal function by GnIH in
fishes.

Additional signaling systems and future
directions

The focus of this symposium was on rapid neuroen-
docrine mechanisms mediating behavior and physi-
ology. Therefore, we present information on two
additional fast-acting neuroendocrine influences, the
hypothalamo-pituitary-interrenal/adrenal axis and
hypothalamo–pituitary–thyroid axis, which could
play important roles in behavioral and gonadal sex
change. We also propose promising future directions
for elucidating the sex-change process.

The HPG axis has been the primary focus in stud-
ies of sex change. However, other systems, including
the hypothalamo–pituitary–interrenal (HPI) axis,
have also been proposed to play key roles in the
regulation of sex change (Perry and Grober 2003;
Gardner et al. 2005, Solomon-Lane et al. 2013).
The HPI axis in fishes is homologous to the
hypothalamo–pituitary–adrenal (HPA) axis of tetra-
pods, being composed of corticotropin-releasing hor-
mone (CRH) neurons in the POA,
adrenocorticotropic hormone (ACTH) cells in the
anterior pituitary, and glucocorticoid-producing
cells in the interrenal gland. As with tetrapods,
levels of cortisol in the plasma of fishes rise rapidly
on exposure of the fish to environmental stressors
(reviewed by Pankhurst 2011), making cortisol a po-
tentially reliable physiological signal for adaptive re-
productive responses.

Until recently, it was thought that glucocorticoids
might inhibit protogynous sex change (Perry and
Grober 2003; Frisch et al. 2007b). However, a
recent study of the bluebanded goby showed that
cortisol is elevated during the first 3 days of proto-
gynous sex change (Solomon-Lane et al. 2013). This
suggests that an early rise in glucocorticoids could be
important for initiating sex change in females. AVT
has been shown to have a synergistic effect on CRH-
stimulated release of ACTH, and hence on the release
of cortisol, in some fishes, for example, rainbow
trout (Oncorhynchus mykiss; Baker et al. 1996). It is
possible that AVT signaling helps to maintain ele-
vated cortisol levels during the first few days of sex
change.

Frisch et al. (2007b) tested whether treatment with
cortisol could inhibit protogynous sex change under
permissive social conditions in the sandperch
(Parapercis cylindrical) but found that sex change

proceeded normally. To date, no study has tested
whether cortisol can initiate protogynous sex
change under inhibitory social conditions, or
whether its presence is necessary. However, studies
in gonochoristic fishes have shown that during de-
velopment cortisol can induce the development of
testes and secondary sexual characteristics in genetic
females, for example, pejerrey (Odontesthes bonarien-
sis; Hattori et al. 2009; Fernandino et al. 2012),
medaka (Oryzias latipes; Hayashi et al. 2010), mos-
quitofish (Gambusia affinis; Knapp et al. 2011),
Japanese flounder (Paralichthys olivaceus;
Yamaguchi et al. 2010), and Southern flounder (P.
lethostigma; Mankiewicz et al. 2013). The masculin-
izing actions of cortisol are likely not confined to
gonochoristic species. If cortisol signaling does help
to initiate sex change, it may do so by targeting dif-
ferent levels of the HPG axis.

Cortisol may contribute to gonadal sex change by
decreasing ovarian E2 production, thus reducing vi-
tellogenesis and contributing to the ovarian collapse
that characterizes the beginning of sex change
(Carragher and Sumpter 1990; Berg et al. 2004; re-
viewed by Milla et al. 2009). Cortisol can decrease E2

production by down-regulating transcription of
cyp19a1a. In Japanese flounder, cortisol inhibited
transcription of cyp19a1a and masculinized the
gonad (Yamaguchi et al. 2010). Interestingly, the
cyp19a1a gene in the bidirectionally sex-changing
broad-barred goby possesses two putative glucocor-
ticoid response elements (GREs) in the promoter
region (Gardner et al. 2005), suggesting that
cyp19a1a is subject to direct modulation by cortisol.
Furthermore, based on findings in gonochoristic
fishes, it is possible that, during protogynous sex
change, cortisol helps to increase circulating levels
of 11KT via up-regulation of expression of hsd11b2
in the gonads (Fernandino et al. 2012) or via catab-
olism of cortisol in the liver into androgens within
the 11KT synthesis pathway (Kime 1978; Schulz
1986). Finally, as demonstrated in gonochoristic spe-
cies, cortisol could contribute to promotion of tes-
ticular tissue via induction of apoptosis of
primordial germ cells and/or somatic cells
(Strüssmann et al. 2008; Hattori et al. 2009;
Fernandino et al. 2011; Yamamoto et al. 2013), as
well as through suppression of the proliferation of
primordial germ cells (Hayashi et al. 2010). In the
protogynous three-spot wrasse, oocytes underwent
apoptosis during aromatase-inhibitor-induced sex
change, but somatic cells survived and proliferated
during the transition from ovary to testis
(Nozu et al. 2013). It is unknown whether cortisol
played a role in these processes. At this point, the
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involvement of cortisol in protogynous sex change is
speculative and based primarily on studies in gono-
choristic fishes, but is an area worthy of further
investigation.

The hypothalamo–pituitary–thyroid (HPT) axis
offers another promising avenue of research. As in
other vertebrates, the enzyme deiodinase 2 (Dio2)
converts the less active thyroxine (T4) to the active
triiodothyronine (T3), while the Dio3 enzyme con-
verts T3 to less active metabolites. There is evidence
of sexual dimorphisms in this system in fishes, in-
cluding sex-changing species. In the diandric proto-
gynous striped parrotfish (Scarus iseri), females and
IP males had similar circulating levels of T3 and T4,
but IP males had higher gonadal expression of dio2,
dio3, and thyroid hormone receptors (Johnson and
Lema 2011), while females had greater expression of
dio2 in the brain. Females and TP males were not
compared in this study. Higher thyroid activity in
testes than in ovaries is consistent with a role of
the thyroid axis in testicular development and cross-
talk with androgens and the HPI/A axis (reviewed by
Flood et al. 2013; Castañeda Cortés et al. 2014).
However, higher levels of dio2 mRNA in the brains
of females is inconsistent with our RNA-sequencing
findings in zebrafish and bluehead wrasses (Wong
et al. 2014; Lee 2015; Liu et al. unpublished).

Thyroid hormones also target the HPG axis at the
level of the brain. Intraperitoneal injection of T3 di-
rectly increased gnrh1 and indirectly increased kiss2
mRNAs in the brains of male Nile tilapia, while de-
creasing thyroid-hormone activity by treatment with
methimazole lowered levels of gnrh1 and kiss2
(Ogawa et al. 2013). Whether thyroid hormones
are necessary and/or sufficient for protogynous sex
change has not been tested, but evidence suggests a
potentially crucial role.

Although this has not been examined to our
knowledge in fishes, dio2 and dio3 gene expression
is sensitive to social stimulation and changes rapidly
in songbirds. In European starlings (Sturnus vulga-
ris), naı̈ve females exposed to males for 7 days during
the breeding season had higher expression of dio2 in
the hypothalamus, lower dio3, and increased gonadal
activity relative to females without exposure to males
(Perfito et al. 2015), suggesting up-regulation of the
thyroid and gonadal axes. This finding suggests that
social modulation of thyroid signaling could be a
productive line of investigation in sex-changing
fishes.

Finally, examining sex change at global genetic
levels within tissues could provide insight into the
involvement of a variety of genes in the sex-change
process. High-throughput technologies have been

largely unexplored in sex-changing fishes, though
exceptions include protandrous sharpsnout seabream
(Diplodus puntazzo; Manousaki et al. 2014) and
protandrous Barramundi (Lates calcarifer;
Ravi et al. 2014). Genomics in non-model species
is becoming increasingly more affordable and
common. Whole-genome sequencing, epigenetic se-
quencing (including bisulfite sequencing), RNA
sequencing, and chromatin/RNA immunoprecipita-
tion sequencing (ChIP-seq/RIP-seq) are several tech-
nologies that can detect epigenetic, transcriptional,
and/or translational changes over the course of sex
change. Experiments incorporating these techniques
should yield promising data regarding which genes
may be involved in sex change, how rapidly these
genes are up-regulated or down-regulated, and how
gene networks co-vary. Because epigenetic (Bilang-
Bleuel et al. 2005), transcriptional (Burmeister et al.
2005), and translational (Knight et al. 2012) events
can occur rapidly, on the order of minutes to hours,
following environmental stimuli, these high-through-
put technologies would allow for detection of global
changes that occur upon initiation of socially-in-
duced behavioral and/or gonadal sex change.

High-throughput experiments also allow for
genome/transcriptome-wide comparisons of genetic
events during sex change across species, allowing as-
sessment of those genetic patterns that have been
evolutionarily conserved and therefore more likely
to be critical mediators of sex change. We are cur-
rently using comparative genomic approaches on
several distantly-related sequential hermaphrodites
to identify the key genes involved in protogynous
sex change in fishes. From this set of genes, we
hope to be able to investigate the role of candidate
genes in sex change with hypothesis-driven manipu-
lative studies incorporating technologies such as vivo
morpholinos (Moulton and Jiang 2009) and the
CRISPR-Cas system (Hwang et al. 2013). This
emerging combination of high-throughput genomic
investigation and direct genetic manipulation for
non-model species promises to yield powerful,
novel results into a process that is as fascinating as
it is mysterious. Such work should greatly enhance
our knowledge both of the genes and of the coordi-
nated pattern of gene expression involved in socially-
controlled sex change.
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CHAPTER II 

Characterization and Distribution of Kisspeptins, Kisspeptin receptors, GnRH1, and 

GnIH in the Brain of the Protogynous Bluehead Wrasse (Thalassoma bifasciatum) 
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ABSTRACT 

The kisspeptin and gonadotropin-inhibitory hormone (GnIH) systems regulate the 

hypothalamic-pituitary-gonadal (HPG) axis in a broad range of vertebrates through direct or 

indirect effects on hypothalamic/preoptic gonadotropin-releasing hormone (GnRH) neurons 

and pituitary gonadotropes. These systems are sensitive to environmental factors, including 

social conditions. In this study, we characterized expression of genes of the kisspeptin system 

(kiss1, kiss2, kissr1, and kissr2), gnrh1, and gnih in the brain of the bluehead wrasse 

(Thalassoma bifasciatum), a teleost fish that has long been used as a model for social control 

of reproduction and sexual plasticity due to its ability to change sex from female-to-male 

under socially permissive conditions. We analyzed cDNAs encoding kisspeptins, kisspeptin 

receptors, GnIH, and GnRH1 and examined transcript distributions in the brain using qRT-

PCR and in situ hybridization (ISH). kiss1 was expressed in the habenula and lateral 

hypothalamic nucleus (LHn), while kiss2 neurons were detected in the dorsal hypothalamus. 

kissr1 neurons were found in the preoptic area (POA), habenula, and LHn, while kissr2 

expression was widespread. gnih neurons were detected in the posterior periventricular 

nucleus (NPPv), and gnrh1 neurons were located in the POA. Neurons expressing kissr1, 

kissr2, and gnrh1 co-regionalized in the POA, and kissr2 and gnih neurons co-regionalized in 

the NPPv. These results generally agree with those of other teleosts, and establish a baseline 

for further investigations into the putative interactions among the kisspeptin, GnIH, and 

GnRH systems in the bluehead wrasse and potential roles for these peptides in transducing 

social changes into a shift from female to male sexual function. 

 

 



 

 20 

INTRODUCTION 

Reproductive physiology and behavior in vertebrates are often modulated by 

environmental factors, which may include abiotic (e.g., photoperiod, temperature, 

diurnal/semilunar tides) and biotic (e.g., social stimulation or inhibition) components. Two of 

the most dramatic examples of external influences on reproduction are socially-induced sex 

change within certain families of marine fishes (e.g., Fishelson, 1970; Robertson, 1972; 

Warner et al., 1975; Fricke & Fricke et al., 1977) and intrasexual role change in species with 

alternative reproductive tactics that are morphologically and behaviorally distinct (e.g., 

Warner et al., 1975; Francis et al. 1993; Oliveira et al., 2001). Changes from one 

morphological phenotype to another include both neurobiological and gonadal alterations.  

A well-studied model for social modulation of sexual plasticity is the bluehead wrasse 

(Thalassoma bifasciatum), a Caribbean coral reef fish that spawns daily throughout the year. 

Bluehead wrasses display strong sexual polymorphisms with divergent reproductive tactics 

(Feddern, 1965; Warner et al., 1975; Semsar & Godwin, 2004). Three morphological 

phenotypes exist: female, initial phase (IP) male, and terminal phase (TP) male. IP males are 

the subordinate male phenotype, are similar to females in coloration, and employ ‘parasitic’ 

mating tactics (sneaking or streaking) or participate in group spawns.  TP males are the 

dominant, territorial male phenotype and are colorful and aggressive. TP males develop 

through sex change in large females or role change in large IP males (Warner et al., 1975; 

Warner & Swearer, 1991; reviewed by Godwin, 2009; Lamm et al., 2015). Phenotypic 

plasticity is under social control. When TP males are removed from their spawning 

territories, the largest females or IP males rapidly change sex or role to the TP male 

phenotype. Arginine vasotocin (AVT; homolog of mammalian vasopressin) signaling is 
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necessary for behavioral changes from subordinate phenotypes to the dominant phenotype in 

the bluehead wrasse (e.g., development of TP male-typical courtship behavior and increased 

aggression; Semsar et al., 2001; Semsar & Godwin, 2004), independent of gonadal influences 

(Semsar & Godwin, 2003). The mechanisms by which social changes produce gonadal 

alterations are less clear.  

In vertebrates, one important means by which social signals, and environmental 

signals in general, modulate reproductive function is through neurochemical relay to the 

hypothalamic-pituitary-gonadal (HPG) axis (reviewed by Foran & Bass, 1999; Maruska & 

Fernald, 2011a). Gonadotropin-releasing hormone (GnRH) neurons within the 

hypothalamus/preoptic area (POA) of vertebrates are the apex of the HPG axis and stimulate 

the release of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) from 

gonadotropes in the anterior pituitary. LH and FSH target the gonads where they regulate 

steroidogenesis and gametogenesis (reviewed by Devlin & Nagahama, 2002; Zohar et al., 

2010).  In vertebrates, typically the gnrh1 gene is expressed in the hypothalamus/POA and is 

hypophysiotropic-releasing, though this varies by lineage. For example, cyprinids (e.g., 

zebrafish) and some salmonids (e.g., trout) have lost the gnrh1 gene, and the gnrh3 gene 

(only present in teleost fishes) has taken over the hypophysiotropic-releasing role, in addition 

to its neuromodulatory functions. For a more detailed review of the functional and structural 

evolution of the GnRH system, see Okubo & Nagahama (2008). 

Social cues can modulate the activity of hypothalamic/POA GnRH neurons and 

circulating levels of LH, FSH, and gonadal steroids. For example, GnRH1 neurons in the 

POA of non-territorial males of the gonochoristic cichlid Astatotilapia burtoni were activated 

within 20 min of ascent to dominance stimulated by the removal of territorial males 
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(Burmeister et al. 2005). Additionally, pituitary mRNA levels of LH-beta subunit (lhb) and 

FSH-beta subunit (fshb), testicular mRNA levels of FSH receptor (fshr), and circulating 

levels of LH, FSH, and the androgen 11-ketotestosterone (11-KT) increased within 30 min of 

social manipulation (Maruska & Fernald, 2010; Maruska et al., 2011b; Maruska & Fernald, 

2011c). In the protogynous bluehead wrasse, Grober & Bass (1991a) found a greater number 

of GnRH-immunoreactive (GnRH-ir; also referred to as luteinizing hormone-releasing 

hormone, LHRH) neurons within the POA of captive TP males compared to females and IP 

males. Treatment with 11-KT implants for 8-15 days caused captive females and IP males to 

undergo gonadal sex/role change to TP male and increased the number of GnRH-ir neurons 

in the POA (Grober et al., 1991b). Increasing GnRH, LH, or FSH signaling through hormone 

manipulation induced partial-to-complete gonadal sex change in several protogynous species, 

including the bluehead wrasse (e.g., Tang et al., 1974; Koulish & Kramer, 1989; Kramer et 

al., 1993; Tao et al., 1993; Reinboth & Bruslé-Sicard, 1997; Kobayashi et al., 2010). 

Together, these studies implicate GnRH and gonadotropic signaling in 

environmentally/socially-induced reproductive changes.  

Upstream regulators of the HPG axis likely mediate environmental influences on 

reproductive plasticity. The kisspeptin system and the gonadotropin-inhibitory hormone 

system (GnIH; also known as RFamide-related peptide or neuropeptide VF in mammals and 

LPXRFamide in fishes and amphibians) are two more-recently discovered neuropeptide 

systems that directly or indirectly regulate GnRH and LH/FSH release and expression in 

many vertebrates. While kisspeptin typically stimulates and GnIH typically inhibits 

GnRH/LH release and expression in vertebrates (see Tsutsui et al., 2010 for review), 

kisspeptin and GnIH peptides in fishes may be stimulatory or inhibitory, depending on the 
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species, reproductive state of individuals, and the mature form of kisspeptin/GnIH 

administered (e.g., Amano et al., 2006; Zhang et al., 2010; Pasquier et al., 2011; Shahjahan et 

al., 2011; Moussavi et al., 2012; Zmora et al., 2012; Qi et al., 2013; Biran et al., 2014; Zmora 

et al., 2014). Kisspeptin and GnIH gene expression are sensitive to social and abiotic factors, 

and therefore may play important roles in relaying environmental information to the HPG 

axis in sex-changing fishes and vertebrates more generally (reviewed by Maruska & Fernald, 

2011a; Kitahashi & Parhar, 2013; Ubuka et al., 2016; Ullah et al., 2016).  

Structurally, the gnih transcript in vertebrates encodes a prepropeptide that is cleaved 

into one-to-multiple mature GnIH and GnIH-related peptides, depending on the vertebrate 

lineage (see Ogawa & Parhar, 2014b; Osugi et al., 2014). GnIH is mainly expressed within 

discrete hypothalamic neurons of vertebrates that project widely throughout the brain (e.g., 

Ukena et al., 2003; Ubuka et al., 2009a; Ubuka et al., 2012; Ogawa et al., 2016). Kisspeptins 

are RFamides or RYamides encoded by kisspeptin genes. Three kisspeptin genes (kiss1, 

kiss2, kiss3) and four kisspeptin receptor genes (kissr1, kissr2, kissr3, kissr4) have been 

identified in vertebrates (Akazome et al., 2010; Pasquier et al., 2012a). Teleost fishes possess 

both kiss1 and kiss2 in some species and only kiss2 in others (reviewed by Pasquier et al., 

2014a).  Teleosts also vary in expressing one to three distinct kisspeptin receptor genes. 

While expression patterns in the brain vary among species, kiss1 and/or kiss2 are mainly 

expressed within the hypothalamus, with an additional large population of kiss1 cells in the 

habenula of many teleosts (reviewed by Kanda & Oka, 2012a). In mammalian studies, kiss1 

and its receptor kiss1r/gpr54 are indispensable for puberty, reproduction, and the neonatal 

testosterone surge in males responsible for sexually differentiating the brain (de Roux et al., 

2003; Seminara et al., 2003; d'Anglemont de Tassigny et al., 2007; Clarkson et al., 2014). 
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However, in zebrafish it was demonstrated through knockout experiments that kisspeptin 

genes (kiss1, kiss2, kissr1, and kissr2) are not necessary for reproductive functions, likely due 

to the development of compensatory mechanisms (Tang et al., 2015). However, kisspeptin 

signaling could still be important for regulating reproduction in fishes as a range of studies 

have shown sexual dimorphisms and/or seasonal changes in the kisspeptin system (e.g., 

Mitani et al., 2010; Kanda et al., 2012b; Escobar et al., 2013a). 

It should be noted that terminology of kisspeptin receptors in vertebrates varies 

among researchers (e.g., Akazome et al., 2010; Kanda & Oka, 2013b; Pasquier et al., 2012b). 

What we refer to as kissr1 in the bluehead wrasse and throughout this manuscript is also 

called kissr1/kiss-r1/gpr54-1 by some other researchers utilizing fish models (e.g., Servili et 

al., 2011; Zmora et al., 2012; Escobar et al., 2013b; Tang et al., 2015). However, Pasquier et 

al. (2012b) named this receptor kissr3 to distinguish it from the paralogous mammalian 

kissr1. What we refer to as kissr2 in the bluehead wrasse and throughout this paper is also 

called kissr2/kiss-r2/gpr54-2 by Pasquier et al. (2012b) and other researchers utilizing fish 

models (e.g., Servili et al., 2011; Zmora et al., 2012; Kanda et al., 2013a; Escobar et al., 

2013b; Tang et al., 2015).   

The goal of this study was to characterize the neuroanatomical distributions of 

important neuropeptide signaling systems implicated in the control of reproductive functions 

in a species that is an important model of socially-induced phenotypic and reproductive 

plasticity. Specifically, we sought to analyze the distribution of genes of the kisspeptin 

system, gnih (GnIH receptor(s) were not examined), and the form of GnRH expressed in the 

POA of the bluehead wrasse, which we confirmed is gnrh1. This study is a critical first step 

in identifying potential sites of co-localization of kisspeptin receptors with GnIH and GnRH1 
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neurons for future double-labeling and hormone manipulation experiments, and a first step 

prior to fully characterizing potential differences in expression of these genes among sexual 

phases and during socially-induced sex change.  

 

MATERIALS AND METHODS 

Animals 

Sexually mature bluehead wrasse females, initial phase (IP) males, and terminal 

phase (TP) males were collected from patch reefs off Glover’s Reef Research Station within 

Glover’s Reef Atoll, Belize (approx. 16°45’N 87°49’W) in August 2009, and off the coast of 

Key Largo, Florida (approx. 25°12'N 80°14'W) in May 2012 and June 2014 (Florida 

collections made under NOAA permits FKNMS-2012-067 and FKNMS-2014-056). 

Collection times for these fish ranged from 1042-1645h. A total of five females, two IP 

males, and seven TP males were used in these experiments. Immediately after capture with a 

baited lift net, fish were euthanized on a waiting boat in an overdose of ethyl 3-

aminobenzoate methanesulfonate (MS-222; Sigma-Aldrich, St. Louis, MO) in sea water. 

Brains were rapidly dissected and either 1) preserved in RNAlater (Ambion, Austin, TX [Part 

of Thermo Fisher Scientific]) and stored at -20°C (2009 samples) or -80°C (2012 and 2014 

samples) prior to qRT-PCR or 2) preserved on dry ice and stored at -80°C prior to in situ 

hybridization. All study procedures were approved by the Institutional Animal Care and Use 

Committee at North Carolina State University. 
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Alignment and phylogeny construction for kisspeptins, kisspeptin receptors, GnRH1, 

and GnIH  

Full-length cDNA sequences for kiss1, kiss2, kissr1, kissr2, gnrh1, and gnih were 

previously obtained via RNA-sequencing of bluehead wrasse brain and gonadal 

transcriptomes (Liu et al., 2015). Cloning of a partial 815-bp sequence of kissr1 filled an 11-

bp gap in the kissr1 transcript sequence of the final transcriptome assembly (see Table 2 for 

primers; GenBank accession number KU525723). cDNA sequences for kiss2 (JX437963) 

and gnrh1 (JX437964) were assembled by hand from short Illumina reads and submitted to 

GenBank in 2012 prior to full de novo assembly of the transcriptome with Trinity (Liu et al., 

2015). Sequences for kiss1 (KU525721), kissr2 (KU525722), and gnih (KU525741) are 

identical to those found in the published bluehead wrasse transcriptome (Liu et al., 2015). 

Open reading frames and amino acid sequences were deduced for each transcript 

using EMBOSS Sixpack (http://www.ebi.ac.uk/Tools/st/emboss_sixpack/; 

RRID:SCR_004727; Rice et al., 2000). Bluehead wrasse kiss1 (GenBank accession number 

ANV28064) and kiss2 (AFU08233) amino acid sequences were aligned in Clustal Omega 

1.2.1 (http://www.ebi.ac.uk/Tools/msa/clustalo/; RRID:SCR_001591; Sievers et al., 2011) to 

deduced amino acid sequences from longtooth grouper (GU984382 and GU984383), 

European sea bass (ACM07422 and ACM07423), Japanese medaka (NP_001116393 and 

NP_001153913), and zebrafish (ACT10282 and NP_001136057). Bluehead wrasse kissr1 

(ANV28066) and kissr2 (ANV28065) were aligned to deduced or predicted amino acid 

sequences from Nile tilapia (NP_001266708 and XP_005459884), European sea bass 

(AFK84355 and AFK84356), and Japanese medaka (XP_004072303 and XP_004079479). 

Bluehead wrasse GnIH (ANV28067) was aligned to deduced or predicted amino acid 
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sequences from Nile tilapia (AIE89788), grass puffer (BAJ41195), goldfish (BAC06473), 

and zebrafish (ADB43132). The mature decapeptide sequence for bluehead wrasse GnRH1 

was aligned to decapeptide GnRH sequences in other teleost fishes (see Table 3 for GenBank 

accession numbers or citations).  

The transmembrane (TM) topology of bluehead wrasse kissr1 and kissr2 was 

predicted using MEMSAT v. 3.5 on the PSIPRED Protein Sequence Analysis Workbench 

(http://bioinf.cs.ucl.ac.uk/psipred/; RRID:SCR_010246; Jones et al., 1994; McGuffin et al., 

2000; Jones, 2007). The TM topology was also predicted for kissr1 and kissr2 sequences in 

the Nile tilapia, European sea bass, and Japanese medaka for comparison in the Clustal 

alignment. Signal peptide sites were predicted for kiss1, kiss2, GnRH1, and GnIH amino acid 

sequences in Signal P-4.1 (http://www.cbs.dtu.dk/services/SignalP/; RRID:SCR_002874; 

Petersen et al., 2011), and cleavage sites were predicted in NeuroPred 

(http://stagbeetle.animal.uiuc.edu/cgi-bin/neuropred.py; Southey et al., 2006).  

To construct phylogenies for kisspeptins and kisspeptin receptors, bluehead wrasse 

kiss1, kiss2, kissr1, and kissr2 amino acid sequences were aligned to deduced or predicted 

amino acid sequences in other vertebrates obtained from GenBank and Ensembl 

(Supplementary File 1) using MAFFT v.6.864 (http://www.genome.jp/tools/mafft/; 

RRID:SCR_004165; options: L-INS-i strategy, BLOSUM62 scoring matrix, 1.5 gap opening 

penalty, 0.14 offset value; Katoh et al., 2005; Katoh & Toh, 2008).  

Evolutionary phylogenies of kisspeptins and kisspeptin receptors were inferred in 

MEGA v. 6.06 (RRID:SCR_000667; Tamura et al., 2013) using the Maximum Likelihood 

method based on the JTT matrix-based model (Jones et al., 1992). All positions containing 

alignment gaps were preserved. Initial tree(s) for the heuristic search were obtained by 
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applying the Neighbor-Joining method to a matrix of pairwise distances estimated using the 

JTT model. A discrete Gamma distribution was used to model evolutionary rate differences 

among sites (5 categories [+G, parameter = 6.4019 for kisspeptins, 0.9599 for kisspeptin 

receptors]). The rate variation model allowed for some sites to be evolutionarily invariable 

([+I], 1.9920% sites for kisspeptins, 0.0000% sites for kisspeptin receptors). Confidence 

intervals were obtained from 1000 bootstrap replicates (Felsenstein, 1985). 

 

Brain distributions of kiss1, kiss2, kissr1, kissr2, gnrh1, and gnih mRNAs by 

quantitative reverse-transcription (qRT)-PCR 

Quantitative reverse-transcription (qRT)-PCR was utilized to complement in situ 

hybridization in determining distributions of mRNAs of interest in dissected brain regions, 

but was not used in this study to quantify potential differences among phenotypes. Thus, 

gene expression was measured in only two individuals per phenotype. Brains from a female 

from Belize 2009 (55.5 mm standard length [SL]), a female from Florida 2012 (53.2 mm 

SL), an IP male from Belize 2009 (69.8 mm SL) and Florida 2012 (59.7 mm SL), and a TP 

male from Belize 2009 (89.1 mm SL) and Florida 2012 (85.0 mm SL) were dissected into the 

following regions for analysis of distributions of gene expression: 1) telencephalon (also 

likely containing the anterior parvocellular preoptic area), 2) hypothalamus (inferior lobes of 

the hypothalamus/ventral diencephalon), 3) midbrain (midbrain, dorsal diencephalon, and 

epithalamus), and 4) hindbrain (cerebellum and brainstem). The telencephalon dissection of 

one IP male and the hypothalamus of one female were excluded from analysis due to 

technical issues. 

Because the pituitary gland usually becomes detached from the brain and remains 
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inside the base of the skull during dissection in the field, most of our brain samples do not 

contain the pituitary. One TP male brain sample from Florida 2014 (95.8 mm SL) with the 

pituitary gland attached was included in gene distribution analysis. The inferior lobes of the 

hypothalamus/ventral diencephalon and pituitary were dissected from the brain. Pituitary 

expression was compared to hypothalamic expression only in this TP male.  

Dissected brain regions from Belize 2009 and Florida 2012 samples were 

homogenized in 1 ml TRI Reagent Solution (Ambion, Austin, TX [Part of Thermo Fisher 

Scientific]) with 0.5 mm zirconium oxide beads in a Bullet Blender (Next Advance, Averill 

Park, NY). 1-Bromo-3-chloropropane (BCP) was used to phase-separate the homogenate. 

RNA was precipitated from the aqueous layer with isopropanol and cleaned with 75% 

ethanol. RNA pellets were resuspended in 20 µl RNase-free water. Genomic DNA 

contamination was removed with a TURBO DNA-free Kit (Ambion) in 20 µl reactions at 

37°C for 30 min. RNA concentration and purity were determined spectrophotometrically 

(NanoDrop 1000, Wilmington, DE), and integrity was verified in a 1% agarose gel 

containing ethidium bromide. 

 The inferior lobes of the hypothalamus/ventral diencephalon and the pituitary from 

the 2014 TP male were homogenized in 1 ml TRI Reagent Solution with 0.5 mm zirconium 

oxide beads in a Bullet Blender. After phase separation with BCP, the aqueous layer was 

combined with an equal portion of 70% ethanol, and RNA was purified using a Total RNA 

Purification Kit (Norgen Biotek, Thorold, ON, Canada) following the manufacturer’s 

protocol. DNase treatment (Norgen Biotek) was performed on-column at 30°C for 15 min. 

RNA concentration, purity, and integrity were determined spectrophotometrically and in a 

1% agarose gel containing ethidium bromide. 
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 Total RNA from 2009 and 2012 samples was reversed-transcribed to cDNA using a 

RETROscript Reverse Transcription Kit (Ambion). Each 20-µl reaction contained 1 µg total 

RNA, 1 µl Random Decamers, 1 µl Oligo(dT), 2 µl 10X RT Buffer, 4 µl dNTP mix, 1 µl 

RNase Inhibitor, and 1 µl MMLV-RT. Tubes were incubated at 42°C for 1 hr, followed by 

92°C for 10 min. cDNAs were diluted 10-fold to 5 ng/µl.  

 Total RNA from the 2014 TP male hypothalamus and pituitary was reverse-

transcribed using a SuperScript III First-Strand Synthesis SuperMix for qRT-PCR kit 

(Invitrogen, Carlsbad, CA [Part of Thermo Fisher Scientific]). Each 20-µl reaction contained 

80 ng total RNA, 10 µl 2X RT Reaction Mix, and 2 µl RT Enzyme. Samples were incubated 

at 25°C for 10 min, 50°C for 50 min, and 85°C for 5 min. cDNAs were treated with 1 µl 

RNase H at 37°C for 20 min. Samples were diluted 4-fold to 1 ng/µl.  

Primers for kiss1, kiss2, kissr1, kissr2, gnrh1, and gnih were designed in Primer-

BLAST (NCBI; Table 2). Full-length bluehead wrasse cDNAs were aligned to genomic 

sequences from other teleosts to determine approximate exon-exon boundaries (kiss1, Pacific 

Bluefin tuna: GenBank BADN01084104 and BADN01084105; kiss2, Nile tilapia: Ensembl 

ENSONIG00000001704; kissr1, zebrafish: Ensembl ENSDARG00000067563; kissr2, Nile 

tilapia: Ensembl ENSONIG00000009314; gnrh1, Nile tilapia: Ensembl 

ENSONIG00000011023; and gnih, Nile tilapia: Ensembl ENSONIG00000004585). Primers 

were designed to span at least one putative exon-exon boundary (kiss1, kiss2, gnrh1, and 

gnih) or flank a putative intron (kissr1 and kissr2). Primers for ef1a were designed by Lema 

et al. (2012). 
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Samples were measured in duplicate for each gene in a 384-well plate on a CFX-384 

Touch Real-Time PCR Detection System (Bio-Rad, Hercules, CA). Each well contained 5 µl 

2X SsoAdvanced Universal SYBR Green Supermix (Bio-Rad), 1.5 µl of each primer (300 

nM final), and 2 µl cDNA. Thermal conditions were 1X 95°C for 30 sec, 40X: 95°C for 15 

sec and 60°C for 30 sec, and a dissociation curve. Cycle threshold (Ct) values for each gene 

were normalized to ef1a Ct values using the comparative Ct method (Example 5 of 

Schmittgen & Livak, 2008). We chose ef1a as a reference gene because brain expression 

previously did not differ significantly among bluehead wrasse phenotypes (Lema et al., 

2012). Expression among phenotypes (n=2 per group for most brain regions) was not 

statistically compared because the major purpose of this study was to determine the 

distributions of mRNAs in the brain. Phenotypic comparisons are ongoing and beyond the 

scope of this study.  

 

Brain distributions of kiss1, kiss2, kissr1, kissr2, gnrh1, and gnih mRNAs by in situ 

hybridization 

To clone partial fragments for RNA probe preparation, gene-specific primers were 

designed to full-length kiss1, kissr1, kissr2, gnrh1, and gnih cDNA sequences using Primer-

BLAST (NCBI, Table 2). Prior to availability of a bluehead wrasse transcriptome, degenerate 

primers were designed to kiss2 sequences of other Perciformes fishes in Vector NTI (Life 

Technologies, Carlsbad, CA [Part of Thermo Fisher Scientific]) for cloning a 182-bp 

fragment of bluehead wrasse kiss2 (Table 2). Partial fragments of each transcript were cloned 

from bluehead wrasse brain cDNA (see Table 2 for PCR conditions). PCR amplicons were 

electrophoresed in a 1% agarose gel containing ethidium bromide to verify sizes. The kissr2 
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PCR amplicon was purified directly from the PCR reaction using the MinElute PCR 

Purifiation Kit (Qiagen, Hilden, Germany). For the other PCR reactions, bands of the 

expected size were excised from the gel and purified with a QiaQuick Gel Extraction Kit 

(Qiagen). Amplicons were ligated into pGEM-T Easy Vectors (Promega, Madison, WI) via 

the TA cloning technique and cloned in JM109 E. coli cells (Promega). Plasmids were 

purified with a QIAprep Spin Miniprep Kit (Qiagen). Plasmids with inserts of the expected 

size were Sanger-sequenced to confirm gene identities and determine the direction of each 

insert. 

To linearize the plasmids and produce DNA templates containing a T7 or SP6 RNA 

promoter sequence upstream of the gene-specific plasmid inserts, each gene was amplified 

from the plasmid via PCR using either an M13 forward and M13 reverse primer (kiss2), or an 

M13 primer at the 5' end of the gene insert and a gene-specific primer at the 3' end of the 

insert (kiss1, kissr1, kissr2, gnrh1, gnih). PCR products were run in a 1% agarose gel 

containing ethidium bromide, and bands of the expected size were excised. Bands were 

cleaned with the QiaQuick Gel Extraction Kit (Qiagen). DNA templates were treated with 

Proteinase K (100 ng/µl) at 50°C for 30 min to remove nucleases and cleaned via phenol-

chloroform extraction and ethanol precipitation. The DNA templates were resuspended in TE 

buffer or water and quantified spectrophotometrically. 

Digoxigenin (DIG)-labeled antisense and sense RNA probes were synthesized from 

each gene-specific T7 or SP6 DNA template using a T7 or SP6 MEGAscript Transcription 

Kit (Ambion; see Table 2 for probe directions and sizes). The following reagents were added 

to each transcription reaction to yield probes containing 33% DIG-labeled UTPs: 1) T7 

reactions: 2.0 µl each of ATP, CTP, and GTP solutions (75 mM), 1.32 µl UTP solution (75 
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mM), 4.95 µl Digoxigenin-11-UTP (10 mM; Roche Applied Science, Penzberg, Germany), 

2.0 µl T7 RNA polymerase, 0.1-0.2 µg T7 DNA template, 2.0 µl 10X buffer, and nuclease-

free water to 20 µl; 2) SP6 reactions: 2.0 µl each of ATP, CTP, and GTP solutions (50 mM), 

1.34 µl UTP solution (50 mM), 3.3 µl Digoxigenin-11-UTP (10 mM), 2.0 µl SP6 RNA 

polymerase, 0.1-0.2 µg SP6 DNA template, 2.0 µl 10X buffer, and nuclease-free water to 20 

µl. The reactions were incubated at 37°C (T7) or 40°C (SP6) for 4 hours (kiss2, kissr1, 

kissr2) or 16 hours (kiss1, gnrh1, gnih), and the newly-synthesized DIG RNA probes were 

cleaned with a MEGAclear Kit (Ambion). An aliquot of each probe was run in a 1% MOPS 

denaturing gel to verify correct sizes. RNA probe concentrations were measured 

spectrophotometrically and diluted to 50 ng/µl. 

Brains from three sexually-mature bluehead wrasse females (55.9-72.7 mm SL) and 

four TP males (85.9-99.6 mm SL) that were collected from a large patch reef (25°12'59.40"N 

80°14'21.95"W) off Key Largo, Florida between 1243h and 1645h on 06/14/2014 were used 

for in situ hybridization to map gene expression. Frozen brains were embedded in Tissue-Tek 

O.C.T. Compound (Sakura Finetek, Torrance, CA), coronally cryosectioned at 20 µm in six 

alternating series, and mounted to Fisherbrand Superfrost Plus Microscope Slides (Fisher 

Scientific, Hampton, NH). Slides were fixed in 4% paraformaldehyde in 1X phosphate buffer 

saline (PBS) for 10 min, followed by acetylation in triethanolamine and ethanol dehydration. 

Slides were stored at -80°C prior to in situ hybridization (ISH). The pituitary was attached to 

the brain of only one fish used in this study, a TP male.  

Antisense and sense (control) reactions were performed for all genes on practice 

brains prior to final ISHs to optimize conditions to reduce nonspecific binding. For final ISH 

reactions, one slide series per brain per gene was used for antisense ISH reactions. Final ISHs 
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for kissr1 and kissr2 included sense control slides. Slides were pre-hybridized in a 

hybridization (hyb) solution containing 50% formamide, 5X saline-sodium citrate (SSC), 5X 

Denhardt’s Solution, 500 µg/ml herring sperm DNA, and 250 µg/ml yeast tRNA for 2-3 

hours at 65°C. The slides were hybridized in a humidified chamber for 16-17 hours at 65°C 

in hyb solution containing 50 ng heat-denatured antisense or sense probe per slide (50 ng 

probe per 200 µl hyb solution). After hybridization, the following stringency washes were 

performed: three 10-min washes in 0.1X SSC/0.05% Tween-20 at 60°C (kiss1, kissr1, kissr2, 

gnih slides) or two 10-min washes in 0.1X SSC at 60°C and one 10-min wash in 0.1X SSC at 

room temperature (kiss2 and gnrh1 slides). Unbound probe was digested with 0.2 µg/ml 

RNase A in 10 mM Tris pH 8.0, 500 mM NaCl, and 1 mM EDTA at room temperature for 30 

min. Slides were washed in a series of 5-min SSC washes (2X, 1X, 0.5X, and 0.25X SSC) 

and a 30-min 1X TBS (100 mM Tris pH 7.5 and 150 mM NaCl) wash at room temperature. 

Slides were incubated for 2 hours at room temperature with Anti-DIG-AP antibody (Roche 

Applied Science; RRID:AB_514497) diluted 1:5000 in 1X TBS/0.05% Tween-20. Slides 

were washed two times for 5 min in 1X TBS to remove unbound antibody and then treated 

for 30 min in blocking solution (5 mM levamisole, 100 mM Tris pH 9.5, 100 mM NaCl, and 

50 mM MgCl2). Color reactions were performed at room temperature with 4-nitro blue 

tetrazolium chloride (NBT, 0.376 mg/ml final) and 5-bromo-4-chloro-3-indolyl-phosphate 

(BCIP, 0.188 mg/ml final) in 100 mM Tris pH 9.5, 100 mM NaCl, 50 mM MgCl2, and 1% 

Tween-20. Once the desired signal intensity was achieved (incubation varied from hours to 

days depending on transcript of interest), the color reactions were terminated with three 5-

min washes in ultrapure water (ELGA LabWater, High Wycombe, UK). kiss1, kiss2, gnrh1, 
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and gnih slides were counterstained in a 0.5% methyl green solution. Slides were dehydrated 

in a series of ethanol washes and coverslipped with Permount (Fisher Scientific).  

Slides were imaged on a Nikon Eclipse E400 microscope (Nikon Inc., Melville, NY) 

with a C-mounted DFW-X710 camera (Sony Corporation, Tokyo, Japan) or on an Olympus 

BH-2 microscope (Olympus Corporation, Tokyo, Japan) with a C-mounted DR-5 camera 

(Southern Microscope, Haw River, NC). To remove uneven lighting effects, background was 

subtracted using a 100-1000 pixel rolling ball radius, with smoothing disabled, in ImageJ v. 

1.49 (RRID:SCR_003070). For some images, color was also adjusted in ImageJ. 

Neuroanatomical regions were identified using published atlases and studies by Braford & 

Northcutt (1983) and from Astatotilapia burtoni (Fernald & Shelton, 1985; Burmeister et al., 

2009; Loveland et al., 2014), gilthead seabream (Muñoz-Cueto et al., 2001), rockhind 

grouper (Kline et al., 2011), and previous work from our lab on the bluehead wrasse (Marsh 

et al., 2006; McCaffrey et al., 2011). Brain regions were considered positive for mRNA 

expression when sense (control) signal was absent or well below antisense signal in those 

regions. Schematics of kiss1, kiss2, kissr1, kissr2, gnrh1, and gnih neuronal distributions 

were created on a modified bluehead wrasse brain atlas used in Marsh et al. (2006) and 

McCaffrey et al. (2011). 

 

RESULTS 

Sequence analyses of kiss1, kiss2, kissr1, kissr2, GnRH1, and GnIH cDNAs and amino 

acids in the bluehead wrasse 

Bluehead wrasse kiss1 (467 bp; GenBank accession number KU525721.1) and kiss2 

(531 bp; GenBank JX437963.1) cDNAs encode predicted prepropeptides of lengths 108 aa 
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and 119 aa, respectively (Fig. 1). Liberation of mature kisspeptins, kiss1-15, kiss2-10, and 

kiss2-12, are predicted based on NeuroPred cleavage site prediction software. The full-length 

amino acid sequences for kiss1 and kiss2 align with sequences in other teleost fishes (Fig. 2). 

kissr1 (1705 bp; GenBank KU525723.1) and kissr2 (3637 bp; GenBank KU525722.1) 

cDNAs encode predicted peptides of lengths 369 aa and 378 aa, respectively. Both receptors 

possess seven transmembrane domains and align closely to kisspeptin receptors in other 

teleosts (Fig. 3).  

Phylogenetic analyses of kisspeptin proteins revealed close relationships of predicted 

bluehead wrasse kiss1 and kiss2 amino acid sequences to kisspeptins in other vertebrates 

(Fig. 4). Kiss1 in the bluehead wrasse (Order Perciformes, Family Labridae) clustered most 

closely with kiss1 in two pomacentrids, the sapphire devil (Chrysiptera cyanea) and sebae 

anemonefish (Amphiprion sebae, Order Perciformes), and Japanese medaka (Oryzias latipes, 

Order Beloniformes). Bluehead wrasse kiss2 clustered most closely with kiss2 in 

pomacentrids and two serranid basses (Order Perciformes). After collapsing branches of the 

phylogenetic tree that were reproduced in less than 70% of the bootstrap replicates (numbers 

70 and above shown on the tree), the kiss2 clade had the strongest phylogeny among the 

kisspeptin clades. Two major subgroups appear within the kiss2 clade: 1) more derived 

teleost fishes and 2) more primitive fishes, including some teleosts (cyprinids and 

salmonids), platypus, an amphibian (western clawed frog), and several reptiles. Kiss2 is 

notably absent in placental mammals. Kiss1 was present in a broader range of vertebrates: 

mammals, reptiles, an amphibian, primitive fishes, and more derived fishes. Branching 

within the kiss1 clade was statistically less well supported, though the clustering among 
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species generally follows the evolutionary pattern seen in the kiss2 clade. Kiss3 has thus far 

only been found in primitive fishes and an amphibian.  

Predicted amino acid sequences in bluehead wrasse kissr1 and kissr2 cluster with 

kisspeptin receptors in other vertebrates (Fig. 5). Nomenclature and groupings of four 

kisspeptin receptors in the phylogenetic tree follow Pasquier et al. (2012b). The exception is 

that what we term kissr1 in the bluehead wrasse to be consistent with terminology in 

publications of other teleosts is instead termed kissr3 by Pasquier and colleagues. Although 

our tree shows more collapsed branches (<70% bootstrap replicates) than that of Pasquier et 

al. (2012b; 2014b), the clustering of kisspeptin receptors into four major clades is generally 

consistent. Bluehead wrasse kissr1 was most homologous to kissr1 in pomacentrids and a 

cichlid, Nile tilapia (Oreochromis niloticus, Order Perciformes). This clade included only 

kisspeptin receptors in primitive fishes, more derived fishes, and an amphibian (western 

clawed frog). Bluehead wrasse kissr2 was most homologous to kissr2 in three serranid 

species (Order Perciformes). This clade also included only kisspeptin receptors in primitive 

fishes, more derived fishes, and an amphibian. Kisspeptin receptors found in mammals and 

reptiles clustered in the other two kisspeptin receptor clades. 

Bluehead wrasse gnrh1 cDNA (399 bp; GenBank JX437964.1) encodes a predicted 

prepropeptide of 92 aa (Fig. 6). Predicted cleavage of the GnRH1 prepropeptide occurs after 

the predicted signal peptide and gives rise to GnRH1-10. Bluehead wrasse GnRH1-10 is 

identical to medaka/pejerrey GnRH (Table 3). 

Bluehead wrasse gnih cDNA (784 bp; GenBank KU525741.1) encodes a 192-aa 

GnIH prepropeptide (Fig. 7). Predicted cleavage sites are expected to liberate three mature 

RFamides: GnIH-1 (43 aa), GnIH-2 (20 aa), and GnIH-3 (26 aa). The predicted mature GnIH 
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peptides in bluehead wrasse show alignment with predicted mature GnIH peptides in other 

teleost fishes (Fig. 8). Bluehead wrasse predicted GnIH-1 and GnIH-2 are MPXRFamides 

and bluehead wrasse predicted GnIH-3 is an LPXRFamide. 

 

Brain distributions of kiss1, kiss2, kissr1, kissr2, gnrh1, and gnih mRNAs by qRT-PCR 

Expression of kiss1 was detected in the inferior lobes of the hypothalamus/ventral 

diencephalon at seemingly low levels in females and higher levels in TP males (Fig. 9A). 

High levels of kiss1 mRNA were detected in the midbrain/dorsal diencephalon dissection, 

which included the epithalamus (Fig. 9A). Expression of kiss2 was detected throughout the 

brain, with highest levels in the inferior lobes of the hypothalamus/ventral diencephalon (Fig. 

9B).  

Expression of kissr1 was detected in the telencephalon dissection, which likely 

included most of the anterior parvocellular preoptic nucleus. Expression of kissr1 was also 

detected in the inferior lobes of the hypothalamus/ventral diencephalon and in the 

midbrain/dorsal diencephalon dissection, which included the epithalamus (Fig. 9C). 

Expression of kissr2 was detected in every major brain area, with lowest levels in the 

hindbrain (Fig. 9D).  

Expression of gnrh1 occurred in the telencephalon area, which likely included most 

of the anterior parvocellular preoptic nucleus, and in the midbrain area, which may have 

included the more posterior region of the anterior parvocellular preoptic nucleus (Fig. 9E). 

Finally, gnih mRNA was detected at high levels in the midbrain/dorsal diencephalon region 

of all phenotypes (Fig. 9F).  
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Expression of kisspeptins and receptors were also measured in the pituitary of a TP 

male and were compared to expression in the inferior lobes of the hypothalamus/ventral 

diencephalon of that male. Only kiss2 mRNA was detected at moderate levels compared to 

hypothalamic expression (Fig. 10).  

 

Brain distributions by ISH 

 

kiss1 and kiss2 are expressed in discrete hypothalamic nuclei, with an additional 

extrahypothalamic population of kiss1 neurons 

 In situ hybridization (ISH) revealed intense kiss1 signal in the habenula (H; Fig. 11A) 

and a cluster of kiss1 neurons in the lateral hypothalamic nucleus (LHn; Figs. 11B and C). 

No kiss1 signal was observed in the pituitary of the TP male tested (Fig. 11C). Neurons 

expressing kiss2 were only detected in the dorsal hypothalamus (DH; Figs. 11D and E), 

dorsal to the lateral recess of the third ventricle (LR). No kiss2 neurons were found in the 

pituitary of the TP male examined (Fig. 11F). For a schematic of kiss1 and kiss2 neuronal 

locations via ISH, see Fig. 12.  

 

kissr1 mRNA shows limited distribution, whereas kissr2 expression is widespread 

Neurons positive for kissr1 mRNA were detected in the anterior parvocellular 

preoptic nucleus (aPPn; Fig. 13A), habenula (H; Fig 13B), and lateral hypothalamic nucleus 

(LHn; Figs. 13C and D), dorsal and anterior to the posterior recess (PR). No kissr1 cells were 

found in the pituitary of the TP male tested (Fig. 13C). 
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 Neurons positive for kissr2 mRNAwere widespread throughout the brain (Fig. 14). 

Sense (control, nonspecific) signal was typically light in strongly Nissl-positive areas, 

particularly within the cerebellum, optic tectum, and glomerular nucleus (not shown). 

Therefore, antisense signal was only considered to be real kissr2 signal when sense signal 

was consistently absent or lighter than antisense signal in the same region. In the 

rhombencephalon, neurons positive for kissr2 were reliably detected in cells within the vagal 

lobe (VLo; Fig. 14A) lining the fourth ventricle. In the mesencephalon, kissr2 neurons were 

detected in a tight cluster at the lateral periphery of the interpeduncular nucleus (IPn; Fig. 

14B). Light signal was found in the semicircular torus (ST; Fig. 14C), throughout the entire 

periventricular gray zone (PGZ; Fig. 14C, H, I) of the optic tectum (OT), in the lateral and 

medial parts of the perilemniscular nucleus (PLl and PLm, respectively; Fig. 14D for PLl), 

and the nucleus of the oculomotor nerve (nIII; Fig. 14E). In the synencephalon, light kissr2 

signal was detected in the nucleus of the medial longitudinal fascicle (nMLF; Fig. 14E), and 

dark signal was found in the paracommissural nucleus (NP; Fig. 14H), dorsolateral to the 

posterior commissure (PC). In the pretectum, kissr2 was detected within pretectal nuclei, 

including the pretectal nucleus (Pn; Fig. 14I) and a nucleus ventrolateral to the Pn, which 

appeared to be the superficial pretectal nucleus (not shown). Neurons expressing kissr2 were 

found in several thalamic nuclei, including the dorsal posterior thalamic nucleus (DPn; Fig. 

14H) ventral to the PC, the anterior thalamic nucleus (An; Fig. 14O) ventral to the habenula, 

and the ventromedial thalamic nucleus (VMn; Fig. 14P). In the posterior tuberculum, kissr2 

signal was detected along the medial periphery of the mammillary body (MB; Fig. 14F), 

periventricular nucleus of the posterior tuberculum (TPp; Fig. 14L), paraventricular organ 

(PVO; Fig. 14L, P), which contains the posterior periventricular nucleus (NPPv; Fryer et al., 



 

 41 

1985; Sas et al., 1990; Loveland et al., 2014), the glomerular nucleus (Gn; Fig. 14F, J, L), 

preglomerular nuclei including the medial preglomerular nucleus (mPGn; Fig. 14F, L), and 

very light signal was found in the nucleus of the lateral torus (nLT; Fig. 14G). In the 

hypothalamus, kissr2 signal was detected in the dorsal hypothalamus (DH; Fig. 14J-L) along 

the midline and surrounding the lateral recess (LR), in the ventral hypothalamus (VH; Fig. 

14K, M), more laterally in the lateral hypothalamic nucleus (LHn; Fig. 14K, M), in the 

caudal hypothalamus (CH) lining the posterior recess (PR; Fig. 14K), and in the ventral 

tuberal nucleus (vTn) ventral to the horizontal commissure (HC; Fig. 14M). Extremely light 

signal was also found in the anterior tuberal nucleus (aTn; Fig. 14L) lateral to the DH along 

the midline. In the epithalamus, kissr2 neurons were found in the pineal gland (Pin; Fig. 14N) 

surrounded by large black melanophores, and in the habenula (H; Fig. 14O).  In the preoptic 

area, strong signal was found in the gigantocellular portion of the magnocellular preoptic 

nucleus (gMPn; Fig. 14P) and magnocellular preoptic nucleus (MPn; Fig. 14Q), and lighter 

signal in the posterior parvocellular preoptic nucleus (pPPn; Fig. 14Q) and anterior 

parvocellular preoptic nucleus (aPPn; Fig. 14R). In the ventral telencephalon, kissr2 signal 

was detected in the dorsal part of the ventral telencephalon (Vd), supracommissural part of 

the ventral telencephalon (Vs), ventral part of the ventral telencephalon (Vv), and in a cluster 

of neurons in the lateral part of the ventral telencephalon (Vl; Fig. 14T). In the dorsal 

telencephalon, kissr2 signal was found in the central part of the dorsal telencephalon (Dc; 

Fig. 14T), dorsal part of the dorsal telencephalon (Dd; Fig. 14S), and medial part of the 

dorsal telencephalon (Dm; Fig. 14S). Finally, kissr2 signal was detected in the olfactory bulb 

(OB; Fig. 14U). No kissr2 signal was detected in the pituitary (P; Fig. 14K) of the TP male 

tested. For a schematic of kissr1 and kissr2 distributions, refer to Fig. 15. 
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gnrh1 and gnih mRNAs are localized to single nuclei 

Neurons positive for gnrh1 mRNAwere detected solely in the aPPn (Fig. 16A, C). 

Neurons expressing gnih mRNA were restricted to the PVO/NPPv (Fig. 16B, D). No gnih 

signal was detected in the pituitary of the TP male tested (not shown). ISH was not 

performed for gnrh1 on the sample containing the pituitary.  

 

DISCUSSION 

In the present study, we 1) analyzed the molecular sequences of cDNAs and putative 

amino acid sequences of bluehead wrasse GnRH1, GnIH, kisspeptins, and kisspeptin 

receptors, with a phylogenetic analysis of kisspeptins and kisspeptin receptors, and 2) 

determined the mRNA distributions of gnrh1, gnih, kiss1, kiss2, kissr1, kissr2 within the 

brain of the bluehead wrasse, an important model of environmentally-induced sexual 

plasticity.  

 

Molecular characterization of GnRH1, GnIH, kisspeptins, and kisspeptin receptors 

The gnrh1 sequence we identified in the bluehead wrasse transcriptome (Liu et al., 

2015) encodes putative amino acids with predicted mature decapeptide sequences identical to 

medaka/pejerrey GnRH (Table 3). The GnRH1 decapeptide, which is typically the main 

hypophysiotropic-releasing form in vertebrates, is highly variable in amino acid sequence 

identity among vertebrates, particularly among fishes (see Table 3 and Okubo & Nagahama, 

2008 for review). Several forms of GnRH1 have been identified in vertebrates: mammalian 

GnRH (identified in pigs; Matsuo et al., 1971; Baba et al., 1971), chicken GnRH-I 

(Miyamoto et al., 1982; Miyamoto et al., 1983), catfish GnRH (Ngamvongchon et al., 1992), 
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seabream GnRH (Powell et al., 1994), guinea pig GnRH (Jimenez-Liñan et al., 1997), 

medaka/pejerrey GnRH (Stefano et al., 1997; Okubo et al., 2000), frog GnRH (Yoo et al., 

2000), herring GnRH (Carolsfeld et al., 2000), and whitefish GnRH (Adams et al., 2002). 

Mammals have been found to possess mammalian or guinea pig GnRH, birds and reptiles 

possess chicken GnRH-I, amphibians possess mammalian or frog GnRH, and teleost fishes 

possess mammalian, whitefish, herring, catfish, medaka/pejerrey, or seabream GnRH (Table 

3; Okubo & Nagahama, 2008). While most teleost fishes studied to date express a form of 

GnRH1, a functional gnrh1 gene has been lost in some species, including cyprinids and some 

salmonids (Amano et al., 1991; Kim et al., 1995; Steven et al., 2003).  

The bluehead wrasse gnih cDNA sequence encodes a putative prepropeptide that 

aligns to GnIH amino acid sequences in other teleosts (Fig. 8). Furthermore, both the cDNA 

and the putative prepropeptide sequences BLAST (NCBI) to GnIH sequences in other 

vertebrates (not shown). Liberation of three mature GnIH RFamides of varying length is 

predicted for the GnIH prepropeptide (Figs. 7 and 8). A GnIH peptide was first discovered in 

the brain of the Japanese quail and was found to inhibit the release of LH from cultured 

pituitaries (Tsutsui et al., 2000). The cDNA sequence encoding this GnIH peptide in 

Japanese quail encodes one mature GnIH peptide and two GnIH-related peptides, which were 

confirmed to be RFamides by mass spectrometry (Satake et al., 2001). Mature GnIH peptides 

have since been isolated from the brains of several vertebrates, confirming the presence of 

one-to-multiple mature GnIH peptides cleaved from a prepropeptide encoded by a single 

gnih gene (e.g., lamprey, goldfish, red-bellied newt, and humans; Osugi et al., 2012; Sawada 

et al., 2002; Chowdhury et al., 2011; Ubuka et al., 2009b; for reviews, see Ogawa & Parhar, 

2014b; Osugi et al., 2014; Ubuka et al., 2016). While GnIH peptides generally inhibit 
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gonadotropin release in vertebrates, GnIHs can also stimulate gonadotropin expression 

and/or release in certain fishes, including lampreyGnIH-2 in lamprey in vivo (lamprey GnIH-

1a and -1b had no effect; Osugi et al., 2012), tilapiaGnIH-2 in Nile tilapia male pituitary 

cultures and females in vivo (tilapiaGnIH-1 and -3 were not tested; Biran et al., 2014), 

goldfishGnIH-1 in grass puffer pituitary cultures (GnIH-2 and -3 were not tested; Shahjahan 

et al., 2011), and goldfishGnIH-1, -2, and -3 in sockeye salmon pituitary cultures (Amano et 

al., 2006). It was also shown in a mammal, the Siberian hamster, that GnIH peptides could be 

stimulatory or inhibitory to LH secretion, depending on the light cycle and thus breeding 

condition of the individuals (Ubuka et al., 2012). Future studies utilizing mass spectrometry 

and GnIH hormonal manipulations should confirm the peptide lengths of mature GnIHs in 

bluehead wrasses and determine if these peptides stimulate or inhibit the HPG axis and under 

what conditions. Future experiments will also seek to characterize the bluehead wrasse GnIH 

receptor (GPR147/NPFFR1).  

 The putative prepropeptides encoded by bluehead wrasse kiss1 and kiss2 aligned to 

kiss1 and kiss2 amino acid sequences in other vertebrates (Figs. 2 and 4). A kisspeptin cDNA 

was first discovered in humans and was named KISS1 (Lee et al., 1996). Since then, a kiss1 

gene has been found in other mammals, many reptiles, amphibians, and many fishes 

(reviewed by Pasquier et al., 2014a). Birds are the only major vertebrate group in which a 

functional kiss1 gene has yet to be identified. The kiss2 gene was next discovered in several 

vertebrate species: lamprey, elephant shark, zebrafish, medaka, Xenopus frogs, grass lizard, 

and platypus (Lee et al., 2009; Kitahashi et al., 2009). Placental mammals, as well as birds 

and crocodilians, were found to lack the kiss2 gene. In some primates, birds, and crocodilians 

kiss2-like genes have been found, but these genes do not appear to be functional (Osugi et al., 
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2013; Pasquier et al., 2014b). While some teleost fishes and reptiles have lost a functional 

kiss1 gene, most teleosts, as well as platypus, painted turtle, and Indian python, have retained 

both kiss1 and kiss2 genes (Pasquier et al., 2014b; reviewed by Pasquier et al., 2014a). A 

third kisspeptin gene was discovered in Xenopus tropicalis (Lee et al., 2009), and has since 

been found only in coelacanth (Pasquier et al., 2012a), spotted gar (Yun et al., 2015), and 

elephant shark (Pasquier et al., 2012a) (see Fig. 4). No kiss3 gene or transcript has been 

found in any bird species examined, suggesting that birds possess no functional kisspeptin 

gene (Pasquier et al., 2014b). 

 Putative peptides encoded by bluehead wrasse kissr1 and kissr2 are predicted seven-

transmembrane domain G protein-coupled receptors, like other GPR54/kisspeptin receptors 

in vertebrates (reviewed by Oakley et al., 2009; Pasquier et al., 2014a), and group closely 

with these receptors in other teleost fishes (Fig. 3). Previous phylogenetic analysis of the 

kisspeptin receptor genes revealed that the two receptor genes found in many teleost fishes 

are likely paralogs of the mammalian kisspeptin receptor (Pasquier et al., 2012b). The 

kisspeptin receptor phylogeny we present in this study is consistent with this scenario (Fig. 

5). A kisspeptin receptor, GPR54, was first discovered in rat (Lee et al., 1999), and it was 

demonstrated two years later that KISS1 is the ligand of GPR54 in mammals (Kotani et al., 

2001; Muir et al., 2001; Ohtaki et al., 2001). Since then, four kisspeptin receptor genes have 

been discovered across vertebrates other than birds that likely originated from two rounds of 

genome-wide duplication in lower vertebrates (Pasquier et al., 2012a; 2012b). Pasquier and 

colleagues (2012a; 2012b) conclude that the teleost-specific third genome-wide duplication 

event (see Amores et al., 1998; Taylor et al., 2003) likely did not affect the number of 

kisspeptin receptors found in modern-day teleosts.  
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Cleavage analysis of the bluehead wrasse kiss1 and kiss2 prepropeptides revealed the 

presence of putative kiss1-15, kiss2-10, and kiss2-12 mature peptides (Fig. 1). Mass 

spectrometry will be necessary to confirm their existence in the bluehead wrasse brain, and 

functional experiments would be important to reveal if these putative kisspeptins are 

biologically active. Experiments in zebrafish (Lee et al., 2009), European sea bass (Felip et 

al., 2015), medaka (Kanda et al., 2013a), and goldfish (Li et al., 2009), which are all species 

that possess and express kiss1, kiss2, kissr1, and kissr2 genes, showed that kiss1 and kiss2 

ligands bind both receptors, but kiss1 (particularly kiss1-15) is the most active ligand for 

kissr1, while kiss2 (specifically kiss2-12) is typically the most active ligand for kissr2. 

Effects of kiss1 and kiss2 on the HPG axis can vary among species (e.g., Felip et al., 2009; 

Kitahashi et al., 2009; Li et al., 2009) and can depend on various factors, including the 

gonadal state of individuals. For example, intramuscular injections of kiss2 in female and 

male hybrid bass (Morone saxatilis x Morone chrysops) induced release of LH at both 

puberty and recrudescence, whereas kiss1 was stimulatory only at recrudescence. 

Furthermore, kiss1 and kiss2 increased gnrh1 expression at the pre-pubertal stage, but kiss2 

downregulated gnrh1 expression during recrudescence (kiss1 had no effect; Zmora et al., 

2012). It will be important to test whether kiss1 or kiss2 can induce LH release in the 

bluehead wrasse, and under what conditions.   

 

 gnrh1 mRNA in the aPPn 

Bluehead wrasse gnrh1 mRNA was localized to the preoptic area using ISH, and this 

site of expression was supported by qRT-PCR on dissected brain regions (Figs. 9E and 16A). 

Our finding suggests that the GnRH-ir neurons detected in the preoptic area by Grober & 
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Bass (1991a) with an antibody to mammalian LHRH (GnRH) are gnrh1-expressing, at least 

in part. While GnRH-ir neurons were also found in the terminal nerve (TN) and midbrain 

tegmentum of the bluehead wrasse (Grober & Bass, 1991a), the POA neuronal population 

sent fibers to the mediobasal hypothalamus and likely into the pituitary, though the pituitary 

was not attached to the brain samples in that study (Grober & Bass, 1991a).  

Immunohistochemical (IHC) and ISH studies performed in other teleosts with 

multiple GnRHs have also shown that GnRH neurons within the POA are the major 

hypophysiotropic-releasing form, regardless of which gene(s) encode the GnRH peptide(s) 

(reviewed by Okubo & Nagahama, 2008). In teleost species that express functional forms of 

all three GnRHs, GnRH1 neurons tend to be mainly expressed in the POA/hypothalamus 

(e.g., White et al., 1995; Okubo et al., 2000; Parhar et al., 2004). In some teleosts, other 

forms in addition to GnRH1 may be expressed in the POA, which is the case in Atlantic 

croaker and European sea bass that also express a small number of gnrh3-expressing neurons 

(Mohamed et al., 2005; González-Martínez et al., 2001). However, as Zmora et al. (2002) 

demonstrated in European sea bass using three separate antibodies specific to three separate 

GnRHs, the anterior pituitary contained mainly GnRH1-ir fibers, with only a small number 

of GnRH3-ir fibers present. Therefore, it is likely that preoptic gnrh1-expressing neurons in 

the bluehead wrasse are the major hypophysiotropic-releasing form of GnRH, though this 

will need to be confirmed using an antibody specific to GnRH1. This has important 

implications for the potential role of GnRH1 in socially-induced sex change in the bluehead 

wrasse. Because increasing signaling of GnRH and gonadotropins has induced varying 

degrees of sex change in fishes (e.g., Tang et al., 1974; Koulish & Kramer, 1989; Kramer et 

al., 1993; Tao et al., 1993; Reinboth & Bruslé-Sicard, 1997; Kobayashi et al., 2010), it is 
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highly likely that social signals are transduced into gonadal sex change at least in part 

through alteration of preoptic GnRH1 neuronal activity.  

 

gnih expression in the PVO (NPPv) 

 Bluehead wrasse gnih mRNA was localized to neurons within the paraventricular 

organ (PVO) or more specifically, the posterior periventricular nucleus (NPPv, Fig. 16B). 

qRT-PCR confirmed its presence in the midbrain/dorsal diencephalon dissection (Fig. 9F). 

Our finding agrees with findings in other vertebrates in which the main site of gnih 

expression is within the hypothalamus/diencephalon (reviewed by Ogawa & Parhar, 2014b; 

Ubuka et al., 2016). Using ISH, we did not detect gnih expression in the pituitary. This 

agrees with a lack of gnih mRNA or GnIH-ir cell bodies in the pituitary of goldfish (Sawada 

et al., 2002), sockeye salmon (Amano et al., 2006), zebrafish (Zhang et al., 2010), and 

European sea bass (Paullada-Salmerón et al., 2016), but is not consistent with findings of 

pituitary gnih expression in grass puffer (Shahjahan et al., 2011) and Nile tilapia (Biran et al., 

2014). GnIH-ir fibers project to the pituitary of teleosts (Sawada et al., 2002; Amano et al., 

2006; Ogawa et al., 2016; Paullada-Salmerón et al., 2016), and GnIH receptor is expressed 

within the pituitary (Shahjahan et al., 2011; Zhang et al., 2010; Ogawa et al., 2016), 

including within LH and FSH gonadotropes (Biran et al., 2014), strongly suggesting direct 

modulation of gonadotropins by GnIH. While the GnIH system has been found to directly 

target hypothalamic GnRH neurons in some avian and mammalian models (e.g., Ubuka et al. 

2008; Ubuka et al., 2012), and to directly target kisspeptin neurons in some mammalian 

models (e.g., Rizwan et al., 2012), Ogawa et al. (2016) found no evidence of direct 

innervation of GnRH or kisspeptin neurons by GnIH fibers or colocalization of the GnIH 
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receptor with GnRH/kisspeptin neurons in the Nile tilapia. Therefore, at least in Nile tilapia, 

the mode(s) of action of GnIH appear to be via direct modulation of pituitary gonadotropes 

and/or indirect regulation of GnRH and kisspeptin neurons.  

 

Populations of kiss1 and kiss2-expressing neurons are non-overlapping in the bluehead 

wrasse brain  

 Neurons expressing kiss1 were localized to two brain nuclei in the bluehead wrasse 

via ISH: 1) the LHn of the mediobasal hypothalamus, just dorsal to the pituitary, and 2) the 

habenula (Fig. 11A-C). Quantitative reverse-transcription PCR of kiss1 mRNA in dissected 

brain regions supported these ISH findings (Fig. 9A). Expression of kiss1 was detected in the 

hypothalamus of mammals (reviewed by Oakley et al., 2009) but not in the hypothalamus of 

all fishes that express the kiss1 gene (in addition to the kiss2 gene). For example, expression 

of kiss1 in the mediobasal hypothalamus of species that possess a functional kiss1 gene has 

been observed in medaka (Kanda et al., 2008; Kitahashi et al., 2009), striped bass (Zmora et 

al., 2012), and European sea bass (Escobar et al., 2013a), but not in goldfish (Kanda et al., 

2012b) or zebrafish (Kitahashi et al., 2009; Song et al., 2015). While kiss1 is also expressed 

in the habenula of many teleosts (Kitahashi et al., 2009; Servili et al., 2011; Kanda et al., 

2012b; Escobar, 2013a; Song et al., 2015), kiss1 expression was not detected in the habenula 

of striped bass (Zmora et al., 2012), which is an interesting species-specific difference, 

considering that habenular kiss1 has been shown in zebrafish to modulate fear (Ogawa et al., 

2014a).  

Very low expression of kiss1 mRNA in the pituitary from a bluehead wrasse TP male 

was detected using qRT-PCR, but kiss1 mRNA was not detected in the pituitary of a separate 
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TP male using ISH (Figs. 10 and 11C). Previous studies showed that kiss1 was co-expressed 

with FSHb-ir gonadotropes in the pituitary of European sea bass (Escobar et al., 2013a), and 

kiss1 mRNA was detected by RT-PCR in the pituitary of chub mackerel (Selvaraj et al., 

2010) and at very low levels in pejerrey (Tovar Bohórquez et al., 2017). However, kiss1 

mRNA was not detected in the pituitary of medaka (Kitahashi et al., 2009) or sablefish 

(Fairgrieve et al., 2016). It is unclear what accounts for these divergent results across teleost 

species, apart from apparent species-specific differences.  

 Neurons expressing bluehead wrasse kiss2 were found solely in the dorsal 

hypothalamus, dorsal to the lateral recess of the third ventricle (Fig. 11D-E). No kiss2 signal 

was found in the pituitary via ISH (Fig. 11F). Surprisingly, qRT-PCR detected kiss2 mRNA 

throughout the brain and pituitary, at half the levels found in the hypothalamus/dorsal 

diencephalon (Figs. 9B and 10). It is possible that the kiss2 ISH assay was not sensitive 

enough or was too stringent. Indeed, color development of the ISH assay typically took 24 h 

or more to produce reasonable signal, suggesting that either expression of kiss2 is quite low 

in the hypothalamus, or the ISH assay required more sensitivity. It is also possible that kiss2 

mRNA undergoes axon transport and translation in the terminals, as has been speculated for 

kiss1 mRNA in rats (Kermath et al., 2014). Because kiss2 neurons have been shown to 

project widely in the brain of fishes that have widespread kissr2 distribution (Servili et al., 

2011; Escobar et al., 2013b), it is possible that qRT-PCR detected axonal bluehead wrasse 

kiss2 mRNA originating from neurons in the DH within other dissected regions.  

Kiss2-ir neurons or kiss2-expressing neurons have also been found in the vicinity of 

the lateral recess in other teleost fishes (Kitahashi et al., 2009; Servili et al., 2011; Kanda et 

al., 2012b; Shimizu et al., 2012; Zmora et al., 2012; Escobar et al., 2013a; Escobar et al., 
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2013b; Osugi et al., 2013). An additional small and sometimes sporadic population of kiss2 

neurons was detected in the POA of zebrafish (Servili et al., 2011), goldfish (Kanda et al., 

2012b), European sea bass (Escobar et al., 2013a), and masu salmon (Osugi et al., 2013), but 

we did not detect preoptic kiss2 neurons in the bluehead wrasse. In the grass puffer, a species 

that lacks kiss1, neurons expressing kiss2 mRNA were only detected in the POA (Ando et al., 

2014). As is the case with kiss1, some fish were found to express kiss2 in the pituitary (grass 

puffer, sablefish, and pejerrey; Shahjahan et al., 2010; Fairgrieve et al., 2016; Tovar 

Bohórquez et al., 2017), whereas others were not (medaka, chub mackerel, and gilthead 

seabream; Kitahashi et al., 2009; Selvaraj et al., 2010; Shimizu et al., 2012). Interestingly and 

similar to findings in the bluehead wrasse, kiss2 mRNA was detected in the pituitary of 

European sea bass using qRT-PCR (Alvarado et al., 2013; Espigares et al., 2015) but not ISH 

(Escobar et al., 2013a), suggesting potential sensitivity issues, since pituitaries from adult 

females and males (Alvarado et al., 2013; Escobar et al., 2013a) used in those studies were 

all sexually mature and were examined both inside and outside of the breeding season.  

 Axonal projections of kiss1-ir and kiss2-ir neurons in zebrafish and European sea 

bass largely coincide with their receptor distributions (Servili et al., 2011; Escobar et al., 

2013b), suggesting that kiss1 and kiss2 neurons in the bluehead wrasse may also mainly 

project to their receptors (i.e., kiss1 neurons mainly to more discrete kissr1 locations, and 

kiss2 neurons mainly to more widespread kissr2 locations), but this will need to be confirmed 

using antibodies. However, it was shown in medaka that kiss1-EGFP neurons in the ventral 

tuberal nucleus project to neurons in the magnocellular POA, where only kissr2 mRNA could 

be located, which suggests a degree of promiscuity between kisspeptins and their receptors 

(Hasebe et al., 2014). In the bluehead wrasse, kissr1-expressing neurons were found in three 
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discrete nuclei: the aPPn of the POA, the LHn of the mediobasal hypothalamus, and the 

habenula (Fig. 13). No kissr1 expression was detected in the pituitary using qRT-PCR or ISH 

methods (Fig. 10 and 13C). These findings are similar to limited kissr1 distributions in other 

teleost species (Servili et al., 2011; Zmora et al., 2012; Escobar et al., 2013b; Kanda et al., 

2013a).  

In contrast to limited kissr1 expression in the brain, kissr2 was expressed more 

broadly in the brain of the bluehead wrasse (Fig. 14) and most other fishes studied (Grone et 

al., 2010; Servili et al., 2011; Zmora et al., 2012; Escobar et al., 2013b; Kanda et al., 2013a). 

An exception is the grass puffer, a species that only expresses the kissr2 receptor gene, in 

which kissr2-expressing neurons were only found in the POA and dorsomedial thalamus 

(Ando et al., 2014). As with kissr1, no kissr2 mRNA was detected in the pituitary of the 

bluehead wrasse using qRT-PCR or ISH methods (Figs. 10 and 14G), suggesting that 

kisspeptins do not directly regulate LH and FSH gonadotropes in this species, at least 

through kisspeptin receptors.  

Interestingly, kissr2 mRNA was detected in nearly all brain nuclei that are part of the 

vertebrate social behavior network and mesolimbic reward system, which are critical for the 

regulation of sociosexual behaviors including aggression and reproductive behaviors 

(Goodson, 2005; O’Connell & Hofmann, 2011). These regions include the 1) telencephalon: 

Dm (putative homolog of the basolateral amygdala of mammals), Vs (medial amygdala and 

bed nucleus of the stria terminalis), Vd (nucleus accumbens), Vv (lateral septum); 2) 

hypothalamus: POA (POA of mammals), vTn (anterior hypothalamus), aTn (ventromedial 

hypothalamus), and TPp (ventral tegmental area; see O’Connell & Hofmann (2011) for a 

detailed review of behaviors regulated by these brain regions). A recent study in male 
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Sprague Dawley rats showed that infusion of kiss1 by cannula into the posterodorsal 

subnucleus of the medial amygdala (putative homolog of the Vs in fishes) increased erection 

frequency, whereas antagonizing the kisspeptin receptor with Peptide-234 reduced this 

sexual behavior (Gresham et al., 2016). Intense kissr2 signal in the bluehead wrasse brain 

was also found surrounding the lateral recess of the third ventricle and in the glomerular 

nucleus. Electrical stimulation of these areas in male and female bluegill sunfish induced 

aggressive and feeding behaviors (Demski & Knigge, 1971). Expression of kissr2 was also 

detected in the perilemniscular nucleus of the bluehead wrasse. This region contains dense 

AVT-ir fiber innervation in plainfin midshipman (Porichthys notatus), and activation of this 

region through a combination of electrical stimulation and AVT delivery reduced the number 

of agonistic “grunt-like” fictive vocal-motor bursts, indicative of vocal inhibition (Goodson 

& Bass, 2000; referred to as the “paralemniscal nucleus” in that study). It is unknown if 

kisspeptin delivery to this region also regulates social behaviors in fishes. However, these 

findings in other vertebrates suggest that kisspeptin signaling may regulate sociosexual 

behaviors in the bluehead wrasse.  

Neurons expressing kissr1 and kissr2 were found in the aPPn of the POA, the site of 

gnrh1 neurons. Double-label ISH experiments with gnrh1 and kisspeptin receptors would be 

useful to determine whether co-localization occurs. Additionally, kissr2-expressing neurons 

were detected in the PVO/NPPv, where gnih neurons were found. It is currently unknown if 

kisspeptin directly modulates GnIH neuronal activity, but the observed co-regionalization of 

kissr2 and gnih warrants further investigation. 

It is important to note that some vertebrate lineages can show normal reproductive 

phenotypes in the absence of kisspeptin signaling, including avian species that lack 
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kisspeptin genes. Potentially, a broad range of teleosts can do the same as knockout of both 

kisspeptin genes and both kisspeptin receptor genes in zebrafish did not significantly impact 

reproduction (Tang et al., 2015). Therefore, kisspeptin signaling in teleosts may be important 

for modulating reproduction, but generally not critical due to the ability of other neuropeptide 

systems to compensate for the loss of kisspeptin signaling.  

 

Summary and Future Directions 

We analyzed sequence information of GnRH1, GnIH, kisspeptins, and kisspeptin 

receptors and characterized distributions of gnrh1, gnih, kiss1, kiss2, kissr1, and kissr2 in the 

brain of a socially-induced sex-changing fish, the bluehead wrasse. These findings provide 

insight into the locations of neuropeptide systems that regulate reproduction in vertebrates 

and may influence environmentally-mediated sexual plasticity. 

This study is also a first step in documenting sexual differences in expression. 

Although an analysis of phenotypic differences in expression was beyond the scope of this 

study, preliminary data suggest sexual dimorphisms in hypothalamic kiss1 and gnih 

expression between bluehead wrasse females and TP males. Studies comparing gene 

expression among phenotypes and during sex change in dissected brain regions would 

provide more insight into sexual differences in expression and potential involvement of these 

genes in socially-induced reproductive changes. Furthermore, examination of the 

distributions of bluehead wrasse GnIH receptor (GPR147/NPFFR1) and potential co-

expression among the GnRH, GnIH, and kisspeptin systems using double-labeling 

approaches would help determine if these systems directly signal each other. Manipulations 

of kisspeptin and GnIH signaling are also important components to address whether these 
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systems mediate socially-induced reproductive changes at the behavioral and/or gonadal 

levels.  

Studies in other vertebrates suggest that the kisspeptin and GnIH systems are key 

transducers of social signals. Compelling examples include elevated expression of kissr2 in 

the brain of territorial Astatotilapia burtoni males compared to paired non-territorial males 

(referred to as kiss1r; Grone et al., 2010), higher kiss1 expression in lactating rats 4 h after 

pup separation compared to non-separated and reunited rats (Higo et al., 2015), breeding-

dependent differences in gnih mRNA and GnIH peptide content between territorial nest-

holding male starling “winners” and non-holding “losers” (Calisi et al., 2011), and increased 

hypothalamic gnih expression in male quail 60 min after viewing a female (Tobari et al., 

2014). Based on sensitivity of the kisspeptin and GnIH systems to social conditions in other 

vertebrates, it is likely that these systems are important in socially-mediated phenotypic 

plasticity as well. 
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TABLES AND FIGURES 
 
 Table 1. Neuroanatomical abbreviations  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1. Neuroanatomical abbreviations. 
 
AC  anterior commissure 
An  anterior thalamic nucleus 
aPPn  anterior parvocellular preoptic nucleus 
aTn  anterior tuberal nucleus 
CCm  molecular layer of the corpus cerebelli 
CCg  granular layer of the corpus cerebelli 
CH caudal hypothalamus 
Dc  central part of the dorsal telencephalon  
Dd  dorsal part of the dorsal telencephalon 
DH  dorsal hypothalamus 
Dl  lateral part of the dorsal telencephalon 
Dm  medial part of the dorsal telencephalon 
Dp  posterior part of the dorsal telencephalon 
DPn  dorsal posterior thalamic nucleus 
gMPn  gigantocellular portion of the magnocellular preoptic 

nucleus 
Gn  glomerular nucleus 
H  habenula 
HC  horizontal commissure 
IL  inferior lobe of the hypothalamus 
IPn  interpeduncular nucleus 
LHn  lateral hypothalamic nucleus 
LLF lateral longitudinal fascicle 
LR  lateral recess of the third ventricle 
LT  longitudinal torus 
MB  mammillary body 
MLF medial longitudinal fascicle 
mPGn  medial preglomerular nucleus 
MPn  magnocellular preoptic nucleus 
nIII  nucleus of the oculomotor nerve 
nLT  nucleus of the lateral torus 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
nMLF  nucleus of the medial longitudinal fascicle 
NP  paracommissural nucleus 
NPPv  posterior periventricular nucleus 
OB  olfactory bulb 
OT  optic tectum 
P  pituitary  
PC  posterior commissure 
Pin  pineal gland 
PGn  preglomerular nucleus 
PGZ  periventricular gray zone of the optic tectum 
PHT  preopticohypophysial tract 
PLl perilemniscular nucleus, lateral part 
PLm perilemniscular nucleus, medial part 
Pn  pretectal nucleus 
pPPn  posterior parvocellular preoptic nucleus 
PR  posterior recess 
PVO  paraventricular organ 
SR  superior raphe 
ST  semicircular torus 
TH  thalamus 
TPp  periventricular nucleus of the posterior tuberculum 
VCg  granular cell layer of the valvula cerebelli 
VCm  molecular cell layer of the valvula cerebelli 
Vd  dorsal part of the ventral telencephalon 
VH  ventral hypothalamus 
Vl  lateral part of the ventral telencephalon 
VLo  vagal lobe 
VMn  ventromedial thalamic nucleus 
Vp  postcommissural part of the ventral telencephalon 
Vs  supracommissural part of the ventral telencephalon 
vTn  ventral tuberal nucleus 
Vv  ventral part of the ventral telencephalon 
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Table 2. Gene-specific primers and parameters used for quantitative reverse-transcription PCR and in situ hybridization. 
 

 

Table 2. Gene-specific primers and parameters used for quantitative reverse-transcription PCR 
and in situ hybridization. 
 
 
 
 

qRT-PCR      

Transcript Forward primer (5'-3') Reverse primer (5'-3') qRT-PCR conditions Amplicon 
size (bp) 

 

kiss1 AGTTTCAGCCCACTCACAGG GAGCGTTCAAAAAGTCCCGT 

SsoAdvanced Universal SYBR Green 
Supermix (Bio-Rad) 

Final primer conc: 0.3 uM 
1X: 95qC 30 s; 40X: 95qC 15 s, 60qC 30 s; 

dissociation curve 
 

147   

kiss2 CAACAGATTCAGTCATCCACGC TTTACTCCTCCGGTCGTTGC 134   

kissr1 GCCTTCATGCTGAAACGCAT AACAGGACCACCATCACCAC 137   

kissr2 ACAGTCTACCCTCTGAAATCTCTCC CCCATACCAGTAACCCTCCTCTA 141   

gnrh1 GCTGTCAGCACTGGTCATTTG GAAGCACCTCAACTACATTATCCAG 93   

gnih GCACCAGCAGACCAAAAGTG CTTGATGATGGAGGGGAGGC 103   

ef1α ATCGGCGGTATTGGAACTGT CGACCATACCGGGCTTCA 67   

       

In situ hybridization       

Transcript Forward primer (5'-3') Reverse primer (5'-3') 
PCR conditions Amplicon 

size (bp) 
Antisense 

probe 
Sense 
probe 

 
 
kiss1 CAGGGATGACGCAGGAAGTG (outer) 

AGGGGGAGGTCAGGAAGTTT (inner)  

 
 
CAGATTCAGGTGCAGCAGGT (outer) 
TGTCAGGTGCGGTCTCTCTT (inner)  

Green Taq DNA Polymerase kit (GenScript) 
Final primer conc: 0.4 PM 

57qC annealing (outer) 
60qC annealing (inner) 379 T7 SP6 

kiss2 GAGRGAGAAYGADGASCAGMGG GCACCTCCAGTTCTCGYRAGAA 
 

GoTaq DNA Polymerase kit (Promega) 
 Final primer conc: 1 PM; 55.9qC annealing 

182 SP6 T7 

kissr1 TGTGCCGTCTGGTGAACTAC TCCAAATACAGGGCGTGACC 
 

Green Taq DNA Polymerase kit (GenScript) 
Final primer conc: 0.5 PM; 59.9qC annealing. 

815 SP6 T7 

kissr2 CGGCTCAGAGGCAAACTTTA CGGAGAGATTTCAGAGGGTAGA 
 

Green Taq DNA Polymerase kit (GenScript) 
Final primer conc: 0.2 PM; 50qC annealing 

414 T7 SP6 

gnrh1 AACGGCTCACAAGGACAAGT TTGTTTGGGTGACACCTCCC 
 

Green Taq DNA Polymerase kit (GenScript) 
Final primer conc: 0.5 PM; 58qC annealing 

308 SP6 T7 

gnih CAGGGAATAGTTAGGGTCTGCG TGCATCACTAAATCATAGTCCCCA 
 

Green Taq DNA Polymerase kit (GenScript) 
Final primer conc: 0.4 PM; 57qC annealing 

666 SP6 T7 
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Table 3. Sequences of the mature 10-amino acid GnRH1 peptide in teleost fishes. 

 

Amino acids in bold indicate a site of substitution within the GnRH1 mature peptide. Asterisks indicate positions with fully conserved residues, colons indicate 
conservation between groups of strongly similar properties, and periods indicate conservation between groups of weakly similar properties. 

Table 3. Sequences of the mature 10-amino acid GnRH1 peptide in teleost fishes. 

Amino acids in bold indicate a site of substitution within the GnRH1 mature peptide. Asterisks indicate positions with fully conserved residues, colons indicate 
conservation between groups of strongly similar properties, and periods indicate conservation between groups of weakly similar properties.  
 
 
 
 

GnRH1 Type Superorder Order Family Species Common name 
Amino acid 
sequence 

Genbank accession 
number or citation 

medaka/pejerrey GnRH Acanthopterygii Perciformes Labridae Thalassoma bifasciatum bluehead wrasse QHWSFGLSPG AFU08234.1 
medaka/pejerrey GnRH Acanthopterygii Beloniformes Adrianichthyidae Oryzias latipes medaka QHWSFGLSPG BAC06421.1 
medaka/pejerrey GnRH Acanthopterygii Atheriniformes Atherinopsidae Odontesthes bonariensis pejerrey QHWSFGLSPG AAU94309.2 
medaka/pejerrey GnRH Acanthopterygii Cyprinodontiformes Poeciliidae Xiphophorus maculatus southern platyfish QHWSFGLSPG XP_005811817.1 
medaka/pejerrey GnRH Acanthopterygii Synbranchiformes Synbranchidae Monopterus albus swamp eel QHWSFGLSPG AAW51121.1 

seabream GnRH Acanthopterygii Spariformes Sparidae Sparus aurata gilthead seabream QHWSYGLSPG AAD02427.1 
seabream GnRH Acanthopterygii Perciformes Cichlidae Oreochromis niloticus Nile tilapia QHWSYGLSPG AAM90220.1 
seabream GnRH Acanthopterygii Perciformes Moronidae Dicentrarchus labrax European seabass QHWSYGLSPG AAF62898.1 
seabream GnRH Acanthopterygii Perciformes Pomacentridae Stegastes partitus bicolor damselfish QHWSYGLSPG XP_008274922.1 
seabream GnRH Acanthopterygii Tetraodontiformes Tetraodontidae Takifugu niphobles grass puffer QHWSYGLSPG BAJ07188.1 
seabream GnRH Paracanthopterygii Gadiformes Gadidae Gadus morhua Atlantic cod QHWSYGLSPG Hildahl et al., 2011 
seabream GnRH Ostariophysi Characiformes Serrasalmidae Pygocentrus nattereri red-bellied piranha QHWSYGLSPG XP_017551760.1 
seabream GnRH Ostariophysi Characiformes Serrasalmidae Piaractus mesopotamicus pacu QHWSYGLSPG Powell et al., 1997 

  Protacanthopterygii Salmoniformes Salmonidae Oncorhynchus keta chum salmon     
whitefish GnRH Protacanthopterygii Salmoniformes Salmonidae Coregonus clupeaformis lake whitefish QHWSYGMNPG AAP57221.1 
whitefish GnRH Protacanthopterygii Salmoniformes Salmonidae Salmo salar Atlantic salmon QHWSYGMNPG XP_014015658.1 

catfish GnRH Ostariophysi Siluriformes Clariidae Clarias gariepinus African catfish QHWSHGLNPG CAA54971.1 
catfish GnRH Ostariophysi Siluriformes Bagridae Tachysurus fulvidraco yellow catfish QHWSHGLNPG AII80317.1 
catfish GnRH Ostariophysi Siluriformes Ictaluridae Ictalurus punctatus channel catfish QHWSHGLNPG XP_017323861.1 

  Ostariophysi Cypriniformes Cyprinidae Danio rerio zebrafish     
 Ostariophysi Cypriniformes Cyprinidae Carassius auratus goldfish   
 Ostariophysi Characiformes Characidae Astyanax altiparanae tetra     

  Ostariophysi Characiformes Characidae Astyanax mexicanus Mexican tetra     
herring GnRH Clupeomorpha Clupeiformes Clupeidae Clupea harengus Atlantic herring QHWSHGLSPG XP_012685880.1 
herring GnRH Clupeomorpha Clupeiformes Engraulidae Engraulis japonicus Japanese anchovy QHWSHGLSPG AFO70217.1 

mammalian GnRH Elopomorpha Anguilliformes Anguillidae Anguilla anguilla European eel QHWSYGLRPG ADD92012.1 
mammalian GnRH Elopomorpha Anguilliformes Anguillidae Anguilla japonica Japanese eel QHWSYGLRPG BAA82608.1 

  Osteoglossomorpha Osteoglossiformes Osteoglossidae Scleropages jardinii Australian bonytongue     
      ****.*: ** 
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Figure 1. Full-length cDNA and protein sequences for kiss1 and kiss2 in the bluehead wrasse. Signal peptides were predicted in Signal P-4.1. 
Cleavage sites (arrows) were predicted in NeuroPred. Cleavage of the prepropeptides is predicted to liberate a 15-amino acid RYamide for kiss1 
and an RFamide of 10- and 12-amino acids long for kiss2. 
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Figure 2. Alignment of deduced amino acid sequences for bluehead wrasse kiss1 (ANV28064) and 
kiss2 (AFU08233) to deduced amino acid sequences from longtooth grouper (GU984382 and 
GU984383), European sea bass (ACM07422 and ACM07423), Japanese medaka (NP_001116393 
and NP_001153913), and zebrafish (ACT10282 and NP_001136057). The alignment was performed 
in Clustal Omega v. 1.2.1. Asterisks indicate positions that have a fully conserved residue, colons 
indicate conservation between groups of strongly similar properties, and periods indicate conservation 
between groups of weakly similar properties. Highlighted in dark gray are sequences for kiss1-15 and 
kiss2-12.  
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Figure 3. Alignment of deduced amino acid sequences for bluehead wrasse kissr1 (ANV28066) and 
kissr2 (ANV28065) to deduced or predicted amino acid sequences from Nile tilapia (NP_001266708 
and XP_005459884), European sea bass (AFK84355 and AFK84356), and Japanese medaka 
(XP_004072303 and XP_004079479). The alignment was performed in Clustal Omega v. 1.2.1. See 
Fig. 2 for the meaning of asterisks, colons, and semicolons. Transmembrane topology was predicted 
in MEMSAT v. 3.5. Highlighted in dark gray are predicted transmembrane helices, TM1-TM7. In 
white are predicted intracellular loops, ICL1-ICL3, and extracellular loops, ECL1-ECL3. 
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Figure 4. Phylogenetic analysis of kisspeptins. Deduced or predicted amino acid sequences from 
vertebrates (see Supplementary File 1 for sequences and GenBank accession numbers) were aligned 
in MAFFT v.6.864, and the evolutionary history was inferred by using the Maximum Likelihood 
method based on the JTT matrix-based model in MEGA v. 6.06. All positions containing alignment 
gaps were preserved. Initial tree(s) for the heuristic search were obtained by applying the Neighbor-
Joining method to a matrix of pairwise distances estimated using the JTT model. A discrete Gamma 
distribution was used to model evolutionary rate differences among sites (5 categories (+G, parameter 
= 6.4019)). The rate variation model allowed for some sites to be evolutionarily invariable ([+I], 
1.9920% sites). Confidence intervals were obtained by the bootstrap method (1,000 replicates). 
Branches reproduced in less than 70% of the bootstrap replicates were collapsed (numbers less than 
70).  
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Figure 5. Phylogenetic analysis of kisspeptin receptors. Deduced or predicted amino acid sequences 
from vertebrates (see Supplementary File 1 for sequences and GenBank accession numbers) were 
aligned in MAFFT v.6.864, and the evolutionary history was inferred using the Maximum Likelihood 
method based on the JTT matrix-based model in MEGA v. 6.06. All positions containing alignment 
gaps were preserved. Initial tree(s) for the heuristic search were obtained by applying the Neighbor-
Joining method to a matrix of pairwise distances estimated using the JTT model. A discrete Gamma 
distribution was used to model evolutionary rate differences among sites (5 categories (+G, parameter 
= 0.9599)). The rate variation model allowed for some sites to be evolutionarily invariable ([+I], 
0.0000% sites). Confidence intervals were obtained by the bootstrap method (1,000 replicates). 
Branches that were reproduced in less than 70% of the bootstrap replicates were collapsed (numbers 
less than 70). *Groupings are named per Pasquier et al. (2012b), except what we call kissr1 in this 
study is termed kissr3 by Pasquier and colleagues. 
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Figure 6. Full-length cDNA and protein sequences for bluehead wrasse GnRH1. The signal peptide 
was predicted in Signal P-4.1, and cleavage sites (arrows) were predicted in NeuroPred. Cleavage of 
the prepropeptide is predicted to liberate a 10-amino acid PGamide. 
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Figure 7. Full-length cDNA and protein sequences for GnIH in the bluehead wrasse. The signal 
peptide was predicted in Signal P-4.1, and cleavage sites (arrows) were predicted in NeuroPred. 
Cleavage of the prepropeptide is predicted to liberate three distinct RFamides. 
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Figure 8. Alignment of deduced amino acid sequences for bluehead wrasse GnIH (ANV28067) to 
deduced or predicted amino acid sequences from Nile tilapia (AIE89788), grass puffer (BAJ41195), 
goldfish (BAC06473), and zebrafish (ADB43132). The alignment was performed in Clustal Omega v. 
1.2.1. Asterisks indicate positions that have a fully conserved residue, colons indicate conservation 
between groups of strongly similar properties, and periods indicate conservation between groups of 
weakly similar properties. Highlighted in dark gray on the bluehead wrasse line are sequences for 
three mature RFamide GnIH peptides, predicted by NeuroPred. Also highlighted for other species are 
mature RFamide GnIH peptide sequences, which were previously determined or predicted for Nile 
tilapia (Biran et al., 2014), grass puffer (Shahjahan et al., 2011), goldfish (Sawada et al., 2002), and 
zebrafish (Zhang et al., 2010). The underlined GnIH-3 in the grass puffer is a predicted mature 
RYamide (Shahjahan et al., 2011).  
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Figure 9. Relative expression of bluehead wrasse kisspeptin genes (A-D), gnrh1 (E), and gnih (F) 
within brain subdivisions by qRT-PCR. The telencephalon (Tel.) dissection likely contained most of 
the anterior parvocellular preoptic nucleus, which explains high gnrh1 message in this region (see 
Fig. 16A). The inferior lobes of the hypothalamus/ventral diencephalon (Hyp.) dissection contained 
the lateral hypothalamic nucleus, which is the location of kiss1, kissr1, and kissr2 expression (see 
Figs. 11B and C, 13C and D, and 14K and M). The midbrain/dorsal diencephalon (Mid.) dissection 
contained the paraventricular organ, which is the location of gnih neurons (see Fig. 16B), and the 
habenula, which is the location of kiss1, kissr1, and kissr2 neurons (see Figs. 11A, 13B, and 14O). 
The hindbrain (Hind.), containing the corpus cerebelli and medulla oblongata, showed the lowest 
expression for nearly all genes measured. Although the kiss2 qRT-PCR assay shows moderate 
expression of kiss2 in all dissected areas, in situ hybridization only detected kiss2 signal in the 
hypothalamus (see Fig. 11D and E). N=2 for all groups, apart from IP male telencephalon (n=1) and 
female hypothalamus (n=1). Data are shown as mean ± SEM. 
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Figure 10. Detection of bluehead wrasse kisspeptin gene expression in the pituitary of a TP male, 
compared to hypothalamic levels. The hypothalamus was chosen as a reference because there are 
moderate levels of expression of both kisspeptins and kisspeptin receptor genes in the hypothalamus 
(see Fig. 9A-D). Although the kiss2 qRT-PCR assay shows moderate expression of kiss2 in the 
pituitary, similar to kiss2 levels within the Tel., Mid., and Hind. dissections (see Fig. 9B), in situ 
hybridization only detected kiss2 signal in the hypothalamus (see Fig. 11D and E).  
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Figure 11. Detection of neurons positive for kiss1 and kiss2 mRNA in the bluehead wrasse brain. 
Shown are representative images from TP males. Following in situ hybridization, brain sections were 
counterstained with methyl green. kiss1 message was detected in the habenula (H; A) and lateral 
hypothalamic nucleus (LHn; B, C). No kiss1 signal was detected in the pituitary (P; C). kiss2 message 
was only detected in the dorsal hypothalamus (DH; D, E), dorsal to the lateral recess (LR). No kiss2 
signal was detected in the pituitary (P; F). Scale bar = 100 µm. 
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Figure 12. Distribution of kiss1 and kiss2 neurons in the bluehead wrasse brain. Schematic of kiss1 
(left, solid squares) and kiss2 (right, solid stars) mRNA signal within representative coronal sections. 
The brain atlas was slightly modified from Marsh et al. (2006). kiss1-expressing neurons were 
confined to the H (A, B) and LHn (C). kiss2-expressing neurons were only found in the DH, dorsal to 
the lateral recess (C). For a list of abbreviations, see Table 1. 
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Figure 13. Detection of neurons positive for kissr1 mRNA in the bluehead wrasse brain. Shown are 
representative images from females and TP males. kissr1 message was detected in the anterior 
parvocellular preoptic nucleus (aPPn; A), habenula (H; B), and lateral hypothalamic nucleus (LHn; C, 
D) surrounding and anterior to the posterior recess (PR). No kissr1 signal was detected in the pituitary 
(P; C). Scale bar = 100 µm. 
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Figure 14. Detection of neurons positive for kissr2 mRNA in the bluehead wrasse brain. Shown are 
representative images from female and TP male brains, roughly posterior to anterior. In the 
rhombencephalon, kissr2 signal was detected in the vagal lobe (VLo; A). In the mesencephalon, 
kissr2 neurons were detected in the interpeduncular nucleus (IPn; B), semicircular torus (ST; C), 
lateral and medial parts of the perilemniscular nucleus (PLl and PLm, respectively; PLl shown in D), 
nucleus of the oculomotor nerve (nIII; E), and periventricular gray zone (PGZ; C, H, I) of the optic 
tectum (OT). In the synencephalon, kissr2 signal was detected in the nucleus of the medial 
longitudinal fascicle (nMLF; E) and paracommissural nucleus (NP; H). In the pretectum, kissr2 
signal was detected in the pretectal nucleus (Pn; I). kissr2 mRNA was also detected in the 
epithalamus within the pineal gland (Pin; N), surrounded by large black melanophores, and in the 
habenula (H; O). In the thalamus, kissr2 neurons were found in the anterior thalamic nucleus (An; O), 
dorsal posterior thalamic nucleus (DPn; H), and ventromedial thalamic nucleus (VMn; P). In the 
posterior tuberculum, kissr2 neurons were detected along the periphery of the mammillary body (MB; 
F), periventricular nucleus of the posterior tuberculum (TPp; L), paraventricular organ (PVO, which 
contains the posterior periventricular nucleus (NPPv); L, P), the glomerular nucleus (Gn; F, J, L), the 
medial preglomerular nucleus (mPGn; F, L) along with other preglomerular nuclei, and very light 
signal was found in the nucleus of the lateral torus (nLT; G). Among hypothalamic nuclei, kissr2 
signal was detected in the dorsal hypothalamus (DH; J-L) along the midline and surrounding the 
lateral recess (LR), in the ventral hypothalamus (VH; K, M), lateral hypothalamic nucleus (LHn; K, 
M), caudal hypothalamus (CH; K) lining the posterior recess (PR), and in the ventral tuberal nucleus 
(vTn; M). Extremely light signal was also found in the anterior tuberal nucleus (aTn; L). Signal was 
detected throughout the preoptic area, in the gigantocellular portion of the magnocellular preoptic 
nucleus (gMPn; P), magnocellular preoptic nucleus (MPn; Q), posterior parvocellular preoptic 
nucleus (pPPn; Q), and anterior parvocellular preoptic nucleus (aPPn; R). kissr2 was found 
throughout the telencephalon, in the lateral part of the ventral telencephalon (Vl; T), dorsal part of the 
ventral telencephalon (Vd; T), supracommissural part of the ventral telencephalon (Vs; T), ventral 
part of the ventral telencephalon (Vv; T), central part of the dorsal telencephalon (Dc; T), dorsal part 
of the dorsal telencephalon (Dd; S), medial part of the dorsal telencephalon (Dm; S), and the olfactory 
bulb (OB; U). No kissr2 signal was detected in the pituitary (P; K). Scale bar = 100 µm. 
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Figure 14. Continued 
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Figure 15. Distribution of kissr1 and kissr2 neurons in the bluehead wrasse brain. Schematic of 
kissr1 (left, solid triangles) and kissr2 (right, solid circles) mRNA signal within representative coronal 
sections. The brain atlas was slightly modified from Marsh et al. (2006). kissr1-expressing neurons 
were observed in the aPPn (C), H (E, F), and LHn (H). kissr2 was widely expressed throughout the 
brain (A-L, N). For a list of abbreviations, see Table 1.  
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Figure 15. Continued 
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Figure 16. Detection of neurons positive for gnrh1 and gnih mRNA in the bluehead wrasse brain. 
Sections were counterstained with methyl green. gnrh1 neurons (A) were detected in the aPPn of the 
preoptic area. gnih neurons (B) were detected in the PVO, which contains the NPPv. No gnih signal 
was detected in the pituitary (not shown; gnrh1 was not tested). Schematic of gnrh1 (C, solid 
diamond) and gnih (D, solid hexagon) mRNA signal within representative coronal sections. Scale bar 
= 100 µm. 
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SUPPLEMENTAL MATERIAL 
 
Supplemental Table 1. Genbank/Ensembl accession numbers and references for alignments 
with bluehead wrasse kiss1, kiss2, kissr1, and kissr2 putative peptide sequences.  
 
 
kiss1     
Full/partial Accession number Gene name Species common name 
Full ANV28064.1 kiss1 Thalassoma bifasciatum bluehead wrasse 
Full AGN05227 kiss1 Thunnus thynnus Atlantic bluefin tuna 
Full AJP70562 kiss1 Amphiprion sebae Sebae anemonefish 
Full NP_001116393 kiss1 Oryzias latipes Japanese medaka 
Full AEF32393 kiss1 Seriola lalandi  yellowtail amberjack 
Full AHN05518 kiss1 Labeo rohita rohu 
Full AIZ66894 kiss1 Catla catla catla 
Full ACT10282 kiss1 Danio rerio zebrafish 
Full FJ465138 kiss1b Carassius auratus goldfish 
Full FJ465137 kiss1a Carassius auratus (kiss1a) goldfish 
Full AJT39600 kiss1 Tor putitora golden mahseer 
Full XP_005991747 kiss1 Latimeria chalumnae coelacanth 
Full AIZ68243 kiss1 Sebastes schlegelii Schlegel's black rockfish 
Full ACM07422 kiss1 Dicentrarchus labrax  European sea bass 
Full ADU54200 kiss1 Morone saxatilis striped bass 
Full GU984382 kiss1 Epinephelus bruneus longtooth grouper 
Full AFV25604 kiss1 Sander vitreus walleye 
Full ADE21654 kiss1 Scomber japonicus chub mackerel 
Full AB894552 kiss1 Chrysiptera cyanea sapphire devil 
Full AAM78592 kiss1 Homo sapiens human 
Full BAM11250 kiss1 Mus musculus mouse 
Full EDM09773 kiss1 Rattus norvegicus Norway rat 
Full XP_007655773  kiss1 Ornithorhynchus anatinus platypus 
Full NP_001293033 kiss1 Ovis aries sheep 
Full NP_001137604 kiss1 Monodelphis domestica opossum 
Full XP_009439440 predicted: kiss1 Pan troglodytes chimpanzee 
Full XP_007065224 kiss1 Chelonia mydas green sea turtle 
Full XP_006264884 kiss1 Alligator mississippiensis American alligator 

Full 
EU853681 and 
Pasquier et al., 2014 kiss1a/kiss1 Xenopus (Silurana) tropicalis western clawed frog 

Full AAVX01162971, 1-922 kiss1a Callorhinchus milii elephant shark 
Full XP_015197902.1 kiss1-like Lepisosteus oculatus spotted gar 
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Supplemental Table 1. Continued 
 
kiss2     
Full/partial Accession number Gene name Species common name 
Full AFU08233 kiss2 Thalassoma bifasciatum bluehead wrasse 
Full ACT65993 kiss Epinephelus coioides orange-spotted grouper 
Full GU984383 kiss2 Epinephelus bruneus longtooth grouper 
Full ADU54201 kiss2 Morone saxatilis striped bass 
Full BAL44206 kiss2 Pagrus major red seabream 
Full AEF32394 kiss2 Seriola lalandi yellowtail amberjack 
Full ACM07423 kiss2 Dicentrarchus labrax European sea bass 
Full AGN05228 kiss2 Thunnus thynnus Atlantic bluefin tuna 
Full ADE21655 kiss2 Scomber japonicus chub mackerel 
Full AIT16226 kiss2 Haplochromis burtoni Burton's mouthbrooder 
Full AB894852 kiss2 Chrysiptera cyanea sapphire devil 
Full ADK92427 kiss2 Solea senegalensis Senegalese sole 
Full AJP70560 kiss2 Amphiprion sebae Sebae anemonefish 

Full 
ENSONIT0000000213
3 (Ensembl) kiss2 Oreochromis niloticus Nile tilapia 

Full AB548304 kiss2 Takifugu niphobles grass puffer 
Full NM_001160441 kiss2 Oryzias latipes Japanese medaka 
Full NP_001268315 kiss2 Oncorhynchus mykiss rainbow trout 
Full BAN15751 kiss2 Oncorhynchus masou cherry salmon 
Full ACS34769 kiss2 Carassius auratus goldfish 
Full AHN05517 kiss2 Labeo rohita rohu 
Full KF837133 kiss2 Gobiocypris rarus Chinese rare minnow 
Full AIS67293 kiss2 Catla catla catla 
Full NP_001136057 kiss2 Danio rerio zebrafish 
Full AGI92943 kiss2 Megalobrama amblycephala Wuchang bream 
Full BAG80692 12-RF amide Takydromus tachydromoides Japanese grass lizard 
Full BAN15752 kiss2 Trachemys scripta elegans red-eared terrapin 

Full 

ENSLACT0000001027
8 (Ensembl) and 
ALD51308.1 kiss2 Latimeria chalumnae coelacanth 

Full XP_007071257 
uncharacterized 
protein (kiss2) Chelonia mydas green sea turtle 

Full AAPN01043280 predicted: kiss2 Ornithorhynchus anatinus platypus 
Full EU853683 kiss2 Xenopus (Silurana) tropicalis western clawed frog 

Full 

AAVX01172388, 970-
1300 and Akazome et 
al., 2010 kiss2 Callorhinchus milii elephant shark 

Partial ALD51311.1 kiss2 (partial) Lepisosteus oculatus spotted gar 
 
 
 
     
kiss3     
Full/partial Accession number Gene name Species common name 

Full 
EU853682 and 
Pasquier et al., 2014 kiss1b/kiss3 Xenopus (Silurana) tropicalis western clawed frog 

Full 
XP_007909024 and 
Pasquier et al., 2014 kiss1b/kiss3 Callorhinchus milii elephant shark 

Partial 
ALD51305.1 and 
Pasquier et al., 2014 kiss3 (partial) Latimeria chalumnae coelacanth 

Partial ALD51306.1 kiss3 (partial) Lepisosteus oculatus spotted gar 
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Supplemental Table 1. Continued 
 
Kisspeptin receptors 
 

Full/partial Accession number Gene name Species common name 
Full ANV28066 kissr1 Thalassoma bifasciatum bluehead wrasse 
Full ADV33377 kissr1b Danio rerio zebrafish 
Full CCH26286 kissr1 Anguilla anguilla European eel 
Full XP_007898035 gpr54-like Callorhinchus milii elephant shark 
Full ACK77793 gpr54b Carassius auratus goldfish 
Full BAM72049 gpr54 Anguilla japonica Japanese eel 
Full AHH83759 gpr-a Gobiocypris rarus Chinese rare goby 
Full AFM08412 gpr54b Cyprinus carpio common carp 
Full AFM08411 gpr54a Cyprinus carpio common carp 
Full XP_008102431 kiss1r Anolis carolinensis green anole 
Full ACK77792 gpr54a Carassius auratus goldfish 
Full XP_010727548 predicted: gpr54 Larimichthys crocea large yellow croaker 
Full XP_004079479 gpr54 Oryzias latipes Japanese medaka 
Full XP_010765929 predicted: gpr54 Notothenia coriiceps black rockcod 
Full NP_001099149 kiss1ra Danio rerio zebrafish 
Full XP_007906481 predicted: kiss1r Callorhinchus milii elephant shark 
Full XP_008332638 predicted: gpr54 Cynoglossus semilaevis tongue sole 
Full BAP82513 gpr54-2 Chrysiptera cyanea sapphire devil 
Full XP_003975504 predicted: kiss1r Takifugu rubripes Japanese puffer 
Full XP_005800004 predicted: gpr54-like Xiphophorus maculatus southern platyfish 
Full XP_008432755 predicted: kiss1r Poecilia reticulata guppy 
Full XP_007548639 predicted: kiss1r Poecilia formosa Amazon molly 
Full ACT65994 gpr54 Epinephelus coioides orange-spotted grouper 
Full ABW96362 gpr54 Solea senegalensis  Senegalese sole 

Full XP_010889646 
predicted: gpr54-
like/kissr2 Esox lucius northern pike 

Full AFK84356 gpr54-2b Dicentrarchus labrax European sea bass 
Full BAJ15876 kissr Takifugu niphobles grass puffer 
Full XP_006792203 predicted: gpr54-like Neolamprologus brichardi princess cichlid 
Full ABG76790 gpr54 Mugil cephalus flathead mullet 
Full AIZ68244 kissr Sebastes schlegelii Schlegel's black rockfish 
Full ABC75101 gpr54 Micropogonias undulatus Atlantic croaker 
Full ACT78955 kissr1a Seriola lalandi yellowtail amberjack 
Full ABG82165 gpr54 Rachycentron canadum cobia 
Full XP_004542952 predicted: gpr54-like Maylandia zebra zebra mbuna 
Full AEN14599 gpr54 Epinephelus bruneus longtooth grouper 
Full NP_001266708 gpr54 Oreochromis niloticus  Nile tilapia 
Full AGN05226 kissr2 Thunnus thynnus Atlantic bluefin tuna 
Full AJP70558 gpr54-2b Amphiprion sebae Sebae anemonefish 
Full ACT78954 gpr54 Thunnus maccoyii southern bluefin tuna 
Full XP_008283483 predicted: gpr54 Stegastes partitus  bicolor damselfish 
Full ADC96613 kiss1r2 Hippoglossus hippoglossus Atlantic halibut 
Full ADU54205 kissr Morone saxatilis  striped bass 
Full AGC30578 gpr54-2 Scomber japonicus chub mackerel 
Full AIT16228 kissr Catla catla catla 
Full KKF25534 gpr54 Larimichthys crocea  large yellow croaker 
Full XP_008334558 predicted: gpr54-like Cynoglossus semilaevis tongue sole 
Full XP_004072303 predicted: gpr54-like Oryzias latipes Japanese medaka 
Full XP_005459884 predicted: gpr54-like Oreochromis niloticus  Nile tilapia 
Full CCH26287 kissr3 splice varient 1 Anguilla anguilla European eel 
Full XP_007906256 predicted: gpr54-like Callorhinchus milii elephant shark 
Full AHH83760 gpr-b Gobiocypris rarus Chinese rare goby 
Full AFK84355 gpr54-1b Dicentrarchus labrax European sea bass 
Full AID62214 kissr1 Morone saxatilis  striped bass 
Full XP_008286361 predicted: gpr54-like Stegastes partitus  bicolor damselfish 

Full XP_010786989 
predicted: gpr54-like 
X1 Notothenia coriiceps black rockcod 

Full BAP82512 gpr54-1 Chrysiptera cyanea sapphire devil 
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Supplemental Table 1. Continued 
 
Kisspeptin receptors 
 

Full/partial Accession number Gene name Species common name 
Full AGC30577 gpr54-1 Scomber japonicus chub mackerel 
Full XP_007235425 predicted: gpr54-like Astyanax mexicanus Mexican tetra 
Full ANV28065 kissr2 Thalassoma bifasciatum bluehead wrasse 
Full Pasquier et al., 2012 predicted: kissr1 Latimeria chalumnae coelacanth 
Full Pasquier et al., 2012 predicted: kissr2 Latimeria chalumnae coelacanth 
Full Pasquier et al., 2012 predicted: kissr3 Latimeria chalumnae coelacanth 
Full Pasquier et al., 2012 predicted: kissr4 Latimeria chalumnae coelacanth 
Full BAN82579 gpr54-2 Trachemys scripta elegans red-eared slider 
Full XP_006017627 predicted: gpr54-like Alligator sinensis Chinese alligator 
Full XP_007072249 predicted: gpr54-like Chelonia mydas green sea turtle 
Full AAK83235 gpr54 Homo sapiens human 
Full NP_444474 kiss1r Mus musculus mouse 
Full AAD19664 gpr54 Rattus norvegicus Norway rat 
Full ADI50282 gpr54 Ovis aries sheep 
Full XP_003953352 kiss1r Pan troglodytes chimpanzee 
Full EU853678 gpr54-1a Xenopus (Silurana) tropicalis western clawed frog 
Full EU853679 gpr54-1b Xenopus (Silurana) tropicalis western clawed frog 
Full EU853680 gpr54-2 Xenopus (Silurana) tropicalis western clawed frog 
Full XP_001507133.2 predicted: kiss1r Ornithorhynchus anatinus platypus 
Full XP_007656087 predicted: gpr54-like Ornithorhynchus anatinus platypus 

Full 
XP_006640017 and 
Pasquier et al., 2012 kissr1 Lepisosteus oculatus spotted gar 

Full 
XP_006634792 and 
Pasquier et al., 2012 kissr2 Lepisosteus oculatus spotted gar 

Full 
XP_006626678 and 
Pasquier et al., 2012 kissr3 Lepisosteus oculatus  spotted gar 

Full 
XP_006631628 and 
Pasquier et al., 2012 kissr4 Lepisosteus oculatus  spotted gar 
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CHAPTER III 

Social, Abiotic, and Gonadal Factors Differentially Influence Neural Expression of 

Kisspeptin, Vasotocin, and GnRH1 Genes in a Sex-changing Fish 
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ABSTRACT 

Abiotic and biotic factors interact with gonadal signals to regulate reproductive 

behavior and physiology in a wide range of vertebrates. The kisspeptin system regulates 

puberty and reproduction in many vertebrates and is thought to be one integrator of 

environmental and gonadal signals. We examined whether neural gene expression related to 

reproductive and behavioral function is responsive to environmental and gonadal cues in a 

teleost fish that exhibits socially-controlled sex change, the bluehead wrasse (Thalassoma 

bifasciatum). Bluehead wrasses exhibit three phenotypes: females, initial phase (IP) males, 

and terminal phase (TP) males. Large females and IP males can change sex or role, 

respectively, to become TP males in response to removal of TP males. This study mainly 

aimed to determine 1) if expression of kisspeptin genes (kiss1, kiss2, kissr1, kissr2) and other 

genes critical for reproduction and TP male-typical sociosexual behaviors (gonadotropin-

releasing hormone 1, gnrh1, and vasotocin, avt) varies among juveniles and adult phenotypes 

and 2) if kisspeptin genes, avt, and gnrh1 are sensitive to social, abiotic (tidal), and gonadal 

factors. Using in situ hybridization and/or qRT-PCR on dissected brain regions 

(telencephalon/midbrain/dorsal diencephalon [T/M/D] and ventral diencephalon [Hyp]), we 

found that juveniles had lower expression of Hyp kiss1, T/M/D gnrh1, and avt in both 

regions than adults. qRT-PCR results revealed sexually polymorphic expression of kiss1 and 

avt in stable phenotypes (highest in TP males). Only expression of kissr2 showed evidence of 

fluctuation in the hypothalamus during sex change, but expression was not different relative 

to control females by later stages (testicular proliferation). Gonadectomy significantly 

reduced expression of Hyp kiss1 and T/M/D kissr2 during sex change. Furthermore, 

forebrain/midbrain expression of kiss1 (containing neuronal populations in the habenula and 
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lateral hypothalamic nucleus) and avt (containing populations in the entire preoptic area and 

ventral tuberal nucleus) were sensitive to proximity to the daily tide-driven spawning period, 

when controlled for time of day. Together, these results show that kisspeptin-system genes 

are sensitive to gonadal and environmental factors and may interact with GnRH1 and AVT 

neuronal populations to transduce environmental cues into reproductive responses in a sex-

changing fish and vertebrates more generally. 

 

INTRODUCTION 

Both abiotic and biotic environmental influences modulate reproductive behavior and 

physiology in a wide range of vertebrates. These environmental factors can even regulate the 

sex of individuals during development and as adults in non-mammalian species with plastic 

alternative phenotypes (Knapp, 2003; Godwin 2010). Teleost fishes offer some of the most 

dramatic examples of environmental mediation of sex and reproduction (Devlin and 

Nagahama, 2002). Transduction of environmental cues into reproductive and/or sociosexual 

behavioral responses involves participation by neuroendocrine and gonadal signals, though 

the neural pathways remain poorly understood. Two key neuroendocrine systems are 

mammalian arginine vasopressin (AVP) / non-mammalian vasotocin (AVT), which regulates 

sociosexual behaviors in many species, and the hypophysiotropic-releasing form of 

gonadotropin-releasing hormone (typically GnRH1), which is at the apex of the 

hypothalamic-pituitary-gonadal (HPG) axis and regulates reproduction in all vertebrates. 

Gonadal estrogens and androgens also feed back onto the brain to regulate responses 

(reviewed by Knapp, 2003; Godwin, 2010).  
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A connection between AVT and GnRH signaling in regulating environmentally-

induced phenotypic plasticity has been postulated for some time (Foran and Bass, 1999). 

GnRH and AVT neuronal properties (e.g., neuronal number, size, or mRNA abundance) 

often differ among phenotypes (e.g., Davis and Fernald, 1990; Grober and Bass, 1991a; 

Grober et al., 1994; Foran and Bass, 1998; Godwin et al., 2000) and change during 

environmentally-induced sex change (intersexual) or role change (intrasexual) in species with 

plastic phenotypes (e.g., Grober et al., 1991b; Francis et al., 1993; Godwin et al., 2000). The 

vasotocin receptor V1a2 is expressed in GnRH1 neurons of the rockhind grouper, a species 

that exhibits socially-controlled sex change (Kline et al., 2016). This co-localization suggests 

a direct link between these neuropeptide systems that could be important in the control of 

socially-mediated sexual plasticity. Transduction of social cues to GnRH1 neurons can occur 

rapidly. For example, GnRH1 neurons in socially-ascending non-territorial Astatotilapia 

burtoni males exhibited elevated expression of the immediate early gene egr-1 within 20 min 

into social ascent stimulated by the removal of territorial males, indicating neuronal 

activation of transcription (Burmeister et al., 2005). Increasing signaling of GnRH or 

gonadotropins (luteinizing hormone, LH, or follicle-stimulating hormone, FSH) can induce 

varying degrees of sex change in fishes (Tang et al., 1974; Koulish and Kramer, 1989; 

Kramer et al., 1993; Tao et al., 1993; Reinboth and Bruslé-Sicard, 1997; Kobayashi et al., 

2010), and blocking AVT signaling with a V1a receptor antagonist was able to block 

behavioral sex change in the protogynous bluehead wrasse (Semsar and Godwin, 2004).  

In addition to the direct link that may exist between AVT and GnRH in sexually-

plastic vertebrates, the kisspeptin system may also be an important mediator of 

environmental regulation of reproductive functions in plastic fishes, as it is in mammals 
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(reviewed by Maruska and Fernald, 2011). While the mammalian kisspeptin system is 

comprised of a kiss1 gene encoding the kiss1 neuropeptide and a kissr1 gene encoding the 

receptor, more derived fishes often possess two kisspeptin genes and receptors: kiss1, kiss2, 

kissr1, and kissr2 (these receptors are called kissr3 and kissr2, respectively, by Pasquier et 

al., 2012; called gpr54-1 and gpr54-2, respectively, by Kanda and Oka, 2013b). Kiss1 and 

kiss2 can activate both receptors, but typically kiss1 more potently activates kissr1 and kiss2 

more potently activates kissr2 in vitro in teleost fishes (Lee et al., 2009; Kanda et al., 2013a; 

Ohga et al., 2013; Felip et al., 2015). In mammals, the kisspeptin system is necessary for 

normal puberty and reproduction (de Roux et al., 2003; Seminara et al., 2003; d'Anglemont 

de Tassigny et al., 2007) and acts on the HPG axis mainly by stimulating the release of 

GnRH1, which subsequently causes the release of LH and FSH from the anterior pituitary 

(reviewed by Kauffman et al., 2007). In zebrafish, kisspeptin signaling is not required for 

pubertal onset and reproduction, based on knockout studies (Tang et al., 2015). However, 

kiss1 and/or kiss2 can elicit the release of gonadotropins (Felip et al., 2009; Kitahashi et al., 

2009; Li et al., 2009; Zmora et al., 2012; Espigares et al., 2015a & 2015b) and accelerate 

puberty (Beck et al., 2012; Nocillado et al., 2013) in certain fishes. These findings suggest 

the kisspeptin system could play an important modulatory role in reproduction. Consistent 

with such a role, certain kisspeptin neuronal populations in the hypothalamus or preoptic area 

(POA) of fishes, depending on the species, are sensitive to social signals (Kagawa et al., 

2017), gonadal steroids (Mitani et al., 2010; Kanda et al., 2012a), and breeding state (Mitani 

et al., 2010; Kanda et al., 2012a).  

 The potential involvement of the kisspeptin system in environmentally-induced 

sexual plasticity is not well studied, apart from findings of higher whole-brain kissr2 
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expression in territorial A. burtoni males compared to paired non-territorial males (Grone et 

al., 2010; called kiss1r in that study) and fluctuations in hypothalamic kiss2 and kissr2 (called 

kiss1ra) expression during methyltestosterone-induced sex change in protogynous orange-

spotted grouper (Shi et al., 2010). Therefore, we examined the kisspeptin system, and its 

potential covariation with AVT and GnRH1, in an important and well-studied model of 

socially-inducible sexual plasticity, the bluehead wrasse (Thalassoma bifasciatum). Bluehead 

wrasses are tropical Atlantic coral reef fishes that display strong sexual polymorphisms with 

divergent reproductive tactics (Feddern, 1965; Warner et al., 1975; Semsar and Godwin, 

2004). This species has three morphological phenotypes: female, initial phase (IP) male, and 

terminal phase (TP) male. IP males are subordinate to TP males and employ ‘parasitic’ 

mating tactics (sneaking or streaking) or participate in group spawns. TP males are dominant, 

territorial, and develop through sex change by large females or role change by large IP males 

when other TP males are removed from social groups (Warner et al., 1975; Warner and 

Swearer, 1991). Behavioral sex change in females occurs rapidly (minutes to hours following 

TP male removal), can occur independent of gonadal influences (Godwin et al., 1996), and 

testes with mature sperm develop in as little as 8-10 days (Warner and Swearer, 1991). 

Accompanying these transitions on reefs are increases in avt mRNA abundance in the 

magnocellular POA (Godwin et al., 2000) and potentially an increase in preoptic GnRH1 

signaling, based on captive studies (Grober and Bass, 1991a). Additionally, sex 

determination in juveniles can be socially influenced (Munday et al., 2006): after the pelagic 

phase, most juveniles that settle on small reefs become female, while up to 50% of those that 

settle on large reefs become IP male (Warner 1984). Expression of avt, gnrh1, and kisspeptin 

genes in juveniles compared to adults was previously unexplored. 
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In addition to sensitivity to social factors, bluehead wrasses also respond to daily tidal 

cues. In some locations, including Barbados (Hunt von Herbing and Hunte, 1991) and 

Florida (Supplemental Fig. 1), bluehead wrasses spawn with the daily high tide, which 

advances by ~60 min each day. Spawning time can fluctuate significantly throughout the 

day, depending on time of the high tides (Supplemental Fig. 1). Therefore, it is possible that 

expression of kisspeptin, avt, and gnrh1 genes are regulated by tidal-induced spawning cues 

to coordinate spawning times among individuals.  

The kisspeptin system in the bluehead wrasse is comprised of kiss1 expressed in the 

habenula and lateral hypothalamic nucleus, kiss2 expressed in the dorsal hypothalamus, 

kissr1 expressed in the habenula, anterior parvocellular preoptic nucleus (aPPn), and lateral 

hypothalamic nucleus (LHn), and kissr2 expressed in many regions (Chapter II). Expression 

of gnrh1 was detected in the aPPn and likely encodes the hypophysiotropic form of GnRH 

given its sole expression in the POA (Chapter II; Grober and Bass, 1991a). Expression of avt 

was detected in all subdivisions of the POA, as well as in a previously-unexplored population 

in the ventral tuberal nucleus (vTn; Godwin et al., 2000; Godwin 2010). 

 To gain insight into the functions of the kisspeptin system and its potential 

relationship with the AVT and GnRH1 systems, we aimed to determine 1) if kisspeptin-

system genes (kiss1, kiss2, kissr1, and kissr2), gnrh1, and avt show phenotypic variation 

among adults and juveniles, 2) if kisspeptin-system genes, gnrh1, and avt are sensitive to 

social, tidal, and gonadal signals, and 3) whether correlations exist among expression of these 

genes, as well as between gene expression and TP male-typical behaviors during the course 

of sex change. We first used in situ hybridization to compare expression of hypothalamic 

kiss1 and kiss2 in females and TP males. We then examined expression of kisspeptin genes, 
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gnrh1, and avt in all adult phenotypes and juveniles via qRT-PCR on dissected brain regions. 

We also compared gene expression between control females and socially-induced sex-

changing fish. To assess gonadal influences on gene expression during sex change, we 

examined gene expression among sex-changing individuals with and without gonads. We 

included measurement of the AVT receptor v1a2 in this comparison to determine if gonadal 

signals are responsible for elevated hypothalamic v1a2 expression in socially-induced sex-

changers (Lema et al., 2012). Finally, to determine if tide-related spawning cues influence 

gene expression, we measured expression of kisspeptin genes, gnrh1, and avt in females 

sampled at the same time of day on different days, either ~2 hr prior to a morning spawning 

period or ~9 hr prior to an early evening spawning period (refer to Supplemental Fig. 1). 

Together, these studies should contribute to our understanding of functions of the kisspeptin, 

AVT, and GnRH1 systems and provide insight into whether the kisspeptin system, 

particularly, may play an important role in integration of environmental and gonadal factors 

in a sexually plastic vertebrate.  

 

MATERIALS AND METHODS 

Animals 

Juvenile and adult bluehead wrasses used in this study were captured from patch reefs 

off the coast of Key Largo, Florida (approx. 25°12'N 80°14'W) in May-July 2014 and 2015, 

and within Glover’s Reef Atoll, Middle Caye, Belize (approx. 16°45’N 87°49’W) in Jan-Mar 

2016. Adults (> 45 mm standard length, SL) were collected by baiting a 0.8 m diameter X 

0.9 m depth circular lift net (Memphis Net and Twine Co., Memphis, TN), while juveniles (< 

20 mm SL) were captured by hand net. Specifics on the demographics and experimental 
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procedures are provided in subsections below. Study procedures were approved by the 

Institutional Animal Care and Use Committee at North Carolina State University. 

 

Brain dissections 

Brains used for qRT-PCR analysis were dissected using fine forceps to separate the 

forebrain/midbrain (telencephalon, entire diencephalon, and midbrain) from the hindbrain 

(corpus cerebelli and brainstem). The forebrain and midbrain contain nuclei within the 

“social behavior network” and “mesolimbic reward system,” which are likely important 

regions driving socially-induced sexual changes (O’Connell and Hofmann, 2011). For most 

experiments, the forebrain/midbrain was further divided to separate populations of kiss1 

neurons in the habenula and lateral hypothalamic nucleus. In this case, the brains were 

dissected into the following regions after removing the hindbrain: 1) 

telencephalon/midbrain/dorsal diencephalon (T/M/D), which included the telencephalon, 

preoptic area, habenula, thalamus, and midbrain, and 2) the ventral diencephalon (Hyp), 

which included the inferior lobes of the hypothalamus, most of the dorsal hypothalamus, and 

the ventral tuberal region (see Supplemental Table 1 for neuronal populations contained in 

each region). The pituitary was not included in analyses because only ~10% of the brain 

samples had the pituitaries still attached. Excess RNAlater was removed from the dissected 

brain regions by blotting with a Kimwipe (Kimberly-Clark Professional, Roswell, GA). Mass 

(mg) showed a strong linear correlation to SL in the dissected regions (Supplemental Fig. 2). 

The brain dissections employed for each experiment are specified in subsections below and 

are listed in Supplemental Table 1.  
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Comparison of kiss1 and kiss2 neuronal expression in females and TP males using in 

situ hybridization 

Sampling: Females (n=6; 57.2-75.4 mm SL) and TP males (n=6; 86.8-92.9 mm SL) 

were collected from three patch reefs off Key Largo on 6/16/2015 and 6/20/2015 between 

1043h and 1600h, roughly 2-6 h prior to the daily spawning period, which occurs around the 

diurnal high tide. Day of collection and reefs were balanced between groups. Within two min 

of capture, fish were euthanized on a waiting boat in an overdose of ethyl 3-aminobenzoate 

methanesulfonate (MS-222; Sigma-Aldrich, St. Louis, MO) in sea water and rapidly 

decapitated. Brains were immediately dissected, flash-frozen on dry ice, and stored at -80°C 

prior to in situ hybridization (ISH).  

In situ hybridization (ISH): Frozen brains were embedded in Tissue-Tek O.C.T. 

Compound (Sakura Finetek, Torrance, CA), coronally cryosectioned at 20 µm in six 

alternating series (100 µm between successive sections), and mounted to Fisherbrand 

Superfrost Plus Microscope Slides (Fisher Scientific, Hampton, NH). Slides were fixed in 

4% paraformaldehyde in 1X phosphate buffer saline (PBS) for 10 min, rinsed in 1X PBS, 

washed in 0.1M triethanolamine (TEA) pH 8 for 10 min, acetylated in 0.25% acetic 

anhydride/TEA for 15 min, rinsed twice in 2X sodium saline citrate (SSC), and dehydrated in 

a series of ethanol washes. Fixed slides were stored at -80°C prior to ISH. 

Antisense and sense (control) digoxigenin-labeled riboprobes for kiss1 and kiss2 were 

synthesized previously (see Chapter II Methods). Primers for cloning kiss1 cDNA (GenBank 

accession number KU525721) and kiss2 cDNA (GenBank accession number JX437963), as 

well as lengths of riboprobes (synthesized from pGEM-T Easy Vectors, Promega Corp., 

Durham, NC), are provided in Table 1. All cDNA templates used for riboprobe synthesis 
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were Sanger-sequenced (Genomic Sciences Laboratory, North Carolina State University, 

Raleigh, NC) to confirm gene identities.  

Antisense and sense (control) reactions were performed on practice brains prior to 

final ISH to optimize conditions. Sense reactions produced no signal with the conditions 

selected for each gene. For final ISH reactions with antisense probes, one slide series per 

brain per gene was used (100 µm between successive sections). Slides were pre-hybridized in 

a hyb solution containing 50% formamide, 5X saline-sodium citrate (SSC), 5X Denhardt’s 

Solution, 500 µg/ml herring sperm DNA, and 250 µg/ml yeast tRNA at 65°C for 2.5 hours 

(kiss1) or 3 hours (kiss2). The sections were hybridized in a humidified chamber for 21.5 

hours (kiss1) or 20 hours (kiss2) at 65°C in hyb solution containing 50 ng heat-denatured 

antisense probe per slide (50 ng probe per 200 µl hyb solution). After hybridization, the 

following stringency washes were performed: two 10-min washes in 0.1X SSC at 60°C and 

one 10-min wash in 0.1X SSC at room temperature (kiss1), or three 10-min washes in 0.1X 

SSC at room temperature (kiss2). Unbound probe was digested with 0.2 µg/ml RNase A in 

10 mM Tris pH 8.0, 500 mM NaCl, and 1 mM EDTA at room temperature for 30 min. Slides 

were washed in a series of 5-min SSC washes (2X, 1X, 0.5X, and 0.25X SSC) and 30-min 

1X TBS (Tris-buffered saline: 100 mM Tris pH 7.5 and 150 mM NaCl) at room temperature. 

Slides were incubated for 2 hours at room temperature in 1:5000 Anti-DIG-AP antibody 

(Roche Applied Science; RRID:AB_514497) in 1X TBS/0.05% Tween-20, washed twice for 

5 min in 1X TBS, and treated for 30 min in blocking solution (5 mM levamisole, 100 mM 

Tris pH 9.5, 100 mM NaCl, and 50 mM MgCl2). Color reactions were performed at room 

temperature using 4-nitro blue tetrazolium chloride (NBT, 0.376 mg/ml final) and 5-bromo-

4-chloro-3-indolyl-phosphate (BCIP, 0.188 mg/ml final) in 100 mM Tris pH 9.5, 100 mM 



 110 

NaCl, 50 mM MgCl2, and 1% Tween-20. Color reactions were terminated after 20 hours for 

kiss1 slides and 18.5 hours for kiss2 slides in three 5-min washes in ultrapure water (ELGA 

LabWater, High Wycombe, UK). Slides were dehydrated in a series of ethanol washes and 

coverslipped with Permount (Fisher Scientific).  

Imaging and quantitative analysis: kiss1 signal within the LHn and kiss2 signal 

within the DH were imaged on a Nikon Eclipse E400 microscope (Nikon Inc., Melville, NY) 

with a C-mounted DFW-X710 camera (Sony Corporation, Tokyo, Japan). All kiss1 slides 

were imaged in the same sitting with the same microscope and software settings (Ken-A-

Vision v. 4.6.1, Ken-A-Vision Manufacturing Co., Raytown, MI). Imaging of kiss2 slides 

was performed in a separate sitting with separate but consistent settings. The total number of 

neurons within each section was counted by an observer blind to treatment and summed to 

produce a total number of neurons per series per brain. Neuronal counts were analyzed with 

and without normalizing to standard length (SL). SL was used for normalization because SL 

and brain mass show a strong linear correlation (Supplemental Fig. 2).  

To validate the neuronal count data, kiss1 and kiss2 signal was also measured by total 

signal area above a specific threshold, determined empirically. Images were cropped in 

ImageJ v. 1.49 (National Institutes of Health, Bethesda, MD; RRID:SCR_003070) to remove 

background and salt precipitate and converted to 8-bit. The threshold was set to 190 for all 

kiss1 sections and 225 for all kiss2 sections. The threshold for part of one kiss1 section of a 

TP male brain required thresholding at 176 to avoid falsely quantifying background. This 

small adjustment, if anything, would minimize sex differences rather than amplify 

differences due to minimally less real signal being quantified for this part of the section. 

Total signal area was measured by summing the number of pixels/particles with sizes from 
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50-infinity for kiss1 and 0-infinity for kiss2 (kiss2 slides were imaged at a lower 

magnification and had little-to-no background). Total signal area (µm2) was analyzed with 

and without normalizing to SL. 

 

Gene expression in juveniles and stable adult phenotypes  

Sampling: Sexually-mature females (n=6; 46.6-63.7 mm SL), IP males (n=5; 45.7-

56.0 mm SL), and TP males (n=5; 72.8-84.2 mm SL) were captured from one medium-sized 

reef within Glover’s Reef Atoll, Middle Caye, Belize between 1439h and 1645h on 3/8/2016. 

There was no discernible spawning period that day due to a mismatch between the timing of 

the two daily high tides and daylight hours (note that “shifts” or “transition days” in which 

bluehead wrasses on reefs in Belize and Florida do not spawn occur once every 14 days, 

around the new moon and full moon [see Supplemental Fig. 1]). Therefore, these individuals 

would not have spawned or shown much sexual behavior, if any. Juveniles (n=3; 15.1-18.5 

mm SL) were captured between 0943 and 1018h on 3/10/2016, a day with a spawning period 

that the juveniles would not have participated in. Due to their small size, these juveniles 

would have had undifferentiated or oocytic gonads, but not mature ovaries or testes (Shapiro 

and Rasotto, 1993). Gonads could not be found by eye within the body cavity. Within two 

min of capture, fish were euthanized on a waiting boat in an overdose of MS-222 in sea water 

and decapitated. Brains were rapidly dissected, preserved in RNAlater (Ambion, Austin, 

TX), and stored at -20°C for one week until transfer to -80°C.  

qRT-PCR:  Brains were dissected into the following regions after removing the 

hindbrain (corpus cerebelli and brainstem): 1) telencephalon/midbrain/dorsal diencephalon 

(T/M/D) and 2) ventral diencephalon (Hyp). The brain of one IP male contained only one 



 112 

hypothalamic lobe. However, this IP male was included in analyses due to similar gene 

expression as other IP males.  

RNA was extracted from the T/M/D and Hyp using an RNA/DNA Purification Kit 

(Norgen Biotek, Thorold, ON, Canada). Dissections were homogenized in 300 µl Lysis 

Buffer Q and 3 µl 2-Mercaptoethanol for 1 min using a plastic pestle. RNA was purified 

following the manufacturer’s protocol, with an additional 200 µl wash prior to elution. 

DNase treatment (Norgen Biotek) was performed on-column at 30°C for 30 min. RNA 

concentration and purity were determined spectrophotometrically (NanoDrop 1000, 

Wilmington, DE), and integrity was confirmed in a 1% agarose gel containing ethidium 

bromide. Juvenile RNA was not assessed in a gel due to low RNA abundance. RNA from the 

T/M/D required a second round of DNase treatment using the TURBO DNA-free Kit 

(Ambion, Austin, TX) with 2 µl TURBO DNase in 20-µl reactions for 30 min at 37 °C.  

One hundred ng total RNA from the T/M/D and Hyp was reverse-transcribed using a 

SuperScript III First-Strand Synthesis System for RT-PCR kit (Invitrogen, Carlsbad, CA) 

according to the manufacturer’s protocol, with both random hexamers and oligo(dT)20 used 

for priming. Control reactions contained water in place of RNA (“no template control”) and 

water in place of RT (“no transcriptase control”). Samples were diluted 10-fold to 0.5 ng/µl. 

A series of eight cDNA standards were diluted from reverse-transcribed pooled RNA (50-

0.01 ng/µl).   

Primers for qRT-PCR (Table 1) were designed in Primer-BLAST (NCBI) or 

PrimerQuest (IDT DNA Technologies, Coralville, IA) to bluehead wrasse kiss1 (GenBank 

accession number KU525721.1), kiss2 (JX437963.1), kissr1 (KU525723.1), kissr2 

(KU525722.1), gnrh1 (JX437964.1), avt (AY167033.1), and the reference genes ef1a (pair 3; 
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JQ639048.1) and rpl9 (transcriptome assembly in Liu et al., 2015). Primer pairs for ef1a (pair 

1) and v1a2 were designed by Lema et al. (2012). Full-length bluehead wrasse cDNAs were 

aligned to genomic sequences from other teleosts to select primers that span at least one 

putative exon-exon boundary (kiss1, kiss2, gnrh1, avt, ef1a pair 3, and rpl9) or flank a 

putative intron (kissr1 and kissr2). Prior to qRT-PCR, primers were tested on brain cDNA 

and amplicons were Sanger-sequenced (Genomic Sciences Laboratory, North Carolina State 

University, Raleigh, NC) to confirm gene identities. 

Samples were measured in 10-µl reactions in triplicate for kiss1 (pair 1), kiss2, kissr1, 

kissr2, avt, rpl9, and ef1a (pair 3) in 384-well plates on a CFX-384 Touch Real-Time PCR 

Detection System (Bio-Rad, Hercules, CA). Each well contained 5 µl 2X SsoAdvanced 

Universal SYBR Green Supermix (Bio-Rad), 1.5 µl each primer (300 nM final), and 2 µl 

sample. Thermal conditions were 95°C for 30 sec (1X), 95°C for 15 sec and 60°C for 30 sec 

(40X), and a melting curve. Wells were deleted in cases of unusual melting curves or if a Ct 

value was > 0.5 Ct from the triplicate mean. cDNA values for each gene were calculated 

from standard curves, and values were normalized to (divided by) the geometric mean of the 

reference genes ef1a and rpl9 to control for input RNA concentration, integrity, and technical 

errors. We chose ef1a as a reference gene because it was used and validated previously in the 

brains of adult phenotypes and sex-changing bluehead wrasses (Lema et al., 2012), and rpl9 

was selected as a second reference gene to further validate ef1a.  

We found differences in both ef1a and rpl9 expression among groups, mainly due to 

differences between juveniles and adult phenotypes (T/M/D: one-way ANOVA, p < 0.001 

for both genes; Hyp: one-way ANOVA, p = 0.0726 for ef1a, p < 0.05 for rpl9). Among 

adults, TP males had lower rpl9 expression in the T/M/D than females (Tukey’s HSD, p < 
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0.01) and IP males (p < 0.05). Among adults, ef1a was lower in TP males than females 

(Tukey’s HSD, p < 0.05). We attribute this difference to RNA input into cDNA reactions 

and/or RNA quality, since T/M/D RNA from most TP male samples showed lower intensity 

of ribosomal RNA bands via agarose gel-based visual assessment. Differences in RNA 

quantity among phenotypes in this study could be due to Nanodrop quantification of digested 

gDNA in the RNA samples following the second round of DNase treatment, since there was 

evidence of higher gDNA contamination in T/M/D RNA of TP males. In support of this 

anomaly for the T/M/D samples, there was no significant difference in ef1a or rpl9 

expression among adults in the smaller Hyp dissection (Tukey’s HSD, ef1a: p > 0.3 for all 

comparisons, rpl9: p > 0.9 for all comparisons), where ribosomal RNA band intensity 

visually did not appear to differ among groups and there was insignificant gDNA 

contamination. Furthermore, preliminary quantification of the reference gene β-actin in the 

T/M/D showed the same pattern among adult phenotypes (Hyp not assessed; data not 

shown). Therefore, we determined that ef1a and rpl9 values were suitable for normalization 

among adults in this study, and their values are likely more reflective of RNA input and/or 

quality than true differences among adults. Although based on only three samples, juveniles 

had higher expression of ef1a and rpl9 than adults in the T/M/D (Tukey’s HSD, p < 0.05 for 

all comparisons) and higher expression in the Hyp (Tukey’s HSD, ef1a: p = 0.0573 between 

juveniles and IP males; rpl9: p < 0.05 between juveniles and females/IP males, p = 0.052 

between juveniles and TP males). We cannot confirm this difference is due to higher RNA 

quality or higher input RNA into the cDNA reactions, and preliminary quantification of β-

actin in the T/M/D suggests normalization of gene expression with ef1a and rpl9 may 

underestimate expression of genes of interest in juveniles (not shown). Therefore, we present 
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non-normalized comparisons between juveniles and adults in Supplemental Fig. 4 (TP males 

were excluded from T/M/D comparisons due to lower RNA input and/or quality). For all 

genes except kissr1 in the T/M/D and kissr2 in the Hyp, the outcomes from the statistical 

comparisons do not significantly differ between juveniles and adults from what we present in 

the Results and Fig. 3, which were normalized to the geometric mean of rpl9 and ef1a. The 

difference between juveniles and adults may be overestimated when normalized, particularly 

for T/M/D kissr1 and Hyp kissr2.  

 

Gene expression alterations during socially-induced sex change  

Experimental manipulation and sampling: Sex change was induced in the largest 

females on small patch reefs off the coast of Key Largo in May-June 2014 (three reefs) and 

2015 (two reefs) by removal of TP males following previously established methods (Warner 

and Swearer, 1991; Godwin et al., 1996; Godwin et al., 2000). All females and IP males > 45 

mm SL were captured after sunrise by lift net and transported to a waiting boat. Fish were 

sexed by extrusion of gametes with gentle abdominal pressure and examination of the 

sexually dimorphic genital papilla in cases where females did not release hydrated eggs. 

Females were measured to the nearest 0.1 mm standard length, and the largest 12-22 females 

were Floy-tagged (Floy Tag & Manufacturing Inc., Seattle, WA) with unique combinations 

of two colored beads (#11 size plastic seed beads) under anesthesia (0.1 g/L MS-222 for 2-3 

min). Females were released back onto their home reefs the same day. IP males were 

relocated to distant reefs to prevent them from competing with female sex-change candidates 

for spawning territories. The following morning (2015) or two mornings later (2014), all TP 
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males and fish transitioning to TP male status (3-9 total per reef) were captured and relocated 

to distant reefs to create social conditions permissive for sex change.  

Tagged individuals were observed during the daily 1.5-2-hour spawning period, and 

TP-male typical behaviors were recorded for multiple 10-min time budgets. These behaviors 

include aggression toward conspecifics, inspection of the genital papilla of females and IP 

males, courting of females, “looping” behavior that mimics spawning rushes, and spawning 

rushes with females (see Semsar and Godwin, 2004 for detailed descriptions). Tagged 

females that showed no signs of behavioral sex change and spawned as female were captured 

on the same days as sex-changers to serve as controls for social manipulation. When 

available, three 10-min behavioral observations were averaged to obtain behaviors for 

individuals on the day of capture. Control females and sex-changing individuals were 

captured during the first spawning period after TP male removal (day 1) or up to 22 days 

following TP male removal to acquire sex-changing individuals at different gonadal stages 

(Nakamura et al., 1989; Lamm et al., 2015; Liu et al., 2017). Females that did not originally 

change sex upon TP male removal because they were not among the largest remaining fish 

subsequently changed sex upon removal of larger sex-changers from spawning territories. 

Because there is roughly a one-to-one replacement of TP males by females (Warner and 

Swearer, 1991), two rounds of sex change were required to achieve higher sample sizes 

(following methods by Godwin et al., 1996). Individuals were captured soon after spawning 

(1017-1916h; see Supplemental Fig. 1 for variability in spawning times), euthanized on a 

waiting boat in an overdose of MS-222 within two min of capture, and rapidly decapitated. 

The brain was preserved in RNAlater on ice, followed by storage at −20 °C temporarily and 

−80 °C longer-term until RNA extraction. One gonadal lobe was fixed in 4% 
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paraformaldehyde in 1X phosphate-buffered saline (PBS) overnight at 4 °C, followed by 

storage in 1X PBS until histological processing.  

  Gonadal histology: The fixed gonadal lobe from each sample was processed for 

hematoxylin and eosin histological staining to determine gonadal stage (Histology 

Laboratory, College of Veterinary Medicine, NC State University, Raleigh, NC). Based on 

classification by Nakamura et al. (1989), control females were confirmed to have normal 

ovaries with vitellogenic oocytes present. Behavioral sex-changers were in stages 1-6 of sex 

change (stage 1 = normal ovary, stage 2 = degeneration of vitellogenic oocytes, stage 3 = 

degeneration of pre-vitellogenic oocytes, stage 4 = proliferation of Leydig cells and 

presumed spermatogonia, stage 5 = onset of spermatogenesis, stage 6 = presence of mature, 

tailed sperm). Due to low sample sizes in certain sex-change stages, individuals were 

grouped for comparison as follows: for 2014 samples, control females (n=8; 54.4-66.6 mm 

SL), stage 1 sex-changers with normal ovaries (n=3; 75.0-84.0 mm SL), stage 2-3 sex-

changers with atretic ovaries (n=7; 61.9-80.8 mm SL), and stage 4-6 sex-changers with 

proliferating testicular tissue (n=9; 68.3-80.7 mm SL); for 2015 samples, control females 

(n=7; 53.4-60.7 mm SL), stage 2 sex-changers with atretic ovaries (n=4; 67.7-69.7 mm SL), 

and stage 4-6 sex-changers with proliferating testicular tissue (n=9; 61.0-70.9 mm SL).  

 qRT-PCR: Brains from 2014 sex-changers and control females were dissected into the 

forebrain/midbrain due to the presence of only one neuronal population of kiss2 and gnrh1 in 

the brain. After discovering kiss1 expression in the habenula and lateral hypothalamic 

nucleus (Chapter II Results), brains from the 2015 samples were dissected into the T/M/D 

and Hyp to separate kiss1 populations. Gene expression data are presented from the T/M/D 

and Hyp for all genes for more regionalized results, except kiss2. The dorsal hypothalamic 
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population of kiss2 neurons appears to have been separated into the two sample portions 

during dissection in many of the 2015 samples, based on qRT-PCR results. Therefore, kiss2 

expression is presented from the 2014 forebrain/midbrain samples with the undivided 

diencephalon.  

 RNA from 2014 forebrain/midbrain samples was isolated by homogenization in 1 ml 

TRI Reagent Solution (Ambion, Austin, TX) with 0.5 mm zirconium oxide beads in a Bullet 

Blender (Next Advance, Averill Park, NY), followed by 1-Bromo-3-chloropropane (BCP) to 

phase-separate the homogenate. The aqueous phase was mixed with an equal volume of 70% 

ethanol, and RNA was purified using a Total RNA Purification Kit (Norgen Biotek, Thorold, 

ON, Canada) following the manufacturer’s protocol. DNase treatment (Norgen Biotek) was 

performed on-column at 30°C for 15 min. RNA from the T/M/D and Hyp of 2015 sex-

changer/control female samples was isolated as specified for the juveniles and stable 

phenotypes above, using an RNA/DNA Purification Kit (Norgen Biotek). RNA from the 

T/M/D required a second round of DNase treatment using the TURBO DNA-free Kit 

(Ambion, Austin, TX). One µg total RNA from the 2014 forebrain/midbrain samples, 100 ng 

total RNA from the 2015 T/M/D samples, and 800 ng total RNA from the 2015 Hyp samples 

were reverse-transcribed as described above. Forebrain/midbrain cDNA, T/M/D cDNA, and 

Hyp cDNA were diluted 10-fold to 5 ng/µl, 0.5 ng/µl, and 4 ng/µl, respectively.  

Samples were measured by qRT-PCR for each gene, as detailed for the juveniles and 

stable phenotypes. Data are presented for kiss2 (normalized to ef1a pair 1) in the 

forebrain/midbrain (2014), kiss1 (pair 1), kissr1, kissr2, avt, and gnrh1 (normalized to the 

geometric mean of ef1a pair 3 and rpl9) in the T/M/D (2015), and kiss1 (pair 1), kissr1, 

kissr2, and avt in the Hyp (2015). 
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Gonadal influences on gene expression following social manipulation 

 Experimental manipulation: To determine gonadal influences on kisspeptin, 

vasotocin, and GnRH1 genes during sex change, females with and without gonads were 

permitted to change sex and were collected 8-11 days later for qRT-PCR analysis. Females 

and IP males were first captured from eight small to medium-sized patch reefs containing 2-

14 TP males within Glover’s Reef Atoll in Jan-Mar 2016 using field methods detailed above. 

The largest 2-8 females were gonadectomized (GDX) or sham-operated (SHAM) at Glover’s 

Reef Research Station using established methods (Godwin et al., 1996; Semsar and Godwin, 

2003). Treatment was alternated by size for each reef. IP males were also GDX or SHAM-

operated for intended gene expression and behavioral comparisons to females during sex or 

role change. However, due to low resighting of GDX IP males on the reefs that appeared 

attributable to aggression from resident TP males, and due to incomplete GDX in the 

remaining GDX IP male role-changers, IP male role-changers are not included in this study. 

Fish were deeply anesthetized in 0.1 g/L MS-222 for 6-8 min, measured, and tagged. A ~1 

cm mid-ventral incision was made between the insertions of the pelvic fins and the cloaca. 

Gonads were removed (GDX) or left intact (SHAM), and the incision was closed with 6-0 

surgical silk. The gills were intermittently flushed with sea water during surgery. Fish 

recovered in aerated sea water and were returned to their home reefs that evening or the 

following morning.  

TP males were removed 3-4 days following surgery (10 or 11 days on two reefs due 

to adverse weather). Behaviors were recorded during the spawning period in 10-min 

observations. Fish were captured 8-11 days following removal of TP males or in the second 

round, following removal of sex-changing fish (Godwin et al., 1996). Second-round sex-
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changers showed no behavioral signs of sex change on the day that larger sex-changers were 

removed (i.e., they were still behaviorally female). Thus, we assume they also underwent 8-

11 days of sex change. Several sex-changers could not be found on collection days, and 

several females did not change sex due to competition from size-matched IP males and larger 

females, leading to lower-than-expected sample sizes.  

Individuals were collected and sacrificed in an overdose of MS-222. Immediately 

after decapitation, trunk blood was collected in 70-µl heparinized micro-hematocrit 

microcapillary tubes (Kimble Chase, Vineland, NJ). Blood was bulb-expelled into 

microcentrifuge tubes, stored on ice, and centrifuged for 10 min. Serum was stored at -20°C 

for several weeks before long-term storage at -80°C. Brains were preserved in RNAlater, and 

one gonadal lobe of SHAM fish was fixed in 4% paraformaldehyde as detailed above for 

histological analysis.  

 11-Ketotestosterone (11-KT) analysis: 11-KT was measured in the serum of all 

samples using a commercial 11-KT ELISA kit (cat. 582751, Cayman Chemical, Ann Arbor, 

MI) to ensure that gonadectomy was complete (in addition to lack of remnant gonadal tissue, 

GDX individuals should have low 11-KT; Semsar and Godwin, 2003), and to ensure that 

SHAM sex-changers had elevated 11-KT (Semsar and Godwin, 2003). Serum sample 

volumes were recorded and samples were brought up to 100 µl with 0.9% saline. Steroids 

were extracted twice from each sample in 500 µl diethyl ether (Alfa Aesar, Ward Hill, MA). 

Samples were dried and reconstituted in either 60 µl ELISA Buffer for serum volumes < 10 

µl, or 120 µl ELISA buffer for samples > 10 µl. Samples from SHAM individuals were also 

diluted 1:20 in ELISA buffer. Samples with original serum volumes > 10 µl were measured 

in duplicate, while samples with serum volumes < 10 µl were measured once. The assay was 
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performed on one ELISA plate following the manufacturer’s protocol. After a 90-min 

incubation in Ellman’s Reagent, the plate was read at 405 nm on a BioTek EL800 plate 

reader (BioTek Instruments, Winooski, VT). The intra-assay coefficient of variation was 

2.3%. Data were corrected for starting volumes of serum.  

Gonadal histology: SHAM sex-changers (n=4 final; 63.7-71.8 mm SL) were in stage 

5 (n=2) or stage 6 (n=2) of gonadal sex change. GDX sex-changers were excluded if they had 

remnant gonadal tissue or elevated circulating 11-KT similar to SHAM sex-changers, even 

when no gonadal tissue could be found (n=6 final; 63.0-74.0 mm SL). SL of GDX and 

SHAM sex-changers did not significantly differ (two-tailed Student’s t-test, p = 0.78).  

qRT-PCR: Brains were divided into the T/M/D and Hyp. RNA was extracted with the 

same methods as the 2014 forebrain/midbrain samples, using TRI Reagent (Invitrogen) and 

the Total RNA Purification Kit (Norgen Biotek). Five hundred ng total RNA was reversed 

transcribed into cDNA as detailed above. The cDNA was diluted 10-fold to 2.5 ng/µl. For 

qRT-PCR analysis, samples were measured in triplicate for each gene, as described above. 

Data are presented for kiss1 (pair 1), kissr1, kissr2, gnrh1, avt, and v1a2 values based on 

cDNA standard curves (normalized to the geometric mean of ef1a pair 3 and rpl9 cDNA 

values) in the T/M/D and kiss1 (pair 1), kiss2, kissr1, kissr2, avt, and v1a2 cDNA values 

(normalized to the geometric mean of ef1a pair 3 and rpl9) in the Hyp.  

 

Effects of proximity to the daily spawning period on gene expression in females 

Sampling: We tested whether proximity to the tidal-driven daily spawning period 

influences gene expression, while controlling for time of day. Females were collected 

between 0717h and 0921h on separate mornings (Supplemental Fig. 1), either ~ 9 hr prior to 
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evening spawning periods (n=9; 48.7-74.2 mm SL; 7/23 & 7/24/2014) or ~2 hr prior to a 

late-morning spawning period (n=6; 58.3-71.0 mm SL; 7/28/2014). SL did not significantly 

differ between groups (two-tailed Student’s t-test, p=0.21). As detailed above, females were 

sacrificed within two min of collection and their brains were preserved in RNAlater.  

qRT-PCR: The entire forebrain/midbrain was homogenized in 1 ml TRI Reagent with 

0.5 mm zirconium oxide beads in a Bullet Blender. Phase-separation occurred with BCP. The 

aqueous layer was mixed with 500 µl isopropanol to precipitate the RNA, and centrifugation 

was carried out to pellet the RNA. The RNA pellet was washed twice with 75% ethanol. 

After removing excess ethanol, the pellet was resuspended in 50 µl RNase-free water. Total 

RNA (4.8 µg) was DNase-treated for 20 min at 37 °C (TURBO DNA-free Kit, Ambion, 

Austin, TX) following the manufacturer’s protocol. DNase-treated total RNA (333 ng) was 

reversed transcribed using the SuperScript III First-Strand Synthesis System for RT-PCR kit 

(Invitrogen), as described previously. cDNA samples were treated with 1 µl RNase H for 20 

min at 37 °C and diluted 10-fold to 0.67 ng/µl. For qRT-PCR analysis, samples were 

measured in triplicate for each gene, as described above. Data are presented for kiss1 (pair 2), 

kiss2, kissr1, kissr2, gnrh1, and avt normalized to the geometric mean of ef1a (pair 1) and 

rpl9. 

 

Statistical analyses 

Statistical tests were performed in JMP Pro 13 (SAS Institute, Cary, NC). When 

Bartlett or Levene tests revealed unequal variances among groups, values were log-

transformed to reduce heterogeneity of variance. Welch’s ANOVA was used when 

transformation (log, square root, or Box-Cox) did not homogenize variances. Due to low 
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sample sizes and to prevent power reduction, reef effects on gene expression were only 

controlled in cases where gene expression significantly varied among reefs. This was the case 

for kiss2 ISH data in females and TP males, kiss2 mRNA abundance in the 

forebrain/midbrain of 2014 sex-changers and control females, and avt abundance in the 

T/M/D of 2015 sex-changers and control females. 

 Variances of kiss1 ISH neuronal counts and signal areas were unequal between 

females and TP males but were not transformed due to the presence of several values of zero. 

Therefore, a Welch’s t-test (unequal variances t-test) was used. Because kiss2 ISH data 

significantly varied by reef (two-tailed Student’s t-test, p < 0.05), group means were tested 

using a Standard Least Squares (SLS) linear model with reef nested within phenotype.  

Means of juveniles and stable adult phenotypes, as well as control females and sex-

changing groups, were compared with one-way ANOVAs (or Welch’s ANOVA when 

transformation did not homogenize variances), followed by Tukey’s HSD post-hoc tests. SLS 

linear models with reef nested within phenotype were used to compare means of kiss2 

abundance in the forebrain/midbrain of 2014 sex-changers/females and avt in the T/M/D of 

2015 sex-changers/females. Due to an overabundance of zeros in female behavioral data, 

behaviors were compared nonparametrically using Kruskal-Wallis rank-sum followed by 

Steel’s test with control (female). 

Mean values of 11-KT and gene expression in GDX and SHAM sex-changers were 

compared using one-tailed Student’s t-tests (if variances were homogenous), with the 

prediction that SHAM sex-changers would have higher values than GDX sex-changers. 

Because most samples only had one or two behavioral observations available on the day of 

collection, one 10-min behavioral observation was chosen randomly in cases where 
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individuals had multiple observations in which at least one loop, court, or spawn occurred. 

Behaviors were compared between treatments using nonparametric Wilcoxon rank-sum tests.  

Morning-sampled females close and far from spawning were compared using two-

tailed Student’s t-tests. If transformation did not homogenize the variances, a Welch’s t-test 

was used. 

Pearson correlation coefficients were computed to test for significant correlations 

among genes, gene expression and serum 11-KT, genes and behavior, and 11-KT and 

behavior. Multiple testing was corrected using Benjamini-Hochberg FDR corrections on raw 

p-values (Benjamini and Hochberg, 1995). Due to low power from small sample sizes, p-

values are presented before and after FDR correction.  

 

Excluded values: One female brain was excluded from kiss1 ISH analysis due to torn 

tissue in the LHn. One juvenile, one female, one IP male, one tagged control female, one 

tagged stage 4-6 sex-changer, and one SHAM sex-changer were excluded from Hyp avt 

analysis due to elevated avt levels that we attribute to the dissection (it appears some avt 

mRNA from the gigantocellular preoptic area was included in the Hyp dissection). All 

juveniles were excluded from Hyp avt analysis due to a reduced sample size of 2. One 

juvenile and one TP male were excluded from Hyp kiss2 analysis due to elevated kiss2 

expression in the T/M/D, which indicated that the neurons were divided between the T/M/D 

and Hyp. All juveniles were excluded from Hyp kiss2 analysis due to a reduced sample size 

of 2. RNA from the T/M/D of a 2015 control female was not converted to cDNA due to 

insufficient RNA quantity, reducing the sample size from 7 to 6 for this brain region. 

Statistical outliers for kiss1 and kiss2 cDNA measurements in the “morning far from 
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spawning” group (same individual) were detected (Tukey’s IQR test). P-values are provided 

from testing with and without these outliers. 

 

RESULTS 

Hypothalamic expression of kiss1, but not kiss2, is greater in TP males than females 

Neuronal count and signal area of kiss1 in the lateral hypothalamic nucleus (LHn) 

were significantly higher in TP males than females sampled prior to the spawning period, 

with or without correcting for body size (t-tests, p < 0.05 for all comparisons; Fig. 1). 

Neuronal count and signal area of kiss2 in the dorsal hypothalamus (DH) did not differ 

between females and TP males, with or without normalizing to SL (SLS linear model, p > 0.2 

for all comparisons; Fig. 2).  

 

Expression of kisspeptin system genes, avt, and gnrh1 varies among juveniles and adult 

phenotypes 

 Expression of kiss1 in the Hyp (LHn population) significantly differed among 

juveniles and adult phenotypes (ANOVA, p < 0.0001; Fig. 3A). Juveniles had lower 

expression than adults (Tukey’s, p < 0.0001 for all pairwise comparisons), and females had 

significantly lower levels than TP males (Tukey’s, p < 0.01). Expression of kiss1 in the 

T/M/D (habenular population) did not differ (ANOVA, p > 0.2; Fig. 3A). A significant 

difference in Hyp kiss2 mRNA abundance (DH population) was detected in adults (ANOVA, 

p = 0.032; Fig. 3B): females had lower kiss2 expression than IP males (Tukey’s, p < 0.05).  

Expression of normalized kissr1 in the T/M/D (aPPn and habenular populations) 

differed among phenotypes (Welch’s ANOVA, p < 0.01; Fig. 3C). However, non-parametric 
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post-hoc testing did not identify specific groups differences (Steel-Dwass all-pairs, p > 0.1), 

and differences were not observed in non-normalized kissr1 comparisons (Supplemental Fig. 

4C). Expression of kissr1 in the Hyp (LHn population) did not differ among groups 

(ANOVA, p > 0.5; Fig. 3C). Expression of kissr2 in the T/M/D (widespread populations) did 

not differ (ANOVA, p > 0.1). In the Hyp (many populations), kissr2 significantly varied 

(ANOVA, p = 0.039; Fig. 3D), with TP males showing higher expression than juveniles 

(Tukey’s, p < 0.05; but see Supplemental Fig. 4D for non-normalized comparisons showing 

no differences between juveniles and adult phenotypes). 

Expression of gnrh1 in the T/M/D (aPPn population) significantly differed among 

juveniles and adults (ANOVA, p < 0.05 ; Fig. 3E). Juveniles had lower gnrh1 expression 

than adults (Tukey’s, p < 0.05 for all pairwise comparisons), but adult phenotypes did not 

differ significantly (Tukey’s, p > 0.8 for all pairwise comparisons). Expression of avt in the 

T/M/D (all POA populations) and Hyp (vTn population) also varied (ANOVA, p < 0.0001 

and 0.01, respectively; Fig. 3F). Juveniles had lower expression of avt in the T/M/D than 

adults (Tukey’s, p < 0.0001 for all pairwise comparisons). Among adult phenotypes, TP 

males had significantly higher T/M/D avt mRNA abundance than females and IP males 

(Tukey’s, p < 0.05 for both comparisons). Among adults, avt in the Hyp was significantly 

lower in females than in IP males and TP males (Tukey’s, p < 0.05 for both pairwise 

comparisons). 

 After FDR correction, no significant positive correlations of gene expression were 

observed in stable adult phenotypes (Supplemental Table 2). All correlations with p-values 

less than 0.1 prior to FDR correction are provided in Supplemental Table 2. 
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Neural expression of kisspeptin receptors changes during socially-induced sex change   

 There was no significant difference in kiss1 mRNA abundance in the T/M/D 

(habenular population) or Hyp (LHn population) of control females and early or late stage 

sex-changers captured soon after spawning in 2015 (ANOVA, p > 0.7 for both comparisons; 

Fig. 4A). Expression of kiss2 in the forebrain/midbrain (DH population) was also not 

different among control females and sex-changing groups collected soon after spawning in 

2014 (SLS linear model, p > 0.7; Fig. 4B).  

Expression of kissr1 in the T/M/D (habenular and aPPn populations) and Hyp (LHn 

population) did not differ among socially-manipulated groups (ANOVA, p > 0.3; Fig. 4C), 

nor did abundance of kissr2 mRNA in the T/M/D (Welch’s ANOVA, p > 0.3; Fig. 4D). 

However, kissr2 expression was significantly elevated in the Hyp of stage 2 sex-changers 

compared to stage 4-6 sex-changers (Tukey’s, p < 0.05; Fig. 4D).  

Abundance of gnrh1 mRNA in the T/M/D (aPPn population) did not significantly 

vary between females and sex-changers (ANOVA, p > 0.7; Fig. 4E), nor did avt mRNA 

levels in the T/M/D (entire POA; SLS linear model, p > 0.5; Fig. 4F) or Hyp (vTn 

population; ANOVA, p > 0.6).  

 Behaviors significantly differed between control females and sex-changing 

individuals (Supplemental Fig. 3) and generally agree with previous findings (Godwin et al., 

1996; Marsh-Hunkin et al., 2013). There was a trend of differences in the number of 

inspections among 2014 control females and sex-changing groups (Kruskal-Wallis rank-sum, 

p = 0.054). Compared to control females, stage 4-6 sex changers displayed a higher number 

of inspections (Steel’s test with control, p < 0.05). The number of TP male-typical sexual 

behaviors (loops, courts, and spawns) was higher in stage 2-3 and stage 4-6 sex-changers 
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than control females (Steel, p < 0.05 for both comparisons), with a trend of higher display in 

stage 1 sex-changers (Steel, p = 0.079). Compared to control females, both groups of 2015 

sex-changers displayed a higher number of aggressive approaches (Steel, p < 0.05 and 0.01 

for early stages and late stages, respectively), inspections (Steel, p < 0.05 and 0.01 for early 

stages and late stages, respectively), and TP male-typical sexual behaviors (Steel, p < 0.01 

for both sex-changing groups; Supplemental Fig. 3). 

 No gene-gene correlation remained statistically significant following FDR correction 

(see Supplemental Table 2 for uncorrected p-values). Behavioral counts per 10 min 

(aggressions, inspections, loops/courts/spawns, and all behaviors) were not significantly 

correlated with gene expression following FDR correction (not shown). Only gnrh1 

expression in the T/M/D showed a positive correlation with frequency of TP male-typical 

sexual behaviors (loops, courts, and spawns) prior to FDR correction.  

 

Gonadal signals influence expression of kisspeptin system genes during sex change   

 Intact (SHAM) sex-changers captured 8-11 days into sex change had stage 5 or 6 

gonads with active spermatogenesis and serum 11-KT levels that were significantly higher 

than gonadectomized (GDX) sex-changers (one-tailed t-test, p < 0.01; Table 2). Three out of 

four SHAM sex-changers had discernible permanent blue coloration, and GDX sex-changers 

with no remnant gonadal tissue and lower 11-KT levels had no signs of permanent blue, 

which is consistent with previous studies (Godwin et al., 1996; Semsar and Godwin, 2003). 

Behaviors on the day of capture did not differ significantly between SHAM and GDX sex-

changers (Wilcoxon, p > 0.1 for all comparisons; Table 2).  
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  SHAM sex-changers had significantly higher expression of Hyp kiss1 (LHn 

population) than GDX sex-changers (one-tailed t-test, p < 0.05; Fig. 5A), with a trend of 

higher expression of Hyp kiss2 (DH; one-tailed, p = 0.098; Fig. 5B). Expression of kissr2 in 

the T/M/D (widespread expression) was also higher in SHAM sex-changers (one-tailed, p < 

0.05) and showed a trend in the Hyp (widespread expression; one-tailed, p = 0.067; Fig. 5D). 

SHAM and GDX sex-changers did not differ in expression of other genes tested (one-tailed, 

p > 0.1; Fig. 5C, E, and F). 

 Following FDR correction, no pairwise correlations among genes and 11-KT were 

significant (see Supplemental Table 2 for uncorrected values). Positive correlations between 

T/M/D kissr2 and frequency of aggression, as well as Hyp kissr2 and sexual behaviors 

(loops, courts, and spawns), remained statistically significant following FDR correction in 

GDX and SHAM sex-changers (Supplemental Table 3). 

 

Expression of kiss1 and avt in the forebrain/midbrain varies with proximity to the 

spawning period, when controlled for time of day 

 Abundance of kiss1 mRNA in the forebrain/midbrain (habenular and LHn 

populations) was significantly higher in females sampled approximately 2 hours from 

spawning versus females sampled approximately 9 hours from spawning, with an outlier 

removed (p < 0.05; Fig 6). When the outlier was left in the analysis, the group means did not 

significantly differ (p = 0.106). Expression of kiss2 was not significantly different between 

groups, with or without the outlier removed (p > 0.4 for both comparisons; Fig 6). 

Expression of kissr1 (habenular, aPPn, and LHn populations) and kissr2 (widespread 

expression) did not significantly differ between groups (p > 0.1 for both comparisons; Fig. 
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6), nor did gnrh1 (p > 0.6; Fig. 6). Levels of avt mRNA (vTn and entire POA populations) 

were significantly higher in females sampled closer to spawning (p < 0.05; Fig. 6). 

 

DISCUSSION 

 This study provides critical insight into the regulation of neuropeptide systems, 

particularly the kisspeptin system, by environmental and gonadal influences in a vertebrate 

that can show dramatic reorganization of its gonadal and behavioral phenotype in response to 

social cues. Furthermore, these findings provide clues as to whether the kisspeptin system, in 

particular, may be involved in reproduction based on expression patterns across sexual 

phenotypes and with sex change. We also examined expression of gnrh1 and avt, two genes 

that have important roles in vertebrate reproduction and sociosexual behavior (reviewed by 

Foran and Bass, 1999; Godwin, 2010). To our knowledge, this is the first study examining 

kiss1 and kissr1 expression during socially-induced sex change in a sexually-plastic 

vertebrate (see Shi et al., 2010 for changes in kiss2 and kissr2 expression during 

methyltestosterone-induced sex change). 

Sex differences in avt expression in the POA and the involvement of the AVT system 

in the display of dominant male-typical behaviors in the bluehead wrasse have been 

demonstrated previously (Godwin et al., 2000; Semsar et al., 2001; Semsar and Godwin, 

2003; Semsar and Godwin, 2004). However, we contributed to the body of knowledge of 

AVT functions in a socially-induced sex-changing fish by 1) characterizing expression in the 

ventral tuberal nucleus (vTn), which had previously been unexplored, 2) determining mRNA 

abundance in juveniles compared to adults, and 3) determining the effects of tidal/spawning-
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related cues on avt expression. These findings provide further support for the importance of 

the AVT system in integrating environmental cues.  

 

Juvenile expression of gnrh1, kiss1, and avt suggests their potential involvement in 

reproduction-related functions 

 GnRH signaling is required for puberty and reproduction in vertebrates (reviewed by 

Somoza et al., 2002; Ebling 2005) and is very likely required for reproductive functions in 

the bluehead wrasse, based on lower gnrh1 expression in juveniles than adults (Fig. 3E). Low 

hypophysiotropic gnrh expression in pre-pubertal individuals, along with increased GnRH 

signaling to initiate puberty, are well-conserved features of reproductive physiology in 

vertebrates (reviewed by Ebling 2005; Van Der Kraak, 2009).  

Despite lower expression of hypothalamic kiss1 (LHn population) than adults, 

kisspeptin receptors in juveniles were not significantly different from females and IP males 

(Fig. 3A, C, D and Supplemental Fig. 4 for non-normalized values). It is possible that 

receptor expression increases during puberty and returns to juvenile levels following puberty 

(e.g., rat, Navarro et al., 2004; fathead minnow, Filby et al., 2008; zebrafish kissr2/kiss1ra, 

Biran et al., 2008). Although we did not include juveniles in kiss2 analysis due to their 

reduced sample size and high variation between the two data points, kiss2 expression in 

juveniles did not visually appear to differ from adults (Fig. 3B). 

Unlike the case in mammals (reviewed by Kauffman et al., 2007), kisspeptin 

signaling is not required for pubertal onset and reproduction in zebrafish, based on double-

knockout of kiss1/kiss2 or kissr1/kissr2 (Tang et al., 2015). However, chronic kisspeptin 

treatment can accelerate puberty in some fishes (e.g., Beck et al., 2012; Nocillado et al., 
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2013; but see Beck et al., 2012; Zmora et al., 2014), suggesting the kisspeptin system may 

play a redundant or modulatory role in puberty and reproduction. Because kisspeptin 

expression in bluehead wrasse juveniles and adults is similar to other vertebrates, 

manipulative investigations into the actions of kisspeptin on the HPG axis are warranted.  

Differences in avt expression between bluehead wrasse juveniles and adults are 

similar to findings of differences in AVT neuronal properties in some mammals and fishes 

(van Eerdenburg et al., 1990; Foran and Bass, 1998). These differences in the bluehead 

wrasse are likely not driven by gonadal factors, since gonadectomy has no effect on avt 

expression in bluehead wrasse adults (Semsar and Godwin, 2003; and Fig. 5F). Instead, avt 

expression likely reflects dominance hierarchies and behavioral differences in juveniles and 

adults (Godwin and Thompson, 2012). It is also possible AVT signaling contributes to 

gonadotropic secretion during or after puberty (Palm et al., 2001; Ramallo et al., 2012).  

 

Lack of phenotypic differences in gnrh1 mRNA abundance and failure of social, 

gonadal, and abiotic factors to significantly alter expression 

GnRH neuronal number, size, mRNA abundance, or other properties often vary 

among phenotypes in species with plastic alternative phenotypes (Foran and Bass, 1999; 

Godwin 2010). Surprisingly, we found no variation in gnrh1 mRNA abundance across 

bluehead wrasse phenotypes (Fig. 3E). A previous study found greater numbers of LHRH-ir 

(GnRH) neurons in the POA of TP males than females and IP males (Grober and Bass, 

1991a). This discrepancy between studies may be due to differences in the approach to 

measurement and/or measurement of mRNA versus protein, or different environmental 

conditions and physiological states (in captivity and likely non-breeding vs. on reefs and 
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breeding). Similarly, the lack of differences in gnrh1 abundance during sex change (Fig. 4E) 

also contrasts with previous findings showing higher LHRH-ir neuronal number in the POA 

of captive females and IP males treated with 11-KT (an androgen that induces sex/role 

change) for 8-15 days than untreated females and IP males (Grober et al., 1991b). Notably, 

Kline (2010) also did not observe an increase in gnrh1 mRNA abundance during socially-

induced sex change in captive rockhind grouper using qRT-PCR, despite observing a male-

biased sex difference. This suggests that stable sex differences in expression develop later 

into sex change or after testes develop. The significantly higher variance of bluehead wrasse 

gnrh1 qRT-PCR values in later-stage sex-changers (stages 4-6, Fig. 4E; Levene’s test, p < 

0.01) suggests greater fluctuation in expression that could be attributable to gonadal and 

environmental factors related to a changing social environment. It would be informative to 

measure GnRH1 peptide levels in the POA and pituitary to compare patterns of synthesis 

(POA) and release (pituitary) among adult phenotypes and sex-changing individuals. 

We did not observe a significant effect of tidal/spawning-related cues or gonadal 

presence on gnrh1 expression (Figs. 5E and 6E), despite elevated 11-KT in SHAM sex-

changers relative to GDX sex-changers (Table 2). Because 11-KT treatment for 8-15 days 

altered preoptic GnRH (LHRH-ir) neuronal numbers in female and IP male bluehead wrasses 

(Grober et al., 1991b), it is possible the number and/or activity of GnRH1 neurons increases 

with sex change, but the overall abundance of gnrh1 mRNA in the POA does not. Espigares 

et al. (2015a) found that intracerebroventricular treatment of adult male European sea bass 

with kiss2 downregulated gnrh1 in the forebrain/midbrain (preoptic population), but 

significantly upregulated hypothalamic GnRH1 peptide content relative to controls 

(Espigares et al., 2015a). This demonstrates that mRNA content of gnrh1 is not always 
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reflective of peptide content or release. Additionally, electrical properties of GnRH1 neurons 

could differ among phenotypes (e.g., Greenwood et al., 2004), which could alter the activity 

of GnRH1 neurons and peptide release.  

 

Expression of kiss1 is polymorphic and differentially sensitive to social, gonadal, and 

abiotic factors  

Two different quantitative methods on different samples from different locations and 

years (Florida 2015 versus Belize 2016) revealed TP male-biased expression of kiss1 in the 

Hyp (LHn population) relative to females (Figs. 1 and 3A). These same methods both 

revealed a lack of kiss2 mRNA differences between females and TP males (Figs. 2 and 3B). 

Although the kisspeptin system varies among fishes in terms of functions, steroid sensitivity, 

and sex differences (reviewed by Kanda and Oka, 2012b), our results are consistent with 

male-biased expression of kiss1 (but not kiss2) in the vTn of the gonochoristic freshwater 

Japanese medaka (Mitani et al., 2010; brain region referred to as the NVT). IP males did 

have higher kiss2 expression than females when measured by qRT-PCR and normalized to 

ef1a and rpl9 expression (Fig. 3B). It is difficult to know if elevated kiss2 levels in IP males 

are an artifact of the dissection, considering kiss2 neurons lie within the dorsal hypothalamus 

close to the dissection line, or if the results are reflective of actual physiological differences 

between phenotypes. IP males have larger testes than TP males and release more sperm 

during spawning (Warner and Robertson, 1978; Shapiro et al., 1994), suggesting a potential 

connection of kiss2 to the HPG axis if kiss2 is stimulatory to gonadotropin secretion and/or 

expression as it is in other fishes (Felip et al., 2009; Kitahashi et al., 2009; Espigares et al., 

2015a & 2015b). There were no significant differences in kissr1 or kissr2 expression among 
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adult phenotypes (Fig. 3C and D), despite higher overall means of kissr2 expression in the 

T/M/D and Hyp of TP males. With the dissection methods utilized, we could not determine 

whether receptor expression differed in specific nuclei, apart from kissr1 expression in the 

LHn (Hyp dissection). Because kissr2 is expressed in many brain regions that regulate social 

behaviors (see Chapter II and O’Connell and Hofmann, 2011), it is possible that expression 

differs among phenotypes in certain nuclei. The main finding of sex differences in the 

kisspeptin system of the bluehead wrasse was in hypothalamic kiss1-expressing neurons. In 

medaka, these kiss1 neurons send fibers to brain regions that express kissr1 or kissr2 mRNA 

and have been shown to have important roles in sociosexual behaviors and reproduction in 

vertebrates, including the preoptic area, ventral part of the ventral telencephalon (Vv; 

putative homolog of the mammalian lateral septum), dorsal part of the ventral telencephalon 

(Vd; putative homolog of the nucleus accumbens), supracommissural part of the ventral 

telencephalon (Vs; putative homolog of the medial amygdala and bed nucleus of the stria 

terminalis), and ventral tuberal nucleus (vTn; putative homolog of the mammalian anterior 

hypothalamus; Kanda and Oka, 2013a; Hasebe et al., 2014; for brain homologies and 

associated functions, see O’Connell and Hofmann, 2011). It is likely that hypothalamic kiss1 

neurons in the bluehead wrasse project to similar regions, which would have important 

implications for the regulation of sociosexual functions. 

The lack of significant Hyp kiss1 variation during sex change in bluehead wrasses 

was unexpected, given clear evidence of sex differences in stable phenotypes (Fig. 4A). This 

implies TP male-biased mRNA expression develops after sex-changing fish develop testes. 

Interestingly, stage 2-3 sex-changers undergoing ovarian atresia had low sample variance and 

low values (Fig. 4A). During these early stages, circulating estradiol levels are likely very 
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low based on reduced aromatase expression in the brain and gonads (Godwin et al., unpub.), 

and 11-KT has likely not begun to rise based on lack of permanent blue coloration and 

testicular tissue not having developed by that point (reviewed by Lamm et al., 2015). 

Consistent with lower (but not statistically significant) expression in stage 2-3 sex-changers, 

we also observed significantly lower Hyp kiss1 expression and lower variance (Levene’s test, 

p < 0.01) in GDX sex-changers than SHAM sex-changers (Fig. 5A). This supports the 

potential of positive steroidal feedback on these kiss1 neurons, which is the case in medaka 

(Mitani et al., 2010). Kiss1 neurons in the mammalian anteroventral periventricular nucleus 

(AVPV; not homologous to the LHn in the bluehead wrasse) receive positive steroidal 

feedback and stimulate the HPG axis (reviewed by Dungan et al., 2006). Since kiss1 can 

release gonadotropins in certain fishes (Li et al., 2009; Zmora et al., 2012), it is possible that 

hypothalamic kiss1 neurons in the bluehead wrasse stimulate the HPG axis. Neurons 

expressing kiss1 in the AVPV (and arcuate nucleus, ARC) of rats and kiss1 neurons in the 

ventral tuberal nucleus of medaka are sensitive to social influences (Higo et al., 2015; 

Kagawa et al., 2017), which suggests that kiss1 neurons in the bluehead wrasse are likely also 

sensitive to social cues, despite our findings in sex-changers. It is possible that social effects 

on kiss1 expression during sex change were masked by dramatically fluctuating gonadal 

signals. In support of changes in kisspeptin signaling during sex change, expression of kissr2 

in the hypothalamus fluctuated (Fig. 4D) between early and late sex-change stages.  

It also appears kiss1 is sensitive to tidal cues unrelated to photoperiod (Fig. 6A). 

These tidal cues may include fluctuations in temperature as slightly cooler oceanic water 

moves over reefs with the high tide. The majority of forebrain/midbrain expression likely 

originated from habenular kiss1, a population that is sensitive to temperature in zebrafish 
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(Shahjahan et al., 2013; zebrafish only express kiss1 in the habenula, Servili et al., 2011). In 

the future, it will be important to separate the habenular and LHn populations to determine if 

kiss1 in the LHn is sensitive to tide-related spawning cues, similar to observed breeding-

related variations of kiss1 expression in the NVT of medaka and kiss1 expression in the 

lateral tuberal nucleus of European sea bass (Mitani et al., 2010; Escobar et al., 2013).  

We did not observe changes in kiss2 during socially-induced sex change (Fig. 4B), 

nor a significant effect of proximity to the spawning period on expression (Fig. 6), similar to 

observations in medaka (Mitani et al., 2010). There was a trend of higher kiss2 expression in 

SHAM sex-changers relative to GDX sex-changers (Fig. 5B) that suggests kiss2 could also 

be steroid-sensitive, but typically only one kisspeptin population is steroid-sensitive in fishes 

(reviewed by Kanda and Oka, 2012b). Our findings contrast with significant alterations in 

kiss2 expression during 4 weeks of methyltestosterone-induced sex change in orange-spotted 

grouper (Shi et al., 2010), though this species appears to lack a kiss1 gene and therefore kiss2 

is likely steroid-sensitive in this species instead.  

 

Expression of avt is sexually polymorphic and sensitive to tidal cues  

 AVT/AVP signaling often regulates differences in behavior (reviewed by Godwin 

and Thompson, 2012), as well as behavioral sex change or role change in species with plastic 

alternative phenotypes (reviewed by Godwin, 2010). It was previously shown in the bluehead 

wrasse that 1) AVT signaling was necessary for the display of TP male-typical territorial 

behaviors (Semsar et al., 2001; Semsar and Godwin, 2004), 2) avt mRNA in the 

magnocellular POA was highest in TP males and elevated in sex-changers (Godwin et al., 

2000), and 3) avt expression was not affected by gonadal presence or 11-KT (Semsar and 
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Godwin, 2003). In this study we demonstrated that avt mRNA abundance in the entire POA 

(T/M/D dissection) and the previously-unexplored vTn (Hyp dissection) shows TP male-

biased expression on a day without a spawning period (Fig. 3F). Additionally, we 

corroborated the study by Semsar and Godwin (2003) by showing that avt expression in sex-

changing fish is not affected by gonadal presence (Fig. 5F).  

 Surprisingly, avt expression in the T/M/D or Hyp regions were not significantly 

different between control females and sex-changers (Fig. 4F). Because avt expression has 

been shown to differ in the individual sub-regions of the POA (Godwin et al., 2000) and be 

correlated with subordinate and dominant behaviors depending on the POA sub-region 

(Greenwood et al., 2008), differences between females and sex-changers may have been 

masked by whole-POA measurements. In support of this possibility, we did not observe 

significant correlations between behaviors and avt expression (not shown), despite the 

necessity of AVT signaling for TP male-typical behaviors. Control females also likely had 

elevated avt expression during the spawning period, based on higher avt expression in 

females closer to spawning (Fig. 6). Females closer to spawning contain hydrated oocytes, 

whereas females further from spawning do not. Because vasotocin can induce oocyte 

hydration (Singh and Joy, 2010), it is possible that elevated avt expression in control females 

during the spawning period reflects processes associated with oocyte maturation. Together, 

these findings suggest that differences between sex-changers and females were likely masked 

during the spawning period due to measurements in large brain regions and sampling time.   
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Gene-gene correlations provide insight into potential interactions among the GnRH1, 

kisspeptin, and AVT systems 

We did not observe linear correlations between behaviors and gene expression in sex-

changing fish, with or without control females included in the comparisons (correlations not 

shown), though it is possible that relationships between gene expression and behavior are 

nonlinear. Several genes were significantly correlated with TP male-typical behaviors in 

GDX and SHAM sex-changers, including positive correlations between T/M/D kissr2 and 

aggression and Hyp kissr2 and sexual behaviors (Supplemental Table 3). However, these 

correlations were not present in sex-changers that were not surgically manipulated 

(Supplemental Table 3).  

Interesting gene-gene correlations appeared in two or more experiments 

(Supplemental Table 2). These include trends towards negative correlation between kiss2 and 

gnrh1 expression in sex-changing fish (p = 0.067 prior to FDR correction) and stable adult 

phenotypes (p = 0.12 prior to FDR correction; not shown). In adult male European sea bass, 

intracerebroventricular kiss2 treatment downregulated forebrain/midbrain gnrh1 expression 

(preoptic population in the forebrain/midbrain), while upregulating hypothalamic GnRH1 

peptide content and LH release (Espigares et al., 2015a). A similar functional link between 

kiss2 and GnRH1 may exist in the bluehead wrasse. Other interesting correlations include 

positive correlations (prior to FDR correction) between genes of the kisspeptin and AVT 

systems, including T/M/D avt and T/M/D kissr2 in stable adults and sex-changers, as well as 

Hyp kiss1 and Hyp v1a2 in GDX and SHAM sex-changers (Supplemental Table 2). In 

medaka, kissr2 and avt mRNA co-localize within neurons of the magnocellular preoptic area, 

and hypothalamic kiss1 neurons project to this region (Kanda et al., 2013a; Hasebe et al., 
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2014). In rodents, the AVP system directly targets kiss1 neurons to modulate GnRH1 

neuronal activity (Vida et al., 2010; Williams III et al., 2011). Potential connections between 

these systems in the bluehead wrasse and other vertebrates could offer mechanistic links 

between environmental cues and behavioral/gonadal regulation. 

 

SUMMARY AND FUTURE DIRECTIONS 

To our knowledge, this is the first study examining changes in kiss1 and kissr1 

expression during socially-induced sex change. Kiss1 was differentially expressed among 

phenotypes, and may be involved in puberty and reproduction, based on expression patterns 

in juveniles and adults and differential sensitivity to gonadal, abiotic, and social signals. 

Although gene expression did not vary as expected in sex-changing fish during the spawning 

period, we identified gonadal and/or environmental variables that could account for these 

unexpected results. We also showed that avt expression in the previously-unexplored Hyp 

(vTn population) is TP male-biased, and like avt expression in the POA, is not sensitive to 

gonadal signals. Surprisingly, gnrh1 expression did not vary among adults or sex-changers, 

with the tide/spawning period, nor with gonadal presence. It is possible that other properties 

of GnRH1 neurons (e.g., cell number, activity) vary during environmental and gonadal 

manipulations.  

Because proximity to the spawning period regulates expression of some genes, it will 

be important to compare expression among stable phenotypes and sex-changers during 

comparable periods, both inside and outside of the spawning period, for more accurate 

comparisons. The variability in the tide-driven spawning times that we observe in Florida 

(1000h – 1930h) allows for informative future studies into the effects of 1) light cycles/time 
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of day on gene expression, 2) tide/spawning cycles on gene expression, and 3) the interaction 

between time of day and tide/spawning. Expression of kisspeptin, AVT, and GnRH1 genes 

may be regulated by one or both daily zeitgebers, potentially in phenotype-specific ways 

(Ball and Ketterson, 2008). 

 Manipulations of the kisspeptin system in the bluehead wrasse are necessary to 

establish whether kisspeptin plays a role in the regulation of the HPG axis and/or sex-change. 

It will also be important to determine if kisspeptin interacts with AVT and GnRH1, two 

conserved neuropeptides that are critical for sociosexual behaviors and gonadal functions in 

vertebrate species (e.g., Semsar and Godwin, 2004; Takahashi et al., 2015). Interactions 

among these systems are suspected to exist in the bluehead wrasse, based on neuroanatomical 

patterns (Chapter II) and findings in a handful of other species. Together, these systems 

likely transduce gonadal and environmental cues into changes in reproduction and sexual 

phenotype in the bluehead wrasse with potentially broader implications for other vertebrates.   
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TABLES AND FIGURES 
 
Table 1. Gene-specific primers and amplicon lengths for in situ hybridization (ISH) and 
quantitative reverse-transcription PCR (qRT-PCR). RNA polymerases (T7 or SP6) for 
synthesis of antisense and sense probes are specified. 
 
 

ISH     

Transcript Forward primer (5'-3') Reverse primer (5'-3') Amplicon 
size (bp) 

Antisense 
probe 

Sense 
probe 

   

379 T7 SP6 
kiss1 CAGGGATGACGCAGGAAGTG (outer) CAGATTCAGGTGCAGCAGGT (outer) 

 AGGGGGAGGTCAGGAAGTTT (inner)  TGTCAGGTGCGGTCTCTCTT (inner)  

kiss2 GAGRGAGAAYGADGASCAGMGG GCACCTCCAGTTCTCGYRAGAA 182 SP6 T7 

     

qRT-PCR     

 
Transcript 

 
Forward primer (5'-3') 

 
Reverse primer (5'-3') 

Amplicon 
size (bp)  

 
kiss1 pair 1 

 
ACACCTCAGAACGGGACTTT 

 
CAACTCCCAGAATGCTTCGC 

            
         85   

kiss1 pair 2 AGTTTCAGCCCACTCACAGG GAGCGTTCAAAAAGTCCCGT         147   
kiss2 CAACAGATTCAGTCATCCACGC TTTACTCCTCCGGTCGTTGC         134  
kissr1 GCCTTCATGCTGAAACGCAT AACAGGACCACCATCACCAC         137  

kissr2 ACAGTCTACCCTCTGAAATCTCTCC CCCATACCAGTAACCCTCCTCTA         141  
gnrh1 GCTGTCAGCACTGGTCATTTG GAAGCACCTCAACTACATTATCCAG          93   
avt TCACTCCGTGATCCCTCTGT GCATGCACTGTCTGATCCCA         122   
v1a2 CATCTGCCACCCTCTGAAGAC CACCAGGCTGCACATCCA          85   
ef1α pair 1 ATCGGCGGTATTGGAACTGT CGACCATACCGGGCTTCA          67   
ef1a pair 3 GCCCGTTTTGAGGAAATCCA AGCCCATCTTGTCACTGGC         136   
rpl9 GACTTTGGGTTTCCGCTACA GAAGTTCCTGATCTCCACCATAC         100   
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Table 2. Mean (± SEM) serum 11-ketotestosterone (pg/ml) and TP male-typical behaviors (# 
per 10 min) of intact (SHAM) and gonadectomized (GDX) sex-changers. 

 
 

Value SHAM (n=4) GDX (n=6) p-value 
 
11-KT 

 
676 ± 94 

 
94 ± 77 

 
0.004 

Aggressions 4.3 ± 1.4 0.8 ± 1.2 0.138 
Inspections 12.5 ± 4.7 10.3 ± 3.8 0.669 
Loops, courts, and spawns 12.5 ± 4.6 5.2 ± 3.7 0.195 
Total behaviors 29.3 ± 9.1 16.3 ± 7.4 0.285 
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Figure 1. Abundance of kiss1 mRNA in the lateral hypothalamic nucleus (LHn) of females and 
terminal phase (TP) males assessed using in situ hybridization. Data is shown as mean ± SEM, with 
individual data points. Females and TP males were sampled prior to the daily spawning period. The 
number of neurons per individual (A) and total signal area (C) were measured in one out of six slide 
series. Neuronal number and signal area were also normalized to the standard length (SL) of the fish 
(B, D). Signal area was quantified via thresholding and particle counts in ImageJ (E). Sample sizes 
are indicated in parentheses. * p < 0.05; scale bar = 100 µm. 
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Figure 2. Abundance of kiss2 mRNA in the dorsal hypothalamus (DH) of females and TP males 
assessed using in situ hybridization. Data is shown as mean ± SEM, with individual data points. 
Females and TP males were sampled before the daily spawning period. Sample sizes are indicated in 
parentheses.  The number of neurons per individual (A) and total signal area (C) were measured in 
one out of six slide series. Neuronal number and signal area were also normalized to the SL of the 
fish (B, D). Signal area was quantified in ImageJ (E). Though kiss2 expression varied among 
individuals based on which reef they were sampled from, reef effects did not alter the outcome when 
comparing phenotypes (Standard Least Squares model, p > 0.2 for all comparisons). Sample sizes are 
indicated in parentheses. Scale bar = 100 µm. 
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Figure 3. Gene expression in the telencephalon/midbrain/dorsal diencephalon (T/M/D) and/or ventral 
diencephalon (Hyp) of juveniles and adults. Data are shown as mean ± SEM for kiss1 (A), kiss2 (B), 
kissr1 (C), kissr2 (D), gnrh1 (E), and avt (F), normalized to the geometric mean of ef1a and rpl9. 
Differences between adults and juveniles may be overestimated (significantly for Hyp kissr2, D, and 
potentially T/M/D kissr1, C) due to higher ef1a and rpl9 expression in juveniles (see Supplemental 
Fig. 4). Adults were captured on a “transition” day without a spawning period. Sample sizes are 
indicated in parentheses (see Methods for removal of values due to technical errors). Dashed lines 
between juveniles and adults for kiss2 and avt in the Hyp indicate that juveniles were excluded from 
statistical analyses. Welch’s ANOVA detected a difference in T/M/D kissr1 expression among 
phenotypes (C), but nonparametric Steel-Dwass post-hoc testing did not identify differences between 
any group. * p < 0.05, ** p < 0.01, **** p < 0.0001. Photos: J. Godwin & W. Tyler. 
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Figure 3. Continued 
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Figure 4. Gene expression in sex-changers and control females from socially-manipulated reefs. Data 
are shown as mean ± SEM. kiss1 (A), kissr1 (C), kissr2 (D), gnrh1 (E), and avt (F) were measured in 
the T/M/D and/or Hyp of 2015 samples and were normalized to the geometric mean of ef1a and rpl9, 
while kiss2 (B) was measured in the forebrain/midbrain of 2014 samples and normalized to ef1a. 
Samples were captured near the end of the spawning period. Sample sizes are in parentheses (see 
Methods for removal of values due to technical issues). Two statistical outliers were removed from 
T/M/D kissr1 analysis (C; indicated in red text). Hyp kiss2 (B) and T/M/D avt (F) were tested using 
SLS models controlling for reef, due to significant reef effects on expression. * p < 0.05. Photo: an 
early-stage sex-changing individual at a spawning site displaying TP male-typical behaviors (H. Liu).  
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Figure 4. Continued 
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Figure 5. Gene expression in intact (SHAM) and gonadectomized (GDX) sex-changers from 
socially-manipulated reefs. Data are shown as mean ± SEM, normalized to the geometric mean of 
ef1a and rpl9. kiss1 (A), kiss2 (B), kissr1 (C), kissr2 (D), gnrh1 (E), avt (F), and v1a2 (G) were 
measured in the T/M/D and/or Hyp of tagged individuals captured 8-11 days after commencing sex 
change. Values were normalized to the geometric mean of ef1a and rpl9. Sample sizes are in 
parentheses (see Methods for removal of a Hyp avt value in the SHAM group due to technical issues). 
# p < 0.1, * p < 0.05 (one-tailed). 
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Figure 6. Association between spawning period and gene expression in the forebrain/midbrain. 
Females were collected in the morning (0717-0921h) on different days, either ~9 hr prior to two 
evening spawning periods or ~2 hr prior to one morning spawning period. Values for kiss1 (A), kiss2 
(B), kissr1 (C), kissr2 (D), gnrh1 (E), and avt (F) were normalized to the geometric mean of ef1a and 
rpl9. # indicates that kiss1 was not significantly different (two-tailed, p = 0.106) in females closer to 
spawning with the outlier (red dot) in the analysis. With the outlier removed, these females had higher 
kiss1 expression (p < 0.05). The outlier in the kiss2 analysis did not affect the outcome. * p<0.05.   
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SUPPLEMENTAL MATERIAL 
 
Supplemental Table 1. Brain dissections and RNAs measured for each qRT-PCR 
experiment. Abbreviations: aPPn = anterior parvocellular preoptic nucleus; DH = dorsal 
hypothalamus, Hyp = ventral diencephalon/inferior lobes of the hypothalamus, LHn = lateral 
hypothalamic nucleus; POA = preoptic area; T/M/D = telencephalon/midbrain/dorsal 
diencephalon (including POA); vTn = ventral tuberal nucleus. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Samples Forebrain/midbrain T/M/D Hyp 
 
Juveniles and 
stable phenotypes  
(2016 Belize) 

  kiss1 (habenula) kiss1 (LHn) 
   kiss2 (DH) 
  kissr1 (habenula, pPOA) kissr1 (LHn) 
  kissr2 (widespread) kissr2 (widespread) 
  gnrh1 (aPPn)   
  avt (entire POA) avt (vTn) 

 
Sex-changers and 
control females  
(2014 Florida) 
 

 
 
kiss2 (DH) 

    

 
Sex-changers and 
control females  
(2015 Florida) 

  kiss1 (habenula) kiss1 (LHn) 
  kissr1 (habenula, aPPn) kissr1 (LHn) 
  kissr2 (widespread) kissr2 (widespread) 
  gnrh1 (aPPn)   
  avt (entire POA) avt (vTn) 

 
GDX vs. SHAM 
sex-changers  
(2016 Belize) 

  kiss1 (habenula) kiss1 (LHn) 
   kiss2 (DH) 
  kissr1 (habenula, aPPn) kissr1 (LHn) 
  kissr2 (widespread) kissr2 (widespread) 
  gnrh1 (aPPn)   
  avt (entire POA) avt (vTn) 
  v1a2 (widespread) v1a2 (widespread) 

 
Females, close vs. 
far from spawning  
(2014 Florida) 

kiss1 (habenula, LHn)     
kiss2 (DH)    
kissr1 (habenula, aPPn, LHn)    
kissr2 (widespread)    
gnrh1 (aPPn)    
avt (entire POA, vTn)     
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Supplemental Table 2. Strongest pairwise, linear correlations among expression of genes in 
the ventral diencephalon/hypothalamus (Hyp) and the telencephalon/midbrain/dorsal 
diencephalon (T/M/D) of stable adult phenotypes, tagged sex-changers/control females, and 
gonadectomized (GDX) and intact (SHAM) sex-changers. 
 
Stable adult phenotypes (2016 Belize) 

 
 
Sex-changers and control females (2014 & 2015 Florida) 

 
 
GDX and SHAM sex-changers (2016 Belize) 

 
 
*Denotes correlations that are among the strongest across two experimental conditions: 
unmanipulated stable adults, sex-changers/control females, and SHAM/GDX sex-changers 
 
# GnRH1 vs. kiss2 correlation was analyzed separately in the entire forebrain/midbrain of 2014 sex 
changers and control females due to separation of kiss2 neurons in several dissected brains of samples 
captured in 2015.  
 
 
 

Variable by Variable Correlation 
Sample 
Count 

Pairwise 
Prob 

BH FDR-
corr Prob 

* Hyp kiss1 T/M/D kissr2  0.6285 16 0.0091 0.1890 
* T/M/D AVT  T/M/D kissr2  0.6214 16 0.0102 0.1890 
Hyp kiss1 T/M/D AVT  0.6074 16 0.0126 0.1890 
Hyp kissr2 T/M/D AVT  0.5149 16 0.0413 0.3915 
Hyp kissr1 Hyp kiss1  -0.5086 16 0.0443 0.3915 
Hyp AVT Hyp kiss1 0.5172 14 0.0582 0.3915 
Hyp AVT Hyp kiss2 0.5327 13 0.0609 0.3915 
Hyp AVT T/M/D AVT  0.4897 14 0.0755 0.4247 

Variable by Variable Correlation 
Sample 
Count 

Pairwise 
Prob 

BH FDR-
corr Prob 

Hyp AVT  Hyp kissr1  0.5160 18 0.0284 0.5676 
T/M/D kissr1  Hyp kiss1  0.4008 19 0.0891 0.5676 
* T/M/D AVT T/M/D kissr2 0.3992 19 0.0905 0.5676 
T/M/D GnRH1 Hyp kiss1  0.3965 19 0.0928 0.5676 
      
# kiss2 GnRH1 -0.3571 27 0.0674  

Variable by Variable Correlation 
Sample 
Count 

Pairwise 
Prob 

BH FDR-
corr Prob 

Hyp kissr2  Hyp kiss1  0.802 10 0.0053 0.2223 
T/M/D kissr2  Hyp kissr2  0.798 10 0.0057 0.2223 
Hyp V1a2  Hyp kiss1  0.7571 10 0.0112 0.2912 
* Hyp kiss1 T/M/D kissr2 0.6608 10 0.0375 0.6292 
T/M/D V1a2  T/M/D kiss1   -0.6537 10 0.0404 0.6292 
T/M/D kissr1  Hyp V1a2  0.6353 10 0.0484 0.6292 
T/M/D kissr2  11KT (pg/ml) 0.5825 10 0.0772 0.7460 
T/M/D GnRH1  Hyp V1a2  0.5639 10 0.0895 0.7460 
T/M/D GnRH1  T/M/D kiss1  0.5595 10 0.0926 0.7460 
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Supplemental Table 3. Strongest pairwise, linear correlations between expression of genes 
in the ventral diencephalon/hypothalamus (Hyp) or telencephalon/midbrain/dorsal 
diencephalon (T/M/D) and frequency of TP male-typical behaviors (# per 10 min) in sex-
changing fish.  
 
 
GDX and SHAM sex-changers (stages 5-6; 2016 Belize) 

  
 
For reference: Same genes and behavioral correlations in 2015 sex-changers (stages 2-6; 2015 
Florida) 
 

Variable by Behavior Correlation Sample 
Count 

Pairwise 
Prob 

BH FDR-
corr Prob 

T/M/D kissr2 Aggression  -0.1413 13 0.6453 0.9292 
Hyp kissr2 Loops, courts, spawns  -0.0126 13 0.9673 0.9871 
Hyp kiss1 Loops, courts, spawns  -0.0576 13 0.8517 0.9871 
Hyp kissr2 Aggression  -0.3460 13 0.2468 0.8722 
Hyp kissr2 All behaviors  -0.3363 13 0.2612 0.8722 
T/M/D V1a2 Inspections              Not tested  
Hyp kissr1 All behaviors  -0.2715 13 0.3696 0.8894 
Hyp kissr1 Loops, courts, spawns  -0.2428 13 0.4241 0.8894 
Hyp kiss1 All behaviors  -0.3014 13 0.317 0.8894 
T/M/D kissr2 Loops, courts, spawns 0.0170 13 0.956 0.9871 
T/M/D kiss1 Inspections  -0.1971 13 0.5186 0.9292 
Hyp kiss1 Aggression  -0.3847 13 0.1943 0.8722 
T/M/D kissr2 All behaviors  -0.1507 13 0.6231 0.9292 
Hyp kissr1 Inspections  -0.1123 13 0.7149 0.9402 

 
 
 
 
 
 

Variable by Behavior Correlation 
Sample 
Count 

Pairwise 
Prob 

BH FDR-
corr Prob 

T/M/D kissr2 Aggression 0.9059 10 0.000 0.014 
Hyp kissr2 Loops, courts, spawns 0.8681 10 0.001 0.026 
Hyp kiss1 Loops, courts, spawns 0.8163 10 0.004 0.064 
Hyp kissr2 Aggression 0.7632 10 0.010 0.122 
Hyp kissr2 All behaviors 0.7405 10 0.014 0.137 
T/M/D V1a2 Inspections 0.699 10 0.025 0.178 
Hyp kissr1 All behaviors  -0.6849 10 0.029 0.178 
Hyp kissr1 Loops, courts, spawns  -0.6827 10 0.030 0.178 
Hyp kiss1 All behaviors 0.6656 10 0.036 0.190 
T/M/D kissr2 Loops, courts, spawns 0.6412 10 0.046 0.219 
T/M/D kiss1 Inspections  -0.6152 10 0.058 0.246 
Hyp kiss1 Aggression 0.6083 10 0.062 0.246 
T/M/D kissr2 All behaviors 0.6004 10 0.067 0.246 
Hyp kissr1 Inspections -0.5554 10 0.096 0.328 
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Supplemental Figure 1. Association between the spawning period and gene expression. Because 
bluehead wrasses in Florida spawn predictably close to the daytime high tide, which advances by ~60 
min each day, we examined the effects of tidal/spawning cues on gene expression while controlling 
for time of day. In Florida, spawning times range from ~1000h to near dusk, depending on the tide. 
Every new moon and full moon, bluehead wrasses forgo spawning for one day and reset their 
spawning time to ~1000h. Females were collected in the morning (yellow stars; 0717-0921h) on 
different days, either ~9 hr prior to two evening spawning periods or ~2 hr prior to one morning 
spawning period.  
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Supplemental Figure 2. Mass (mg) of dissected brain regions plotted against standard length (mm) 
of individuals from two experiments: juveniles and stable phenotypes from 2016 Belize (A), and 
control females and sex-changing individuals from 2015 Florida (B). After dissection, excess 
RNAlater was removed from the brain regions using a Kimwipe. Despite potential variation in the 
amount of RNAlater remaining in the tissue, brain mass and SL showed strong linear correlations 
within the dissected regions. The slopes of the different dissected areas varied, suggesting regional 
morphometric differences with body size. 
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Supplemental Figure 3. TP male-typical behaviors in sex-changing individuals and control females 
during the spawning period on day of collection. Data are presented as mean ± SEM. Tagged females 
and sex-changing fish were captured at variable time points following TP male removal from Florida 
reefs in 2014 (A) and 2015 (B). Sex-changing fish were grouped by gonadal stage: stage 1 (intact 
ovaries), stage 2-3 (oocyte atresia), and stage 4-6 (testicular proliferation). Sample sizes are indicated 
in parentheses. Three (when available) 10-min behavioral observations with the highest frequencies 
of behavior were averaged for each fish to achieve average behavioral scores per 10 min. The number 
of aggressive approaches, inspections of the genital papilla, and spawning behaviors (loops, courts, 
and spawning rushes with females) in sex-changing fish were compared to females. Note the different 
y-axis range for inspections between years due to elevated frequencies in two individuals from 2015. 
# p < 0.1, * p < 0.05, ** p < 0.01. 
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Supplemental Figure 4. Non-normalized cDNA values in the telencephalon/midbrain/dorsal 
diencephalon (T/M/D) and ventral diencephalon (Hyp) of juveniles and adult phenotypes. TP males 
were not included in the T/M/D comparisons due to slightly lower overall RNA input or quality 
(assessed in a 1% agarose gel), which may account for lower non-normalized values. Data are shown 
as mean ± SEM for kiss1 (A), kiss2 (B), kissr1 (C), kissr2 (D), gnrh1 (E), and avt (F). As detailed in 
the Methods, juveniles had higher abundance of the reference genes rpl9 and ef1a. The statistical 
outcomes from comparing juveniles to adults did not significantly vary when using non-normalized or 
normalized values for most genes (Fig. 3), apart from Hyp kissr2 (D) and likely T/M/D kissr1 (C). 
Differences between IP males and females became statistically insignificant for Hyp kiss2 (B) and 
Hyp avt (F) without normalization. Sample sizes are indicated in parentheses (see Methods for 
removal of values due to technical errors). Dashed lines between juveniles and adults for kiss2 and avt 
in the Hyp (B, F) indicate that juveniles were excluded from statistical analyses. Means were 
compared using one-way ANOVA followed by Tukey’s HSD tests. # p < 0.1, * p < 0.05, ** p < 0.01, 
**** p < 0.0001. 
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Supplemental Figure 4. Continued. 
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CHAPTER IV 

Physiological Effects of Kisspeptin and Vasotocin and Neuroanatomical Support of 

Direct Interactions in the Sex-changing Bluehead Wrasse (Thalassoma bifasciatum) 
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ABSTRACT 

The kisspeptin system modulates puberty and reproduction in many vertebrates, 

including many fishes, though the effects of kisspeptins on hypophysiotropic gonadotropin-

releasing hormone neurons (typically GnRH1) can vary in species-specific and gonadal-

dependent ways. The actions of kisspeptins on the hypothalamic-pituitary-gonadal (HPG) 

axis in sexually-plastic vertebrates have been poorly studied. We assessed the actions of 

kiss2, the more conserved of the teleost kisspeptin genes (kiss1 and kiss2), on the HPG axis 

in the sex-changing bluehead wrasse (Thalassoma bifasciatum). Large females can rapidly 

change sex following removal of TP males. Ovaries transition to testes with tailed sperm in 

as few as 8-10 days. Previous findings demonstrated the necessity of AVT signaling in 

behavioral sex change and the ability of gonadotropin signaling to induce gonadal sex 

change. We assessed effects of kiss2 signaling with acute intraperitoneal injections and 

longer-term implantation. We also tested for potential interactions among the kisspeptin, 

GnRH1, and arginine vasotocin (AVT) systems with double-label in situ hybridizations and 

hormone manipulations. The mature decapeptide kiss2-10 decreased gnrh1 mRNA content in 

captive females 6 hours after injection. Injection with the longer and potentially more potent 

dodecapeptide (kiss2-12) did not significantly alter gnrh1 in cholesterol- or estradiol-

implanted captive females, but an implant-by-injection effect on gnrh1 expression suggested 

the actions of kiss2 vary with estrogen environment. AVT injection increased abundance of 

hypothalamic kiss1, but not gnrh1. avt and kissr2 mRNAs co-localized in neurons of the 

magnocellular preoptic nucleus and gnrh1 co-regionalized with kisspeptin receptors in the 

anterior parvocellular preoptic nucleus. Implantation with kiss2-10 for 9-10 days did not 

significantly alter gonadal state in females on reefs in the presence of TP males. Although 
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kiss2-10 was insufficient to induce gonadal sex change, anatomical and functional 

connections among kisspeptins, AVT, and GnRH1 suggest these systems may interact to 

influence reproductive events in the sexually-plastic bluehead wrasse, with potentially 

broader implications for other vertebrates.   

 

INTRODUCTION 

 Sexual differentiation, puberty, and successful reproduction are among the most 

critical life events for individuals’ reproductive fitness and species propagation. In 

vertebrates, these events are controlled by the hypothalamic-pituitary-gonadal (HPG) axis. At 

the apex of the HPG axis are hypothalamic neurons that express gonadotropin-releasing 

hormone (typically GnRH1; also called luteinizing hormone-releasing hormone, LHRH). 

GnRH1 neurons release luteinizing hormone (LH) and follicle-stimulating hormone (FSH) 

from the anterior pituitary, which then enter the blood and target the gonads to regulate 

steroidogenesis and gametogenesis (reviewed by Gore, 2002; Zohar et al., 2010).  

An additional important life event in some vertebrates that is likely under GnRH1 

control is adult intrasexual role change or intersexual sex change in species with sexually-

plastic phenotypes, present in many marine fishes. Switching sex or role to the dominant 

phenotype (male or female) generally confers reproductive benefits, such as greater access to 

mates and higher mating frequency (Ghiselin 1969; Warner 1975; Warner et al., 1975). 

Typically, phenotypic changes involve gonadal alterations such as a transition from ovaries 

to testes (or vice versa) in sex-changing species or alterations in testicular or ovarian function 

in role-changing species (e.g., Warner and Swearer, 1991; Maruska and Fernald, 2011a; 

reviewed by Godwin, 2010; Maruska and Fernald, 2011b).  
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GnRH1 and gonadotropic signaling have been implicated in the control of gonad-

related phenotypic changes in many fish models. Increasing signaling with the use of GnRH, 

LH, and/or FSH agonists can induce varying degrees of gonadal sex change in fishes (e.g., 

Tang et al., 1974; Koulish and Kramer, 1989; Kramer et al., 1993; Tao et al., 1993; Reinboth 

and Bruslé-Sicard, 1997; Kobayashi et al., 2010). Furthermore, in the bi-directional sex-

changing goby Trimma okinawa, gonadal expression of gonadotropin receptors (lhr and fshr) 

changed to the newly-activated gonadal portion of the ovotestis within 12–24 h of socially-

induced sex change (Kobayashi et al., 2009). The newly-activated tissues became responsive 

to gonadotropins in vitro within 24 h, supporting a role for gonadotropins in socially-induced 

gonadal sex change. Additionally, in socially-induced sex- or role-changing species, GnRH1 

neuronal properties (e.g., soma size, number, mRNA abundance, activation, etc.) can differ 

among sexual phenotypes and change during socially-induced reproductive changes (e.g., the 

male role-changing Astatotilapia burtoni [Francis et al., 1993; Greenwood et al., 2004; 

Burmeister et al., 2005] and the protogynous bluehead wrasse, Thalassoma bifasciatum 

[Grober and Bass, 1991a; Grober and Bass, 1991b; but see Lamm Chapter III]). Because 

evidence supports the role of GnRH1 and gonadotropins in gonadal sex change, it is 

important to determine upstream regulators that may relay social or abiotic signals to GnRH1 

neurons. Two potential upstream regulators of sexual plasticity that we addressed in this 

study are the kisspeptin and arginine vasotocin systems. 

The kisspeptin system is essential for reproduction in many vertebrates and acts via 

direct stimulation of hypothalamic GnRH1 neurons (reviewed by Smith et al., 2006; 

Kaufmann, 2010). In mammals, the kisspeptin system is comprised of a kiss1 gene that is 

mainly expressed in two hypothalamic populations and a kisspeptin receptor (kiss1r or 
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gpr54) that is expressed within GnRH1 neurons and other brain regions (Kauffman, 2010). 

Both hypothalamic populations, the arcuate nucleus (ARC) and rostral periventricular region 

of the third ventricle (RP3V)/preoptic area (POA), are steroid-sensitive, although kiss1 

neurons in the ARC are inhibited by gonadal steroids whereas kiss1 neurons in the R3PV are 

stimulated by steroids. By contrast, most teleost fishes possess two kisspeptin genes and two 

receptors, kiss1, kiss2, kissr1, and kissr2 (these receptors are called kissr3 and kissr2, 

respectively, by Pasquier et al., 2012). Kiss1 (if present) and kiss2 neurons in fishes often 

differ in their distributions in the brain, steroid sensitivities, expression across sexual 

phenotypes, and abilities to release GnRH1, LH, and FSH (e.g., Felip et al., 2009; Mitani et 

al., 2010; Servili et al., 2011; Zmora et al., 2012; Escobar et al., 2013a; Lamm, Chapters II 

and III; reviewed by Kanda and Oka, 2013b).  

Although the necessity of the kisspeptin system for sexual differentiation of the brain, 

puberty, and reproduction has been demonstrated for placental mammals (de Roux et al., 

2003; Seminara et al., 2003; d'Anglemont de Tassigny et al., 2007; Kauffman et al., 2007; 

Clarkson et al., 2014), evidence in teleost fishes suggests a modulatory rather than crucial 

role of kisspeptin on the HPG axis. As in mammals, treatment with kiss1 and/or kiss2 can 

stimulate gonadotropin release from the anterior pituitary in some fishes (Felip et al., 2009; 

Li et al., 2009; Zmora et al., 2012; Espigares et al., 2015a & 2015b), and chronic treatment 

with kiss1 or kiss2 can accelerate gonadal development in some species such as white bass 

(Morone chrysops), yellowtail kingfish (Seriola lalandii), and chub mackerel (Scomber 

japonicus; Beck et al., 2012; Nocillado et al., 2013; Selvaraj et al., 2013). However, chronic 

kisspeptin treatment with biweekly injections or slow-release implants did not significantly 

accelerate puberty in striped bass (M. saxatilis; Beck et al., 2012; Zmora et al., 2014), 
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suggesting important species-specific differences among teleost fishes in the evolution of 

kisspeptin functions. Furthermore, double-knockout of both kisspeptin genes (kiss1 and 

kiss2) or both kisspeptin receptors (kissr1 and kissr2) did not noticeably impact reproduction 

or gamete quality in male and female zebrafish (Tang et al., 2015), despite reduced 

transcription of gnrh3, which encodes the hypophysiotropic-releasing GnRH in zebrafish. 

However, knockout of gnrh3 in zebrafish also did not significantly impair reproduction 

(Spicer et al., 2016), which suggests the development of compensatory mechanisms in the 

absence of functional gnrh3 or kisspeptin genes in zebrafish. Kisspeptins can upregulate 

gnrh1 expression in certain sex-changing fishes, as demonstrated by treatment with human 

kiss1 in the protandrous cinnamon clownfish (Amphiprion melanopus; Kim et al., 2014) and 

treatment with species-specific kiss2 in the protogynous orange-spotted grouper 

(Epinephelus coioides; Shi et al., 2010). Weekly injection of female and male cinnamon 

clownfish with human kiss1 increased gonadal weight and gametogenesis, but did not appear 

to induce sex change in smaller males (Kim et al., 2014). It is unknown, to the best of our 

knowledge, if chronic treatment with kisspeptin can induce sex change in protogynous fishes.  

Arginine vasotocin (AVT; homolog of mammalian vasopressin, AVP) is another 

important peptide that has been mainly studied for its regulation of social behaviors in many 

vertebrates, including sex-changing fishes (reviewed by Godwin and Thompson, 2012). Like 

GnRH1, AVT expression or neuronal properties often differ among phenotypes within 

preoptic sub-regions and can change with socially-induced behavioral and reproductive 

changes in sexually-plastic vertebrates (e.g., Grober and Sunobe, 1996; Godwin et al., 2000; 

Greenwood et al., 2008; reviewed by Foran and Bass, 1999; Godwin and Thompson, 2012). 

Although AVT administration to females and initial phase males of the sexually-plastic 
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species Thalassoma bifasciatum (bluehead wrasse) was not sufficient to induce behavioral 

sex change in females or role change in initial phase males to the dominant terminal phase 

(TP) male phenotype in the presence of TP males, AVT signaling was necessary for females 

to behaviorally change sex in the absence of TP males (Semsar and Godwin, 2004). 

Functional and anatomical connections between AVT/AVP and kisspeptin or GnRH1 

neurons have been observed in fishes and mammals (Saito et al., 2003; Vida et al., 2010; 

Williams et al, 2011; Kanda et al., 2013a; Kline et al., 2016), raising the possibility that the 

AVT, kisspeptin, and GnRH1 systems interact to regulate reproductive changes in sexually-

plastic species.  

We addressed potential connections among these neuropeptide systems using the 

well-studied Caribbean coral reef fish, the bluehead wrasse (Thalassoma bifasciatum). In this 

species, large females can undergo sex change following removal of terminal phase (TP) 

males from social groups (Warner and Swearer, 1991). Females can begin displaying TP 

male-typical behaviors within minutes to hours following TP male removal and begin 

producing mature sperm in their newly-formed testes in as little as 8-10 days (Warner and 

Swearer, 1991; for images of gonadal sex change stages, see Lamm et al., 2015; Liu et al., 

2017). Both avt mRNA abundance in the magnocellular preoptic area and preoptic GnRH 

cell number have been reported to increase during sex change (Grober and Bass, 1991b; 

Godwin et al., 2000; but see Lamm, Chapter III). There are also fluctuations in hypothalamic 

kissr2 mRNA abundance during sex change, suggesting alterations in kisspeptin signaling 

(Lamm, Chapter III).  

 In this study, we tested the hypotheses that 1) GnRH1, kisspeptin, and AVT have 

functional and anatomical interactions and 2) kisspeptin can induce gonadal sex change in 
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females in the presence of TP males (a social condition that is inhibitory to sex change). In 

the first experiment, we injected captive females with the kiss2 decapeptide (kiss2-10) and 

examined gnrh1 and avt abundance after 6 hours. Preliminary injections with kiss1-10 

showed no significant effect on gnrh1 expression (Supplemental Figure 2). Therefore, we did 

not continue with use of this peptide. In the second experiment, we injected captive females 

under different estrogenic conditions with AVT or the longer form of kiss2 (kiss2-12), which 

is more active than kiss2-10 in other fishes according to receptor binding assays (Lee et al., 

2009; Ohga et al., 2013; Felip et al., 2015), and examined expression of hypothalamic genes. 

The actions of kisspeptin can depend on gonadal state (e.g., Zmora et al., 2012), and we 

previously observed regressed ovaries in many captive females (Lamm and Godwin, 

unpublished; see Supplemental Fig. 3 for images of ovarian stages). Therefore, we 

supplemented half of the females with an estrogen implant and the other half with a 

cholesterol implant to determine if altered estrogen levels affect the actions of kisspeptin on 

gene expression. In the third experiment, we tested whether implantation with kiss2-10 for 9-

10 days could induce gonadal sex change in females under social conditions inhibitory for 

sex change. Socially-inhibitory conditions were achieved by not removing dominant terminal 

phase males, and 9-10 days is the approximate amount of time necessary for sex change 

under socially-permissive conditions on reefs. Finally, we assessed neuroanatomical 

connections between the AVT, kisspeptin, and GnRH1 systems with double-label in situ 

hybridization assays. These studies contribute to our understanding of functional and 

anatomical connections among these neuropeptide systems and suggest interactions could be 

important for coordinating socially-induced reproductive changes. 
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MATERIALS AND METHODS 

Animals 

Adult bluehead wrasses were captured from patch reefs within Glover’s Reef Atoll, 

Middle Caye, Belize (approx. 16°45’N 87°49’W) in Nov-Dec 2013 and off the coast of Key 

Largo, Florida (approx. 25°12'N 80°14'W) in May-June 2014 and 2015. Adults (> 45 mm 

standard length, SL) were collected by baiting a 0.8 m diameter X 0.9 m depth circular lift 

net (Memphis Net and Twine Co., Memphis, TN). Specifics on experimental procedures are 

provided in subsections below. Study procedures were approved by the Institutional Animal 

Care and Use Committee at North Carolina State University. 

 

Brain dissections 

Brains used for qRT-PCR analysis were either processed for whole-brain gene 

expression analysis when measuring gnrh1 and avt mRNA abundance, or, when also seeking 

to measure expression of kisspeptin genes, were dissected with fine forceps to separate 

neuronal populations that express kiss1 (the habenula and lateral hypothalamic nucleus; see 

Chapter II). In the latter case, the hindbrain (corpus cerebelli and brainstem) was first 

removed from the forebrain/midbrain. The forebrain/midbrain was then divided into two 

regions to separate the kiss1 neuronal populations, as detailed in Chapter III: 1) 

telencephalon/midbrain/dorsal diencephalon (T/M/D) and 2) the ventral diencephalon 

(Hyp; see Supplemental Table 1 for neuronal populations contained in each region). The 

pituitary was not included in analyses because very few of the dissected brains had the 

pituitaries still attached. Excess RNAlater was removed from the whole brain or dissected 

regions by blotting with a Kimwipe (Kimberly-Clark Professional, Roswell, GA). As also 
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shown in Chapter III, brain mass (mg) showed a strong linear correlation to standard length 

(SL; Supplemental Fig. 1).  

 

Neuropeptides and Hormones 

 Cleavage of a mature kiss2 decapeptide and dodecapeptide was previously 

predicted from the putative bluehead wrasse kiss2 preprohormone sequence (Genbank 

accession number AFU08233; Chapter II): FNFNPFGLRF and SKFNFNPFGLRF, 

respectively. C-terminus amidated kiss2-10 (FNFNPFGLRF-NH2) and kiss2-12 

(SKFNFNPFGLRF-NH2) peptides were custom synthesized (kiss2-10, > 95% purity: 

Thermo Fisher Scientific, Waltham, MA; kiss2-12, > 95% purity: American Peptide 

Company, Sunnyvale, CA). These hormones were used for intraperitoneal injections and 

implantation, as specified for Experiments 1-3 below. 

 [Arg8]-Vasotocin (> 95% purity, C-terminus amidation; American Peptide 

Company, Sunnyvale, CA) was used for intraperitoneal injections. Previous studies in the 

bluehead wrasse demonstrated an effect of this hormone on TP male-typical behaviors 

(Semsar et al., 2001).  

 β-Estradiol (> 98% purity, Sigma-Aldrich, St. Louis, MO) and cholesterol (> 99% 

purity, Sigma-Aldrich) were used to make silastic implants for Experiment 2, as specified 

below. Cholesterol and cellulose (Sigma-Aldrich) were used to make peptide implants for 

Experiment 3.  
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Experiment 1: kiss2-10 manipulations in captive females 

kiss2-10 injections: Over the course of two days, initial phase (IP) adults (females and 

IP males) > 50 mm standard length (SL) and two TP males were captured from two 

neighboring patch reefs off Glover’s Reef Research Station, Belize in Dec 2013. IP 

individuals were sexed by extrusion of gametes with gentle abdominal pressure and 

examination of the sexually dimorphic genital papilla in cases where individuals did not 

release hydrated eggs or milt. Individuals classified as female were used in this experiment, 

while IP males were released back onto their home reefs. Twenty-four individuals classified 

as female were anesthetized for 4 min in 0.1 g/L ethyl 3-aminobenzoate methanesulfonate 

(MS-222; Sigma-Aldrich, St. Louis, MO), measured to the nearest 0.1 mm SL, and Floy-

tagged (Floy Tag & Manufacturing Inc., Seattle, WA) under the dorsal musculature with 

unique combinations of two colored beads (#11 size plastic seed beads). Fish recovered in 

aerated sea water. Individuals were randomly assigned to one of two 50-gallon tanks, with 12 

females per tank. One TP male was placed in each tank to prevent individuals from becoming 

dominant and potentially changing sex. Tanks were set up in a shaded outdoor wet lab at 

Glover’s Reef Research Station. Tanks contained identical numbers of cut 2.5-cm diameter X 

10-cm long PVC pipe to provide shelter, dead coral and floating Sargassum seaweed for 

structure, and an aerator. During the day, sea water was slowly pumped into each tank at 

similar rates to flush out dissolved wastes. Fish were fed daily with finely-chopped fish and 

conch to satiation.  

Following 5-6 days of acclimation, individuals were injected intraperitoneally from 

0829-1027h with one of three treatments: saline (0.9% NaCl), 2 nmol/g body weight (BW) 

kiss2-10 in saline, or 10 nmol/g BW kiss2-10 in saline. These doses were selected based on 
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significant upregulation of gnrh1 transcription in female orange-spotted grouper 6 h after 

intraperitoneal injection with 2 nmol/g BW kiss2-10 (Shi et al., 2010). Injection volumes 

were 10 µl/g BW and ranged from 19.2-56.3 µl. BW was estimated from a length-weight 

regression using the known SL of the tagged individuals. Treatments were balanced by size, 

and injection order was randomized. Six hours after injection, fish were sacrificed in an 

overdose of MS-222 in sea water and rapidly decapitated. Brains were rapidly removed, 

preserved in RNAlater (Ambion, Austin, TX), and stored at -20°C temporarily until transfer 

to -80 °C. Three individuals were IP male upon examination of the gonads and were 

excluded from further analysis. One female died prior to injection, and one processed brain 

sample was excluded due to excess evaporation of cDNA during storage at -20 °C. This 

yielded final sample sizes of n=5 for saline-injected females (52.6 – 71.0 mm SL), n=7 for 

females treated with 2 nmol/g BW kiss2-10 (52.2 – 66.4 mm SL), and n=7 for females 

treated with 10 nmol/g BW kiss2-10 (51.5 – 76.6 mm SL). SL did not significantly vary 

among treatment groups (one-way ANOVA, p = 0.82). 

qRT-PCR: Total RNA from whole brains was isolated by homogenization in 1 ml 

TRIzol Reagent (Ambion) with 0.5 mm zirconium oxide beads in a Bullet Blender (Next 

Advance, Averill Park, NY), followed by 0.2 ml chloroform to phase-separate the 

homogenate. The aqueous layer was mixed with 500 µl isopropanol to precipitate the RNA, 

and centrifugation was performed to pellet the RNA. The RNA pellet was washed twice with 

75% ethanol. After removing excess ethanol, the pellet was resuspended in 50 µl RNase-free 

water. Total RNA (6.8 µg) was DNase-treated in 20-µl reactions for 30 min at 37 °C 

(TURBO DNA-free Kit, Ambion) following the manufacturer’s protocol. RNA concentration 
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and purity were determined spectrophotometrically (NanoDrop 1000, Wilmington, DE), and 

integrity was confirmed in a 1% agarose gel containing ethidium bromide.  

One µg total RNA was reverse-transcribed in 20-µl reactions using a SuperScript III 

First-Strand Synthesis System for RT-PCR kit (Invitrogen, Carlsbad, CA) following the 

manufacturer’s protocol. Both random hexamers and oligo(dT)20 were used for priming. 

Control reactions contained water in place of RNA (“no template control”) and water in place 

of RT (“no transcriptase control”). Samples were treated with 1 µl RNase H for 20 min at 37 

°C and diluted 10-fold in RNase-free water to 5 ng/µl. A series of eight cDNA standards 

were diluted from reverse-transcribed pooled RNA (50-0.01 ng/µl).   

As detailed in Chapter III, qRT-PCR primers (Table 1) were designed in Primer-

BLAST (NCBI) to bluehead wrasse gnrh1 (JX437964.1), avt (AY167033.1), and the 

reference genes ef1a (JQ639048.1) and rpl9 (transcriptome assembly in Liu et al., 2015). 

Primers spanned at least one putative exon-exon boundary (gnrh1, avt, ef1a pair 3, and rpl9). 

Prior to qRT-PCR, primers were tested on brain cDNA and amplicons were Sanger-

sequenced (Genomic Sciences Laboratory, North Carolina State University, Raleigh, NC) to 

confirm gene identities. Samples were measured in triplicate for gnrh1, avt, rpl9, and ef1a in 

384-well plates on a CFX-384 Touch Real-Time PCR Detection System (Bio-Rad, Hercules, 

CA). Each 10-µl reaction contained 5 µl 2X SsoAdvanced Universal SYBR Green Supermix 

(Bio-Rad), 1.5 µl each primer (300 nM final), and 2 µl sample. Thermal conditions were 

95°C for 30 sec (1X), 95°C for 15 sec and 60°C for 30 sec (40X), and a melting curve. Wells 

were deleted in cases of unusual melting curves or if a Ct value was > 0.5 Ct from the 

triplicate mean. cDNA values for each gene were calculated from standard curves. Values 
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were normalized to (divided by) the geometric mean of the reference genes ef1a and rpl9 to 

control for input RNA concentration, integrity, and technical errors.  

 

Experiment 2: kiss2-12 and AVT manipulations in estradiol- or cholesterol-implanted 

captive females 

Estradiol (E2) or cholesterol (CHL) implants: To determine if variation in estrogen 

environment affects the actions of kiss2 and AVT on mRNA abundance of potential target 

genes, gonadally-intact females were implanted with slow-release E2 or CHL implants prior 

to injection. We previously observed regressed ovaries in many captive females containing 

only primary oocytes or some cortical alveolus oocytes, with few if any vitellogenic or 

mature oocytes (Lamm and Godwin, unpublished; see Supplemental Figs. 3 and 4 for images 

of ovarian stages). Furthermore, females in captivity have lower mRNA abundance of brain 

aromatase (cyp19a1b) in the forebrain/midbrain than females on reefs (Phillips and Godwin, 

unpublished; and see Fig. 2). This may be indicative of lower circulating levels of E2 since 

cyp19a1b expression and circulating E2 are often positively correlated in teleost fishes due to 

upregulation of cyp19a1b expression by E2 (Diotel et al., 2010). Therefore, we aimed to 

increase estrogen levels in gonadally-intact females to determine if estrogen may alter the 

actions of kiss2 and AVT. E2 and CHL implants were made following methods by Marsh-

Hunkin et al. (2013). These methods were chosen because those E2 implants increased 

cyp19a1b mRNA in situ hybridization signal in the preoptic area of gonadally-intact females 

on reefs 50% relative to CHL-implanted females (Marsh-Hunkin et al., 2013). Furthermore, 

those E2 implants prevented females from changing sex behaviorally on reefs following TP 

male removal, which demonstrated a physiological effect. Silastic implants (Silastic tubing, 
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1.47mm ID, 1.96mm OD, Dow Corning, Midland, MI) were packed with either β-Estradiol 

(E2; 8 mm packed length, 12 mm total length) or cholesterol (CHL; 8 mm packed length, 12 

mm total length) and sealed with 2 mm food-grade silicone on both ends. Implants were 

rinsed twice in 100% ethanol and once in saline to remove E2 or CHL from the outside. 

Implantation: Females > 45 mm SL were captured from five patch reefs over three 

days in June 2015 off Key Largo, FL and were placed into one of eight pens, 10 females per 

pen. Pens measured 50 cm x 40.5 cm x 56 cm and were lined with 6.35 mm plastic mesh on 

the inside and 12.7 mm plastic mesh on the outside. A foam lid was placed over each pen to 

prevent predation from birds. Each pen was placed in a circular 900 L pool outdoors and 

shaded in blue tarp to prevent overheating from direct sunlight. Four aerators were spaced 

evenly apart at the periphery of the pool. Average water depth in each pen was 19 cm. Sea 

water was pumped into the pool at night at a rate of ~4 L per minute, with a turnover rate of 

~4 h. Equal numbers of cut PVC tubing were placed in each pen to provide structure and 

shelter. Fish were fed finely-chopped squid and shrimp daily to satiation. Implantation was 

performed over the course of three days, five days after capture for the fish in each pen. 

Females were anesthetized for 5 min in 0.1 g/L MS-222 in aerated sea water, Floy-tagged, 

measured to the nearest 0.1 mm SL, and implanted with CHL or E2.  Implants were placed 

through a ~3 mm mid-ventral incision into the intraperitoneal cavity, and the incision was 

sutured with 6-0 surgical silk. Females recovered in aerated sea water and were return to their 

pens. Implants were balanced by size and alternated, such that five individuals per pen 

received CHL and five received E2, with the largest from four pens receiving CHL and the 

largest from the other four pens receiving E2.  
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kiss2-12 and AVT injections: Five days after implantation, over the course of three 

days, females were injected with one of five treatments: 1) saline, 2) 0.02 nmol/g BW kiss2-

12, 3) 0.2 nmol/g BW kiss2-12, 4) 2 nmol/g BW kiss2-12, or 5) 0.95 nmol/g BW AVT. 

Doses of kiss2-12 were chosen based on observed effects of 2 nmol/g BW and 10 nmol/g 

BW kiss2-10 on gnrh1 expression in females from 2013. Therefore, we decided to treat with 

a 10-fold and 100-fold dilution of kiss2-12 to determine dose-responses. The dose of AVT 

was chosen based on observed behavioral effects in bluehead wrasses on reefs (1 µg/g BW; 

Semsar et al., 2001). Treatments were balanced by size, pen, and time of injection. One 

individual per pen per implant received each treatment. BW was estimated from a length-

weight regression using the known SL of the tagged individuals. Females were injected 

intraperitoneally with volumes of 10 µl/g BW, ranging from 15.3-58.9 µl, from 0917-1207h. 

Females were returned to their pens and sacrificed 6 hours later in an overdose of MS-222 

followed by decapitation. Brains were rapidly removed, preserved in RNAlater (Ambion, 

Austin, TX), and stored at -20°C temporarily until transfer to -80 °C. One gonadal lobe was 

fixed in 4% paraformaldehyde in 1X phosphate-buffered saline (PBS) overnight at 4 °C, 

followed by storage in 1X PBS until histological processing.  

Twelve females were excluded from the analysis due to problems following surgery 

including survival (five E2 implants), lost implants (three CHL implants), proper healing 

from surgery (one), bleeding during injection (one), and dissection quality (two). In total, 68 

females in this experiment were further assessed: CHL + saline (n = 7; 57.0 – 70.9 mm SL), 

CHL + 0.02 nmol/g BW kiss2-12 (n = 7; 53.3 – 68.3 mm SL), CHL + 0.2 nmol/g BW kiss2-

12 (n = 6; 52.2 – 69.0 mm SL), CHL + 2 nmol/g BW kiss2-12 (n = 6; 57.6 – 80.1 mm SL), 

CHL + 0.95 nmol/g BW AVT (n = 8; 50.8 – 72.4 mm SL), E2 + saline (n = 8; 50.4 – 75.2 
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mm SL), E2 + 0.02 nmol/g BW kiss2-12 (n = 8; 55.5 – 73.7 mm SL), E2 + 0.2 nmol/g BW 

kiss2-12 (n = 7; 53.1 – 67.4 mm SL), E2 + 2 nmol/g BW kiss2-12 (n = 5; 55.9 – 68.8 mm 

SL), and E2 + 0.95 nmol/g BW AVT (n = 6; 57.6 – 74.2 mm SL). Standard lengths did not 

significantly vary among treatments (two-way ANOVA, p = 0.98; implant, p = 0.91; 

injection, p = 0.89; their interaction, p = 0.89).   

Gonadal histology: To determine if ovarian state varied between E2 and CHL-

implanted females, the fixed gonadal lobe from saline-injected E2 and CHL females was 

processed for hematoxylin and eosin histological staining (Histology Laboratory, College of 

Veterinary Medicine, NC State University, Raleigh, NC).  

qRT-PCR: Brains were dissected into the following regions after removing the 

hindbrain (corpus cerebelli and brainstem) to separate kiss1-expressing neuronal populations: 

1) telencephalon/midbrain/dorsal diencephalon (T/M/D) and 2) ventral diencephalon (Hyp). 

Total RNA was isolated by homogenization in 1 ml TRI Reagent Solution (Ambion, Austin, 

TX) with 0.5 mm zirconium oxide beads in a Bullet Blender (Next Advance, Averill Park, 

NY), followed by 1-Bromo-3-chloropropane (BCP) to phase-separate the homogenate. The 

aqueous phase was mixed with an equal volume of 70% ethanol, and RNA was purified 

using a Total RNA Purification Kit (Norgen Biotek, Thorold, ON, Canada) following the 

manufacturer’s protocol. DNase treatment (Norgen Biotek) was performed on-column at 

30°C for 15 min. RNA concentration and purity were determined spectrophotometrically, 

and integrity was confirmed in 1% agarose gels containing ethidium bromide. 

Total RNA (630 ng) from each sample was reverse-transcribed using a SuperScript 

III First-Strand Synthesis System for RT-PCR kit (Invitrogen, Carlsbad, CA) according to the 

manufacturer’s protocol. Reactions were scaled down from 20-µl to 18-µl. Both random 
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hexamers and oligo(dT)20 were used for priming. A “no template control” and “no 

transcriptase control” were run in parallel reactions. cDNA was diluted 10-fold in RNase-free 

water to 3.5 ng/µl. Using methods detailed in Experiment 1 (all primer pairs were previously 

validated in Chapter III), samples were measured in triplicate for gnrh1, avt, kiss1, kissr1, 

kissr2, cyp19a1b, rpl9, and ef1a in the T/M/D and kiss1, kiss2, ef1a, and rpl9 in the Hyp. 

Additionally, cyp19a1b, ef1a, and rpl9 were measured in the T/M/D of tagged females 

captured from Florida reefs in 2015 (used in Chapter III) in order to compare cyp19a1b 

expression between captive CHL/E2-implanted females and spawning females captured 

directly from the reef without manipulation. The reef-caught females were captured from 

reefs that were experimentally manipulated to induce sex change in large females, but these 

females were controls that remained female throughout the social manipulation. Results for 

kiss2 are not presented due to an unacceptable amplification efficiency during the qRT-PCR 

reaction (> 110%, despite the absence of primer-dimers) and potential division of kiss2 

neurons during the dissection. Preliminary results suggest no significant effects of implant or 

injection on kiss2 expression. 

 

Experiment 3: Chronic kiss2-10 treatment in females on reefs 

kiss2-10 implants: Females were treated with slow-release kiss2-10 implants for 9-10 

days to determine if chronic elevation of kiss2-10 could induce gonadal sex change under 

socially-inhibitory conditions (TP males present on reefs). Sex change is completed 

gonadally in approximately 8-10 days based on previous studies (Warner and Swearer, 1991) 

or in advanced stages of testicular proliferation based on our findings (Chapter III). Matrix 

implants containing 95% cholesterol, 5% cellulose, and different doses of kiss2-10 were 
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constructed using methods developed by Woods and Sullivan (1993) for making GnRHa 

implants to induce spawning in captive striped bass. Briefly, pellets (2 mm diameter x 8 mm 

length) were constructed using a custom press (kindly provided by Dr. Benjamin Reading). 

Pellets were cut in half with a razor to yield lengths of 4 mm (~16 mg). Doses of kiss2-10 per 

half pellet were 0 µg, 1 µg (1.3 nmol), 10 µg (13 nmol), and 100 µg (130 nmol). These 

treatments are 0, 0.25, 2.5, and 25 µg kiss2-10/g BW for an average bluehead wrasse female 

weighing 4 g. Given a relative lack of studies addressing kisspeptin implant effects to draw 

on at the time, we sought to examine a range informed by the following previous findings: 1) 

pellets containing 100 µg of the decapeptide GnRHa (roughly 0.016 µg/g BW for a 6-kg 

female) were able to induce oocyte maturation and spawning in female striped bass (Woods 

and Sullivan, 1993), and 2) bi-weekly intramuscular injections of 0.25 µg/g BW kiss2-10 for 

14 weeks was able to advance puberty in juvenile female white bass (Beck et al., 2012). 

Therefore, we aimed to achieve slow-release kiss2-10 doses that approximated and surpassed 

this range.  

 Implantation: Initial phase individuals > 45 mm SL were collected from five small 

patch reefs off Glover’s Reef Research Station, Belize in Dec 2013 and brought back to the 

Station. Fish were sexed and those classified as female were used in this experiment. Under 

anesthesia (0.1 g/L MS-222 for 6-10 min), females were measured to the nearest 0.1 mm SL, 

Floy-tagged, and intraperitoneally implanted with 0, 1, 10, or 100 µg kiss2-10 through a ~3 

mm mid-ventral incision. The incision was sutured with 6-0 surgical silk, and fish recovered 

in aerated sea water. Implant doses were assigned to females randomly. Females and IP 

males were returned to their home reefs that evening or the following morning. TP males 

were left on the reef to maintain conditions socially inhibitory to sex change. Nine to ten 
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days following implantation, females were collected between 0835-1133 h and sacrificed on 

a waiting boat in an overdose of MS-222 within two minutes of recapture.  

Following rapid decapitation, brains were removed, preserved in RNAlater (Ambion), 

and stored at -20°C temporarily until transfer to -80 °C. One gonadal lobe was fixed in 4% 

paraformaldehyde in 1X phosphate-buffered saline (PBS) overnight at 4 °C and stored in 1X 

PBS until histological processing. An implant was found in all recaptured fish. The tags of 

two recaptured females fell out and these females could not be unambiguously identified by 

size. Therefore, these individuals were excluded from analysis. Four individuals (one fish 

treated with 0 µg kiss2-10 and three fish treated with 1 µg kiss2-10) had noted testes upon 

collection with evidence of advanced spermatogenesis upon histological examination, more 

advanced than what we have previously observed in sex-changed females at 9-10 days. These 

individuals did not release gametes at the time of tagging and sexing and were originally 

sexed by gonadal morphology. We consider it likely that these individuals were IP males or 

transitioning females at the time of implantation and were misclassified based on the genital 

papilla. Therefore, these individuals were excluded from analysis. However, including these 

individuals as sex-changers in analysis to test for treatment effect on gonadal state did not 

alter the statistical outcome (Fisher’s exact test). Twenty-two recaptured individuals were 

analyzed: 0 µg kiss2-10 (n = 6; 59.1 – 83.0 mm SL), 1 µg kiss2-10 (n = 6; 54.0 – 82.7 mm 

SL), 10 µg kiss2-10 (n = 5; 55.3 – 70.2 mm SL), and 100 µg kiss2-10 (n = 5; 54.0 – 77.5 mm 

SL). Standard lengths did not differ significantly among treatment groups (one-way 

ANOVA, p = 0.81).  

Gonadal histology: The fixed gonadal lobe from each sample was processed for 

hematoxylin and eosin histological staining (Histology Laboratory, College of Veterinary 
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Medicine, NC State University, Raleigh, NC). Images of representative gonadal states were 

captured under an Olympus BH-2 microscope (Olympus Corporation, Tokyo, Japan) with a 

C-mounted DR-5 camera (Southern Microscope, Haw River, NC). 

 qRT-PCR: Total RNA was isolated from whole brains as in Experiment 1. RNA (5.1 

µg) was DNase-treated in 20-µl reactions for 30 min at 37 °C (TURBO DNA-free Kit, 

Ambion) following the manufacturer’s protocol. RNA concentration and purity were 

determined spectrophotometrically, and integrity was confirmed using a 1% agarose gel. One 

µg total RNA was reverse-transcribed and samples were measured in triplicate for gnrh1, 

rpl9, and ef1a using methods detailed in Experiment 1.  

 

Double-label in situ hybridization (ISH) 

 Sampling:  Females and TP males were captured from patch reefs off the coast of 

Key Largo, FL in 2014 and 2015. Within two mins of capture, fish were euthanized on a 

waiting boat in an overdose of MS-222 and rapidly decapitated. Brains were removed and 

flash-frozen on dry ice. Brains were stored in tubes on dry ice until transfer to -80 °C.  

Tissue processing: Brains were processed for ISH as detailed in Chapter II. Briefly, 

frozen brains were embedded in Tissue-Tek O.C.T. Compound (Sakura Finetek, Torrance, 

CA), coronally cryosectioned at 20 µm in six alternating series (100 µm between successive 

sections), and mounted to Fisherbrand Superfrost Plus Microscope Slides (Fisher Scientific, 

Hampton, NH). Slides were fixed in 4% paraformaldehyde in 1X phosphate buffer saline 

(PBS) for 10 min, acetylated in 0.25% acetic anhydride/TEA for 15 min, rinsed in 2X sodium 

saline citrate (SSC), and dehydrated in a series of ethanol washes. Fixed slides were stored at 

-80°C prior to ISH. 
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Digoxigenin (DIG)-labeled riboprobe synthesis (kissr1, kissr2, v1a1, v1a2): DIG-

labeled antisense and sense (control) riboprobes were previously synthesized for kissr1, 

kissr2, v1a2, and v1a2. Methods are detailed elsewhere (Chapter II; Lema et al., 2012). 

Primers used to clone the cDNA templates, riboprobe target lengths, and the RNA 

polymerases used to synthesize the probes are provided in Table 1.  

Fluorescein (FL)-labeled riboprobe synthesis (kiss1, kiss2, gnrh1, avt): cDNA 

templates containing T7 or SP6 promoter sites were previously cloned for kiss1, kiss2, and 

gnrh1 using primers listed in Table 1. Detailed methods for preparation of these templates 

are specified in Chapter II. To clone a partial fragment of avt cDNA in preparation for 

riboprobe synthesis, primers were designed to bluehead wrasse avt cDNA (Genbank 

accession number AY167033) in Primer-BLAST (NCBI, Table 1). A 140-bp partial fragment 

was cloned from bluehead wrasse brain cDNA and purified with an AxyPrep DNA Gel 

Extraction Kit (Axygen Scientific, Union City, CA) following the manufacturer’s protocol. 

Amplicons were ligated into pGEM-T Easy Vectors (Promega, Madison, WI) and cloned in 

JM109 E. coli cells (Promega). An insert-positive plasmid was purified with a QIAprep Spin 

Miniprep Kit (Qiagen, Hilden, Germany) and Sanger-sequenced to confirm avt identity and 

determine the direction of the insert. To linearize the plasmid and produce cDNA templates 

containing a T7 or SP6 RNA promoter sequence upstream of the gene-specific plasmid 

insert, the insert was amplified from the plasmid via PCR using an M13 primer at the 5' end 

of the gene insert and a gene-specific primer at the 3' end of the insert. PCR products were 

electrophoresed and bands of the expected size were excised. Bands were cleaned with the 

QiaQuick Gel Extraction Kit (Qiagen). DNA templates were treated with Proteinase K (100 
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ng/µl) at 50°C for 30 min to remove nucleases and cleaned via phenol-chloroform extraction 

and ethanol precipitation.  

Fluorescein (FL)-labeled antisense and sense RNA probes were synthesized from 

each gene-specific T7 or SP6 DNA template using a T7 or SP6 MEGAscript Transcription 

Kit (Ambion; see Table 1 for probe directions and sizes). The following reagents were added 

to each transcription reaction to yield probes containing 33% FL-labeled UTPs: 1) T7 

reactions: 2.0 µl each of ATP, CTP, and GTP solutions (75 mM), 1.32 µl UTP solution (75 

mM), 4.95 µl Fluorescein-12-UTP (10 mM; Roche Applied Science, Penzberg, Germany), 

2.0 µl T7 RNA polymerase, 0.2 µg T7 DNA template, 2.0 µl 10X buffer, and nuclease-free 

water to 20 µl; 2) SP6 reactions: 2.0 µl each of ATP, CTP, and GTP solutions (50 mM), 1.34 

µl UTP solution (50 mM), 3.3 µl Fluorescein-12-UTP (10 mM), 2.0 µl SP6 RNA 

polymerase, 0.2 µg SP6 DNA template, 2.0 µl 10X buffer, and nuclease-free water to 20 µl. 

The reactions were incubated at 37°C (T7) or 40°C (SP6) for 4 hours (gnrh1) or 16 hours 

(kiss1, kiss2, and avt), and the FL probes were cleaned with a MEGAclear Kit (Ambion). An 

aliquot of each probe was run in a 1% MOPS denaturing gel to verify correct sizes. RNA 

probe concentrations were measured spectrophotometrically and diluted to 50 ng/µl. 

Double-label ISH: The following combination of double-label ISHs were run to 

determine if mRNAs encoding kisspeptin receptors and AVT receptors co-localize within 

neurons containing mRNAs encoding GnRH1, kiss1, and kiss2: 1) kissr1-DIG + gnrh1-FL, 

2) kissr2-DIG + gnrh1-FL, 3) kissr1-DIG + avt-FL, 4) kissr2-DIG + avt-FL, 5) v1a1-DIG + 

kiss1-FL, 6) v1a2-DIG + kiss1-FL, 7) v1a1-DIG + kiss2-FL, and 8) v1a2-DIG + kiss2-FL. 

While we also performed v1a1-DIG + gnrh1-FL and v1a2-DIG + gnrh1-FL double-label 
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ISHs and found some evidence of co-localization, we are not prepared to present the data due 

to a lack of side-by-side control slides for these particular brains that appropriately developed 

signal for both gnrh1-FL and v1a1/v1a2-DIG probes.  

 One slide series from female brains and/or TP male brains was used for antisense ISH 

reactions, while an adjacent slide series was used for sense (control ISH) reactions to confirm 

the absence of non-specific binding. Several rounds of ISH were run on different brains for 

each double-label combination at different times, in most cases to more rigorously assess an 

absence of co-localization. Due to non-specific background coloration commonly developing 

for the DIG-labeled probes targeting kisspeptin receptors and vasotocin receptors, high 

stringency post-hybridization washes were employed to prevent the development of 

background coloration on antisense and sense slides. As a result, color development of DIG-

labeled probes was slowed, and fluorescence detection of FL-labeled probes was weak in 

certain reactions, particularly for kiss2.  

ISH reactions were modified from methods used in Chapter II. Briefly, slides were 

pre-hybridized for 1-3 hours at 65°C and hybridized overnight at 65 °C with 50 ng heat-

denatured antisense FL- and DIG-labeled probes (or sense probes) per slide (50 ng of each 

probe per 200 µl hyb solution). The following post-hybridization stringency washes were 

performed: three 10-min washes in 0.1X sodium saline citrate (SSC; first and middle or just 

middle wash heated at 60 °C). Unbound probe was digested with 0.2 µg/mL RNase A at 

room temperature for 30 min. Slides were washed in a series of 5-min SSC washes followed 

with a 30-min wash in 1X TBS (100 mM Tris pH 7.5 and 150 mM NaCl). 

DIG detection: Slides were incubated for 2 hours at room temperature with Anti-

DIG-AP antibody (Roche Applied Science) diluted 1:5000 in TBST (1X TBS/0.05% Tween-
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20). Slides were washed twice for 5 min in 1X TBS to remove unbound antibody and were 

treated for 30 min in blocking solution (5 mM levamisole, 100 mM Tris pH 9.5, 100 mM 

NaCl, and 50 mM MgCl2). Color reactions were performed at 22-30 °C with 4-nitro blue 

tetrazolium chloride (NBT, 0.376 mg/ml final) and 5-bromo-4-chloro-3-indolyl-phosphate 

(BCIP, 0.188 mg/ml final) in 100 mM Tris pH 9.5, 100 mM NaCl, 50 mM MgCl2, and 1% 

Tween-20. Once sufficient signal intensity was achieved (usually more than 24 h), color 

reactions were terminated with three 5-min washes in TBST.  

FL detection: Slides were quenched in 0.3% hydrogen peroxide in 1X PBS for 30 min 

and rinsed in TBST. Slides were then blocked for 30 min in 1% bovine serum albumin 

(BSA) in TBST prior to 24-hour incubation at 4 °C (or 1-hour incubation at room 

temperature) with Antifluorescein-HRP (PerkinElmer, Waltham, MA) diluted 1:500 in 

TBST. Following three 5-min washes in TBST to remove unbound antibody, slides were 

treated for 10 min with a Tyramide Signal Amplification kit (TSA Plus Fluorescein System, 

cat # NEL741001KT, PerkinElmer). After three 5-min washes in TBST, slides were 

counterstained for 15 min with 300 nM DAPI (4',6-diamidino-2-phenylindole, dilactate; 

Invitrogen, Carlsbad, CA). Slides were rinsed in deionized water, mounted with GelMount 

(Biomeda Corporation, Foster City, CA), and coverslipped. 

 Imaging: Fluorescent and bright field images were captured on a Nikon Eclipse 55i 

microscope with a Nikon Capture Digital Sight camera (Nikon Corporation, Tokyo, Japan). 

Image brightness and contrast were adjusted in ImageJ 1.49v (National Institutes of Health, 

Bethesda, MD). Purple precipitate from digoxigenin-labeled reactions was converted to false 

red coloration prior to merging with green fluorescent signal from fluorescein-labeled 

reactions.  
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Statistical analyses 

Statistical tests were performed in JMP Pro 13 (SAS Institute, Cary, NC). When 

Bartlett or Levene tests revealed unequal variances among groups, values were log-

transformed or square root-transformed to reduce heterogeneity of variance. For Experiment 

1, one-way ANOVAs with tank number nested in treatment were used to assess means of 

gene expression across treatment. For Experiment 2, mixed models with implant and 

injection as fixed effects and tank/pen number as a random effect were used to compare 

means of gene expression across groups. We ran pen number as a random effect as opposed 

to a nested effect because only one individual per treatment group was present in each pen. 

Pearson correlation coefficients were computed to assess the association between 

gene expression and body size for females in Experiments 1 and 2. In cases where there was 

a significant correlation, gene expression was compared before and after correction to 

standard length.  

Due to the presence of several statistical outliers, which were identified using 

Tukey’s IQR (interquartile range) test, gene expression values are represented by Tukey’s 

box plots. In nearly all cases, the presence of statistical outliers did not significantly affect 

the outcome. In one case where an outlier did alter the statistical outcome, p-values are 

presented with and without the outlier removed.  

 

RESULTS 

Experiment 1: kiss2-10 treatment decreased gnrh1 abundance in captive females 

 Treatment with kiss2-10 showed a statistical trend of altering whole-brain gnrh1 

expression 6 hours post-injection (one-way ANOVA, treatment effect: p = 0.0671; Fig. 1A), 
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with the 2 nmol/g BW group having lower gnrh1 expression compared to controls (Dunnett’s 

test, p < 0.05). Consistent with this result from the Dunnett's comparison, orthogonal 

contrasts revealed a significant difference between saline vs. kiss2-10 treated animals 

(orthogonal contrast, p = 0.0262; saline: +1; 2 nmol/g BW kiss2-10: -0.5; 10 nmol/g BW 

kiss2-10: -0.5). Expression of gnrh1 was positively correlated with body size (p < 0.05; Fig. 

1B). When correcting for body size, gnrh1 expression was significantly lower in both kiss2-

10 treatment groups compared to control females (one-way ANOVA, treatment effect: p < 

0.05; Dunnett’s test, p < 0.05 for both kiss2-10 groups compared to saline; Fig. 1C). Whole-

brain avt expression did not significantly differ among treatment groups (one-way ANOVA, 

treatment effect: p > 0.6; Fig. 1D). Although correlation between avt expression and body 

size showed a statistical trend (p = 0.0597; Fig. 1E), correction of avt expression for SL did 

not significantly alter the outcome of statistical comparisons (one-way ANOVA, treatment 

effect: p > 0.4; Fig. 1F).  

 

Experiment 2: kiss2-12 and AVT treatment under different estrogenic conditions 

 Estradiol (E2) implantation significantly increased expression of brain aromatase 

(cyp19a1b) in the telencephalon/midbrain/dorsal diencephalon (T/M/D) relative to 

cholesterol (CHL) implantation in captive females for 5 days prior to injection with saline, 

AVT, or kiss2-12 (Mixed model, implant: p < 0.0001; Fig. 2). Additionally, E2 saline-

injected females had 6-fold higher expression than CHL saline females (one-way ANOVA, p 

< 0.0001; Tukey’s HSD, p < 0.0001) and 2.9-fold higher expression than females sampled 

directly from reefs (Tukey’s HSD, p < 0.0001). Reef-caught females had 2.1-fold higher 
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cyp19a1b expression than CHL saline females (Tukey’s HSD, p < 0.001). The ovaries of 

saline-injected CHL and E2 females contained only primary oocytes (Supplemental Fig. 3). 

 T/M/D gnrh1 (aPPn population) expression was significantly elevated in E2 females 

(Mixed model, implant: p < 0.001; Fig. 3A), but injection did not affect expression (p > 0.9). 

Though the interaction between implant and injection was not significant overall (p = 0.13), a 

significant interaction was detected for the 0.2 nmol/g BW kiss2-12 treatment groups (p < 

0.05). There was no significant correlation between body size and gnrh1 expression in E2 

and CHL females (p > 0.1; Fig. 3B). Regardless, correcting for SL did not alter the outcome 

of statistical comparisons among treatment groups (not shown). T/M/D avt (entire POA 

populations) mRNA abundance showed a statistical trend of lower expression in E2 females 

than CHL females (Mixed model, p = 0.0958; Fig. 3C), but injection treatments did not alter 

avt expression (injection: p > 0.4; interaction: p > 0.8). Body size and avt mRNA abundance 

were positively correlated in E2- and CHL-implanted females (E2: p < 0.001; CHL: p < 

0.01), but correcting avt expression for SL did not alter the outcomes of statistical 

comparisons (data not shown). T/M/D expression of kissr1 (limited to aPPn and habenular 

populations) and kissr2 (widespread neuronal expression) did not vary among groups (Mixed 

models, p > 0.1 for implant, injection, and interaction for both genes; Figs. 3E and G). 

Additionally, body size was not significantly correlated to kissr1 (p > 0.1, Fig. 3F) or kissr2 

(p > 0.2, Fig. 3H). Expression of T/M/D kiss1 (habenular population) did not vary among 

treatment groups (Mixed model, p > 0.1 for implant, injection, and their interaction; Fig. 3I). 

Although T/M/D kiss1 and body length showed a statistical trend of positive correlation 

among CHL females (p = 0.0965; Fig. 3J), correcting T/M/D kiss1 by SL did not alter the 

outcome of statistical comparisons among groups (not shown).  
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Abundance of kiss1 mRNA in the ventral diencephalon/hypothalamus (Hyp; LHn 

population) was significantly higher in AVT-injected females with a statistical outlier 

excluded (Mixed model, injection: p < 0.05; implant and the interaction: p > 0.1 for both; 

Fig. 3K), but the difference between injection treatments was not significant with the outlier 

included (p = 0.14; p > 0.5 for implant and the interaction). Body size and Hyp kiss1 were 

not significantly correlated (p > 0.2 for CHL and E2; Fig. 3L).  

 

Experiment 3: chronic kiss2-10 treatment did not significantly alter gonadal state 

 Implantation with different slow-release doses of kiss2-10 for 9-10 days did not 

significantly alter gonadal state of females on reefs in the presence of TP males (Fisher’s 

exact test, p > 0.6; Fig. 4A). Nearly all recaptured females possessed ovaries, although these 

differed in terms of state of maturation. From most regressed to most mature, these included 

ovaries with only primary oocytes present, several cortical alveolar oocytes present, and 

several vitellogenic oocytes present (see Supplemental Fig. 4). One blank-implanted fish 

possessed gonads in stage 3-4 sex change (atretic primary oocytes and the appearance of 

presumed spermatogonia), and one sample implanted with 10 µg kiss2-10 had gonads in 

stage 5 of sex change (more advanced spermatogenesis, but no mature sperm). Whole-brain 

gnrh1 expression did not differ by treatment (one-way ANOVA, p > 0.8; Fig. 4B), but rather 

by ovarian state (one-way ANOVA, p < 0.01; Fig. 4C): females with ovaries containing 

vitellogenic oocytes had significantly greater gnrh1 mRNA abundance than females with 

ovaries containing only primary oocytes (Tukey’s HSD, p < 0.01).  
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Evidence of co-localization of avt and kissr2 mRNAs in the magnocellular preoptic 

nucleus 

 Neurons expressing gnrh1 did not co-express kissr1 but were adjacent to several 

kissr1-expressing neurons in the anterior parvocellular preoptic nucleus (aPPn; Fig. 5A-C). 

Similarly, gnrh1- and kissr2-expressing neurons co-regionalized in the aPPn, but co-localized 

signal was not detected (Fig. 5D-F). 

 Co-localization of avt and kissr2 mRNAs were identified within several neurons in 

the gigantocellular portion of the magnocellular preoptic nucleus (gMPn; Fig. 6D-F) and 

magnocellular preoptic nucleus (MPn; Fig. G-L). However, neither kissr1 (Fig. 6A-C) nor 

kissr2 (Fig. 6J-L) expression was detected in avt-expressing neurons in the anterior and 

posterior parvocellular preoptic nucleus (aPPn and pPPn, respectively). Images from 

reactions with avt and kissr2 sense probes are provided in Supplemental Fig. 5.  

 We failed to find evidence of co-localization of kiss1-expressing neurons in the lateral 

hypothalamic nucleus (LHn) with v1a1 or v1a2 mRNAs (Fig. 7A-F). Additionally, we did 

not find evidence of co-localization of kiss2-expressing neurons in the dorsal hypothalamus 

(DH) with v1a1 or v1a2 mRNAs (Fig. 8A-F).  

 

DISCUSSION 

This study demonstrated that kisspeptin can regulate the expression of gnrh1 in 

bluehead wrasses, although these effects varied across individual experiments and with 

evidence of dependence on estrogen environment.  Consistent with this effect, we found 

kisspeptin receptor mRNAs expressed in the vicinity of gnrh1-expressing neurons, although 

not co-localized with gnrh1. We also found evidence of interactions between the kisspeptin 
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and vasotocin systems, with AVT upregulating kiss1 in the ventral hypothalamus and 

detection of kisspeptin receptor expression in avt-expressing neurons. Kiss2 implants did not 

induce sex change under a socially-inhibitory natural environment, but overall our findings 

suggest modulation of reproductive function by the kisspeptin and AVT systems in the 

bluehead wrasse. 

 

Acute kiss2-10 treatment indirectly decreased gnrh1 expression in captive females 

Although the necessity of the kiss1 system in controlling reproductive events through 

stimulation of hypothalamic GnRH1 neurons is well-established in mammals (e.g., de Roux 

et al., 2003; Irwig et al., 2004; Navarro et al., 2004; Han et al., 2005; reviewed by Kauffman, 

2010), the effects of kisspeptins (kiss1 and/or kiss 2) on the HPG axis vary more across fish 

species and are likely modulatory rather than necessary (e.g., Pasquier et al., 2011; Beck et 

al., 2012; Zhao et al., 2014; Zmora et al., 2014; Tang et al., 2015; but see Zmora et al., 2015). 

Upregulation of gnrh1 expression and/or release of gonadotropins following kisspeptin 

treatment has been shown in several fishes, including the protogynous orange-spotted 

grouper using the same kiss2-10 dosage we employed in this study (2 nmol/g BW; Shi et al., 

2010). Down-regulation of gnrh1 expression following kisspeptin treatment, which we 

observed in Experiment 1 (Fig. 1A), also occurs in some fishes and is not always reflective of 

inhibition of the HPG axis. For example, intracerebroventricular (ICV) treatment of mature 

male European sea bass (Dicentrarchus labrax) with kiss1-15 or kiss2-12 downregulated 

gnrh1 in the forebrain/midbrain (preoptic population) after 6 hours, but significantly 

upregulated hypothalamic GnRH1 peptide content and LH release relative to controls 

(Espigares et al., 2015a). Similarly, ICV treatment of sexually immature female chub 
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mackerel (Scomber japonicus) with kiss1-15 or kiss2-12 downregulated gnrh1 mRNA after 

12 hours, while upregulating pituitary lhb and fshb expression in both males and females 

(Ohga et al., 2014). Using the shorter decapeptides, Kitahashi et al. (2009) showed that 

expression of gnrh3 (encodes the hypophysiotropic GnRH) in mature female zebrafish was 

unaltered 12 hr following intraperitoneal injection with kiss1-10 or kiss2-10, but pituitary 

expression of fshb and lhb were significantly upregulated by kiss2-10 (Kitahashi et al., 2009). 

Therefore, gnrh1 transcription may be downregulated or unchanged in fishes following 

kisspeptin treatment, despite an overall activation of the HPG axis.  

Our preliminary findings suggest that kiss1-10 does not modulate gnrh1 expression in 

captive females 6 hr after treatment (Supplemental Fig. 2). However, this does not rule out a 

potential effect on the HPG axis, given findings from the studies addressed above (Kitahashi 

et al., 2009; Ohga et al., 2014; Espigares et al., 2015a). It is also possible that the longer form 

(kiss1-15) is more biologically active based on predicted cleavage of kiss1-15 in the 

bluehead wrasse full-length kiss1 putative amino acid sequence (Lamm, Chapter II) and 

receptor binding assays in other fishes (Lee et al., 2009; Ohga et al., 2013; Felip et al., 2015). 

The majority of our samples did not have the pituitary attached to the brain following 

removal from the skull, and therefore we could not examine pituitary expression of 

gonadotropins or GnRH1 peptide content. In the future, it will be important to measure 

GnRH1 content in the pituitary and LH in the blood to determine if kisspeptin treatment can 

stimulate GnRH1 and LH release in the bluehead wrasse. Given the wide variability in 

results across fishes, it is difficult to infer effects of kisspeptin on the HPG axis based on 

gnrh1 expression alone. 
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Interestingly, we observed a significant positive correlation of gnrh1 expression with 

body size in captive females (Fig. 1B). Ovarian state of these females likely does not account 

for the differences in gnrh1, as captivity appears to cause ovarian regression in most females. 

Although the gonads of these females were not preserved for histological processing, we 

have mainly observed ovaries containing primary oocytes and few, if any, more mature 

oocytes in captive females (see Supplemental Fig. 3). Expression of gnrh1 may be partially 

linked to social status (Foran and Bass, 1999), as larger female bluehead wrasses tend to 

show more aggression toward smaller conspecifics. Body size and gnrh1 also showed a trend 

towards a positive correlation (p = 0.12) in females, IP males, and TP males sampled from 

reefs on a day without a spawning period (Lamm, Chapter III), suggesting this correlation 

between body size and gnrh1 expression exists under both captive and wild conditions 

outside of the spawning period. When correcting gnrh1 for body size, kiss2-10 treated 

females still had significantly lower expression of gnrh1 compared to controls (Fig. 1C), 

further supporting an effect of kiss2-10 on gnrh1. 

Surprisingly, we did not observe downregulation of gnrh1 by the longer and 

potentially more potent form by kiss2 (kiss2-12) in cholesterol (CHL)-implanted females in 

tanks (Fig. 3A), with or without correcting for body size (correction not shown). It is possible 

that surgical manipulation and different experimental conditions masked effects of kiss2-12 

on gnrh1 expression. It is also possible that we sampled the females too soon after kiss2-12 

injection. Although kiss2-10 showed a significant effect at 6 hr in Experiment 1, studies in 

other fishes have demonstrated significant effects at 12 or 24 hr, but not earlier (e.g., Zmora 

et al., 2012; Ohga et al., 2014). The significant interaction between implant and injection at 

the 0.2 nmol/g BW dose suggests this dose could be effective in altering gnrh1 expression 
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after a longer time frame or in surgically unmanipulated females, as in Experiment 1. An 

experimental time course for both kiss2-12 and kiss1-15 in surgically unmanipulated females 

would be informative.  

Kisspeptin receptor abundance in the brain of some fishes fluctuates with ovarian 

state, often showing higher expression in females in vitellogenic ovarian stages than 

immature stages (Alvarado et al., 2013; Ohga et al., 2013; Imamura et al., 2017). The actions 

of kisspeptin can vary by gonadal state (Zmora et al., 2012), potentially due to differences in 

receptor abundance. Therefore, kisspeptin signaling could be altered in captive vs. wild 

bluehead wrasse females, since captive saline-injected controls in our studies likely had only 

primary oocytes (Supplemental Fig. 3), while females on reefs usually have ovaries 

containing vitellogenic oocytes (e.g., control females sampled from socially-manipulated 

reefs in Chapter III). Since we previously observed lower neural expression of cyp19a1b in 

captive females than wild females that may be related to ovarian regression (Phillips and 

Godwin, unpublished), we tested whether E2 supplementation alters the effects of kiss2-12 

signaling in captive females. Although E2 did not noticeably alter the gonads compared to 

CHL females (Supplemental Fig. 3), the effects of kiss2-12 signaling on gnrh1 expression 

appeared to be altered. Apart from general upregulation of gnrh1 expression (but not of 

kissr1 or kissr2) by E2, there was a significant implant-by-injection interaction on gnrh1 

expression at the 0.2 nmol/g BW dose of kiss2-12 (Fig. 3A). Expression of gnrh1 was 

elevated in E2-implanted females relative to CHL-implanted females at this dose. While we 

likely increased estrogen conditions in E2-implanted females based on elevated expression of 

brain aromatase (cyp19a1b; Fig. 2; Marsh-Hunkin et al., 2013; Diotel et al., 2010), the 

treatment may have been pharmacological due to approximately 3-fold higher cyp19a1b 
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expression in E2-implanted captive females relative to reef-captured females. Measures of 

systemic levels of E2 would address this possibility. 

Effects of kisspeptins on GnRH1 neurons in the bluehead wrasse are likely indirect, 

since we found no evidence of co-localization of gnrh1 and kissr1/kissr2 mRNAs in the 

anterior parvocellular preoptic nucleus (Fig. 5). Several kissr1-expressing neurons were 

directly adjacent to gnrh1-expressing neurons. Kisspeptins could exert their effects through 

these neurons and/or nearby kissr2 neurons. Medaka (Oryzias latipes) also express kissr1 in 

neurons adjacent to gnrh1 neurons in the preoptic area, with no evidence of co-localization 

(Kanda et al., 2013a). While kisspeptin directly exerts its effects on GnRH1 neurons in 

mammals via the Kiss1r receptor (e.g., Irwig et al., 2004; Han et al., 2005; Messager et al., 

2005; Clarkson and Herbison, 2006), reports from fishes vary by whether GnRH1 neurons 

express kisspeptin receptor(s) (e.g., Parhar et al., 2004; Khan et al., 2008; Grone et al., 2010; 

Zmora et al., 2012; Escobar et al., 2013b; Kanda et al., 2013a; Ohga et al., 2017), and thus 

whether actions may be direct or indirect. Studies in fishes using receptor binding assays 

have revealed varying degrees of promiscuity between kisspeptins and their receptors (Lee et 

al., 2009; Ohga et al., 2013; Felip et al., 2015). Therefore, kiss2-10 could potentially act via 

kissr1 and/or kissr2-expressing neurons to alter gnrh1 expression in captive bluehead wrasse 

females.  

Although most studies in fishes have examined effects of peripheral administration of 

kisspeptins on the HPG axis, studies in European sea bass and chub mackerel demonstrated a 

reduction in gnrh1 transcription in adults following central administration of kiss1 and/or 

kiss2 (Ohga et al., 2014; Espigares et al., 2015a). We cannot rule out effects on gnrh1 

transcription from peripheral targets of kiss2 in our study, but based on evidence from 
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European sea bass and chub mackerel, it is likely that the effects we observed on gnrh1 were 

due to central actions of kiss2. 

 

Acute treatment with kiss2-10 or kiss2-12 did not alter avt mRNA abundance, despite 

co-localization of kissr2 in avt neurons  

 Due to the presence of kissr2 expression in avt-expressing neurons in the 

gigantocellular and magnocellular preoptic nucleus (Fig. 6), we tested whether kisspeptin 

treatment could alter avt expression in captive females. We observed no effect on avt 

expression after 6 hours in any treatment group, before or after correcting for body size (Figs. 

1D-F and 3C; Supplemental Fig. 2D-F). Body size and avt expression were positively 

correlated (Figs. 1E and 3D, Supplemental Fig. 2E), which may reflect dominance status 

among females in tanks. Due to stress from captivity, handling, surgical manipulation, and 

hormonal manipulation, avt expression in females could conceivably have reached a 

physiological ceiling during treatment. However, we did not directly compare avt expression 

between reef-sampled and captive females to support this possibility. Alternatively, kiss2 

may alter expression of avt in one preoptic subdivision, undetectable at the whole T/M/D 

level. Antagonizing kisspeptin signaling may more effectively reveal potential modulation of 

avt expression by the kisspeptin system. Expression of avt in striped bass males decreased 

following treatment with the kisspeptin receptor antagonists kiss-234 and kiss-359 (Zmora et 

al., 2015). These antagonists also downregulated preoptic gnrh1 expression, GnRH1 release,  

and milt production, revealing a stimulatory effect of kisspeptins on the HPG axis. In 

medaka, hypothalamic kiss1 neurons project to AVT neurons in the magnocellular preoptic 
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nucleus, where kissr2 co-expression occurs (Kanda et al., 2013a; Hasebe et al., 2014). It is 

possible this connection is also present in the bluehead wrasse.  

 

AVT treatment upregulated hypothalamic kiss1 expression, but not gnrh1 

We treated captive females with an intraperitoneal injection of AVT at a dose that 

previously altered the display of TP-male typical behavior (Semsar et al., 2001). Because we 

did not inject centrally, we cannot rule out peripheral effects from other targets of vasotocin, 

including potential upregulation of the stress axis and cortisol release. We observed no 

effects of AVT treatment on gnrh1 expression after 6 hr (Fig. 3A), despite evidence of co-

localization of gnrh1 with the vasotocin receptor v1a2 in fishes (Kline et al., 2016). We also 

did not observe differences in kissr1 or kissr2 abundance following treatment (Fig. 3E, 3G). 

Although we did not present kiss2 expression changes following treatment due to technical 

issues, preliminary findings suggested no difference among treatment groups (not shown). 

We also have yet to find evidence of co-localization of kiss2-expressing neurons with 

vasotocin receptors (Fig. 8).  

We observed higher hypothalamic kiss1 expression in AVT-treated females, which 

was significant following removal of a statistical outlier (Fig. 3K). Caution should be 

exercised when interpreting these kiss1 qRT-PCR results, as hypothalamic mRNA abundance 

of kiss1 was low in all samples, with most Ct values above 30 and some samples requiring 

deletion of wells due to values > 0.5 Ct from the triplicate mean. Surprisingly, E2 treatment 

did not alter Hyp kiss1 abundance in these females. This neuronal population in medaka and 

European sea bass is sensitive to estrogens and breeding conditions (Mitani et al., 2010; 

Escobar et al., 2013a). Although we do not know if kiss1 neurons in the bluehead wrasse 
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express estrogen receptors, hypothalamic kiss1 expression was lower in gonadectomized sex-

changing females relative to intact sex-changers (Lamm, Chapter III). In the future, it will be 

important to determine if these kiss1 neurons are directly sensitive to steroid hormone 

environment. 

We have not yet found evidence of co-localization of the vasotocin receptors v1a1 

and v1a2 with kiss1 in the lateral hypothalamic nucleus (LHn; Fig. 7), although this could be 

due to inadequate sensitivity of v1a1/v1a2 probe detection during in situ hybridization. 

Evidence from mammals suggests the potential of a direct effect of AVT on hypothalamic 

kiss1 neurons in bluehead wrasses. Arginine vasopressin (AVP) neurons in the 

suprachiasmatic nucleus of mice and Syrian hamsters directly contact kiss1 neurons in the 

rostral periventricular region of the third ventricle (RP3V, containing the AVPV and PeN 

populations; likely not homologous to the LHn of the bluehead wrasse; Vida et al., 2010; 

Williams et al., 2011). These kiss1 neurons in female Syrian hamsters are responsive to 

central AVP treatment in the morning and afternoon, whereas GnRH1 neurons are only 

sensitive to AVP treatment in the afternoon (Williams et al., 2011). It is possible that 

sensitivity of GnRH1 neurons to AVT also varies by time of day in the bluehead wrasse. We 

injected females with AVT in the morning in this study. However, preliminary results from 

injecting females with AVT in the evening (1834h – 2252h) also revealed no effect on gnrh1 

expression after one hour (Lamm and Godwin, unpublished). These findings could be due to 

a variety of factors including time of sacrifice after injection, peripheral vs. central 

administration, captive vs. wild fish, an effect of AVT on GnRH1 neuronal activation but not 

transcription, or no effect on GnRH1 neurons in the bluehead wrasse. Given that expression 

of hypothalamic kiss1 and preoptic avt are both TP-male biased in the bluehead wrasse 
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(Lamm, Chapter II; Godwin et al., 2000), with evidence of TP-male biased preoptic GnRH 

neuronal numbers (Grober et al., 1991a), it remains worthwhile investigating whether these 

systems interact to regulate reproductive functions in the bluehead wrasse.  

 

kiss2-10 implantation did not induce gonadal sex change in females on reefs 

 Implantation with kiss2-10 at doses ranging from 0-100 µg (approximately 0-25 µg/g 

BW) in a slow-release 95% cholesterol/5% cellulose matrix failed to induce gonadal sex 

change in females on reefs under social conditions inhibitory for sex change (TP males 

present; Fig. 4A). We removed four individuals from the analysis that we have reason to 

suspect were IP male or sex-changing individuals at the time of treatment, based on the 

mature state of the testes at sampling. Including these individuals in the analysis (Fisher’s 

exact test) did not significantly alter the outcome.  

 Females were treated with slow-release kiss2-10 for 9-10 days to approximate the 

time it generally takes for an ovary to transition to a testis (Warner and Swearer, 1991). 

Females from all treatment groups were in different stages of ovarian maturation or 

regression upon sampling, ranging from the presence of only primary oocytes to the presence 

of at least one vitellogenic oocyte (Supplemental Fig. 4). While breeding occurs year-round, 

not all females are continuously active (Warner and Robertson, 1978). We have observed 

periods of lower spawning activity on reefs off Glover’s Reef Research Station in Belize 

following a cold spell or strong winds during winter months. The females in this study were 

all implanted in December following a period of 5+ days of continuously strong winds, 

which likely explains the variation in ovarian states that we observed. Despite this variation, 

kiss2-10 implantation had no effect on ovarian maturation or gonadal sex change. Whole-
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brain gnrh1 expression did not vary by treatment, but rather by ovarian state (Fig. 4). 

Therefore, it is difficult to confirm that the implants increased kiss2-10 signaling given a lack 

of variation in gnrh1 among treatment groups. It is highly likely the implants released kiss2-

10 given the ability of these types of implants to release GnRHa and effectively induce 

spawning in captive striped bass at much lower doses per gram BW (Woods and Sullivan, 

1993). Apart from the possibility that kiss2 does not influence gonadal state in bluehead 

wrasse females on reefs, it is possible the doses were too high to be stimulatory. For instance, 

10-week implantation of 3-year-old pre-pubertal striped bass females (ovaries in 

previtellogenic stages) with kiss1-15 or kiss2-12 within a matrix of poly[ethylene-vinyl 

acetate] (EVAc) at doses of 0.025 or 0.075 µg/g BW for each peptide caused an increase in 

oocyte diameter at the lower kiss1-15 dose, but not at the higher dose and not with either 

dose of kiss2-12 (Zmora et al., 2014). Although the release dynamics of the implants may 

differ, the lowest kiss2-10 dose we used in our study was roughly 10-fold the dose at which 

kiss1-15 was mildly stimulatory in striped bass. It is also possible, given these findings in 

striped bass (Zmora et al., 2014) and effects of chronic human kiss1 administration on 

gonadal maturation (but not sex change) in males and females of the protandrous cinnamon 

clownfish (Amphiprion melanopus; Kim et al., 2014), that kiss1 may be a more potent 

stimulator of the HPG axis in the bluehead wrasse.  

  

Summary and Future Directions 

 Kisspeptins modulate the reproductive axis in a variety of vertebrates, though effects 

vary by species and gonadal state. In fishes that express kiss1 and kiss2, the actions of these 

peptides on the HPG axis often differ. In this study, we showed that peripheral kiss2-10 
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treatment can lower gnrh1 expression in captive females after 6 hr, though we failed to 

replicate the results with the kiss2-12 peptide in surgically-manipulated females and did not 

observe an effect of kiss2-10 implantation on gonadal state in females on reefs. Preliminary 

findings suggest that kiss1-10 does not modulate gnrh1 expression after 6 hr. However, 

because the response of gnrh1 to kisspeptin treatment does not always reflect stimulation of 

GnRH1 and gonadotropin release, it will be important in the future to examine GnRH1 

content and LH release following kisspeptin treatment. Because increased gonadotropic 

signaling can induce varying degrees of sex change in fishes, kiss1 and/or kiss2 may 

contribute to gonadal changes if found to be stimulatory to GnRH1 and gonadotropin 

secretion in the bluehead wrasse.  

 We found evidence of functional and anatomical connections between the AVT and 

kisspeptin systems in the bluehead wrasse. More double-label in situ hybridizations are 

required to determine a presence or absence of co-localization of vasotocin receptor and 

kisspeptin expression in neurons, given technical limitations of the v1a1 and v1a2 assays. 

Although the roles of these kisspeptin/vasotocin connections are currently unknown in fishes, 

these systems could work together to modulate critical reproductive events, including a 

dramatic shift in sex during adulthood in sexually-plastic vertebrates. 
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TABLES AND FIGURES 

Table 1. Gene-specific primers and amplicon lengths for quantitative reverse-transcription PCR (qRT-PCR) and in situ 
hybridization (ISH). ISH probes were labeled with fluorescein (FL) or digoxigenin (DIG). RNA polymerases (T7 or SP6) for 
synthesis of antisense and sense probes are specified.  
 
 
 

qRT-PCR     

 
Transcript 

 
Forward primer (5'-3') 

 
Reverse primer (5'-3') 

Amplicon 
size (bp)  

 
kiss1 

 
ACACCTCAGAACGGGACTTT 

 
CAACTCCCAGAATGCTTCGC 

            
           85   

kiss2 CAACAGATTCAGTCATCCACGC TTTACTCCTCCGGTCGTTGC           134   

kissr1 GCCTTCATGCTGAAACGCAT AACAGGACCACCATCACCAC           137 
kissr2 ACAGTCTACCCTCTGAAATCTCTCC CCCATACCAGTAACCCTCCTCTA           141 
gnrh1 GCTGTCAGCACTGGTCATTTG GAAGCACCTCAACTACATTATCCAG            93 
avt TCACTCCGTGATCCCTCTGT GCATGCACTGTCTGATCCCA           122  

cyp19a1b AGACGACAACATCGAGGGAA ACTGGGCACTGTTCTGTCAAA           136  

ef1a GCCCGTTTTGAGGAAATCCA AGCCCATCTTGTCACTGGC           136  

rpl9 GACTTTGGGTTTCCGCTACA GAAGTTCCTGATCTCCACCATAC           100  

 ISH     

 Transcript Label Forward primer (5'-3') Reverse primer (5'-3') Amplicon 
size (bp) 

Antisense 
probe 

Sense 
probe 

     
 

379 

 
 

T7 

 
 

SP6 
kiss1 FL CAGGGATGACGCAGGAAGTG (outer) CAGATTCAGGTGCAGCAGGT (outer) 
  AGGGGGAGGTCAGGAAGTTT (inner)  TGTCAGGTGCGGTCTCTCTT (inner)  

kiss2 FL GAGRGAGAAYGADGASCAGMGG GCACCTCCAGTTCTCGYRAGAA 182 SP6 T7 
gnrh1 FL AACGGCTCACAAGGACAAGT TTGTTTGGGTGACACCTCCC 308 SP6 T7 
avt FL TAACTCAGAGAGCTGTGCGG ACTCGGTTTGTCCTCTTGTGG 140 SP6 T7 

kissr1 DIG TGTGCCGTCTGGTGAACTAC TCCAAATACAGGGCGTGACC 815 SP6 T7 

kissr2 DIG CGGCTCAGAGGCAAACTTTA CGGAGAGATTTCAGAGGGTAGA 414 T7 SP6 

v1a1 DIG GTTCATGATCGATAACTGGTTCCC AAACAGCTAAATGGTGCAGTGCGG 1,416 T7 SP6 

 v1a2 DIG CTGAGAGCATCAGGTAGCTCCATA TGTGTAGCTGTCACCATCATGAGC 1,598 SP6 T7 
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Figure 1. Whole-brain mRNA abundance of gnrh1 and avt in females 6 hours after treatment with 
kiss2-10. Females in tanks were injected intraperitoneally with saline, 2 nmol/g body weight kiss2-10, 
or 10 nmol/g body weight kiss2-10 from 0829-1027h and sacrificed 6 hours later. Sample sizes are 
indicated in parentheses. Values for gnrh1 (A-C) and avt (D-F) were normalized to the geometric 
mean of ef1a and rpl9. A, C, D, F: values are represented by Tukey’s box plots. The median is 
represented by the middle line inside the box, and the box extends to the furthest data points within 
the first quartile (Q1; 25th percentile) and third quartile (Q3; 75th percentile). The bottom whisker 
extends to the lowest value within 1.5 IQR (interquartile range) of Q1, while the top whisker extends 
to the highest value within 1.5 IQR of Q3. Absence of whiskers indicates no values fall between Q1 – 
1.5 IQR and Q3 + 1.5 IQR. Data points (dots) outside the whiskers indicate statistical outliers, 
defined as less than Q1 – 1.5 IQR or greater than Q3 + 1.5 IQR. B, E: gene expression values plotted 
against the standard length (SL) of individuals. Because expression of gnrh1 and avt showed a 
significant correlation (B) or a trend of correlation (E) with SL, data are presented uncorrected (A, D) 
and corrected (C, F) for SL. Means were compared using one-way ANOVAs with tank nested in 
treatment, followed by Dunnett’s tests (saline as control). * p < 0.05. Consistent with the result from 
the Dunnett's comparison in A, orthogonal contrasts of saline vs. kiss2-10 treated animals revealed a 
significant difference (p = 0.0262; saline: +1; 2 nmol/g BW kiss2-10: -0.5; 10 nmol/g BW kiss2-10: -
0.5). Statistical outliers did not significantly alter the outcome of statistical comparisons. 
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Figure 2. Brain aromatase (cyp19a1b) mRNA abundance in the telencephalon/midbrain/dorsal 
diencephalon (T/M/D) of females implanted with estradiol (E2) or cholesterol (CHL) and injected 
with kiss2-12 or AVT. Females were treated with slow-release intraperitoneal E2 or CHL implants 
for 5 days prior to intraperitoneal injection with saline, kiss2-12 (0.02, 0.2, or 2 nmol/g body weight), 
or AVT (0.95 nmol/g body weight) from 0917-1207h. Females were sacrificed 6 hours after injection. 
Sample sizes are indicated in parentheses. cyp19a1b expression was normalized to the geometric 
mean of ef1a and rpl9. Data are represented by Tukey’s box plots. See Fig. 1 legend for a detailed 
explanation of box plot features. Means were compared using mixed models with injection and 
implant as fixed effects and tank as a random effect. **** p < 0.0001 for implant. cyp19a1b 
expression was also compared among saline-injected E2 and CHL females and tagged females on 
reefs, using a one-way ANOVA followed by Tukey’s HSD test. Letters indicate significant 
differences. The statistical outlier among the reef-sampled females did not significantly alter the 
outcome of statistical comparisons.  
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Figure 3. mRNA abundance of gnrh1, avt, and kisspeptin genes in the telencephalon/midbrain/dorsal 
diencephalon (T/M/D) and/or ventral diencephalon (Hyp) of females implanted with estradiol (E2) or 
cholesterol (CHL) and injected with kiss2-12 or AVT. Females were treated with slow-release E2 or 
CHL intraperitoneal implants for 5 days prior to intraperitoneal injection with saline, kiss2-12 (0.02, 
0.2, or 2 nmol/g body weight), or AVT (0.95 nmol/g body weight) from 0917-1207h and sacrificed 6 
hours following injection. Sample sizes are indicated in parentheses. Values for gnrh1 (A), avt (C), 
kissr1 (E), kissr2 (G), and kiss1 (I, K) were normalized to the geometric mean of ef1a and rpl9 and 
are represented by Tukey’s box plots (see Fig. 1 legend for an explanation of box plot features). 
Values for gnrh1 (B), avt (D), kissr1 (F), kissr2 (H), and kiss1 (J, L) are also plotted against standard 
length (SL). Means were compared using mixed models with injection and implant as fixed effects 
and tank as a random effect. Correction of gnrh1 and avt values for SL did not significantly alter the 
outcomes (data not shown). * p < 0.05. # indicates kiss1 expression in the Hyp (K) was not 
significantly altered by injection (p = 0.1426) with the statistical outlier (dot) in the analysis. With the 
outlier removed, injection was significant (p = 0.0377). Statistical outliers in other groups did not 
significantly alter the outcomes of statistical comparisons. 
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Figure 3. Continued 
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Figure 4. Effects of chronic kiss2-10 treatment (implantation) on gonadal state and gnrh1 expression 
in females on reefs. Females were intraperitoneally implanted with slow-release kiss2-10 implants 
containing 0, 1, 10, or 100 µg kiss2-10 and returned to their home reefs for 9-10 days in the presence 
of TP males. A: kiss2-10 implantation did not significantly alter gonadal state (Fisher’s Exact test, p = 
0.69). Shown are percentages of females in each treatment group that possessed ovaries containing 
only primary oocytes, some maturing cortical alveolus oocytes, some vitellogenic or mature oocytes, 
gonads in stage 3-4 sex change (atretic primary oocytes and the appearance of presumed 
spermatogonia), and gonads in stage 5 sex change (more advanced spermatogenesis, but no mature 
sperm). Nomenclature and staging of ovaries follow Selman et al. (1993) for zebrafish, while 
nomenclature and staging of sex-changing gonads follow Nakamura et al. (1989) for saddleback 
wrasse. Sample sizes: 0 µg kiss2-10 (n = 6), 1 µg kiss2-10 (n = 6), 10 µg kiss2-10 (n = 5), 100 µg 
kiss2-10 (n = 5). B: Whole-brain gnrh1 mRNA abundance, normalized to the geometric mean of ef1a 
and rpl9, in females with kiss2-10 implants. The two sex-changing individuals were removed from 
analysis, since treatment likely did not induce sex change. Sample sizes are indicated in parentheses 
and data are represented by Tukey’s box plots. Means were compared by one-way ANOVA (not 
significant). C: Whole-brain gnrh1 mRNA abundance, normalized to the geometric mean of ef1a and 
rpl9, in females with kiss2-10 implants grouped by ovarian stage. The two sex-changing individuals 
were removed from analysis. Sample sizes are indicated in parentheses. Means were compared by 
one-way ANOVA followed by Tukey’s HSD test (** p < 0.01). 
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Figure 5. Co-regionalization of gnrh1 mRNA and kisspeptin receptors in the anterior parvocellular 
preoptic nucleus (aPPn) via double-label in situ hybridization. gnrh1 (green; A, D) and kissr1 (purple; 
B) or kissr2 (purple; E) were not co-expressed (merged images in C and F). False coloration (red) 
was applied to digoxigenin-labeled kissr1 and kissr2 neurons prior to merging (C, F). Scalebar = 50 
µm. 
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Figure 6. Co-localization of avt and kissr2 in the gigantocellular (gMPn) and magnocellular preoptic 
nucleus (MPn), revealed by double-label in situ hybridization. Co-expression of avt (green; D, G, J) 
and kissr2 (purple; E, H, K) in the gMPn and MPn was evident after applying false coloration (red) to 
digoxigenin-labeled kissr2 neurons and merging with avt signal (F, I, L). Arrow (L) points to light 
co-expression. avt was not co-localized with kissr1 (A-C) or kissr2 (J-L) in the parvocellular preoptic 
nucleus (PPn). Scalebar = 50 µm. 
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Figure 7. Lack of detectable co-regionalization of kiss1-expressing neurons and V1a-type vasotocin 
receptors in the lateral hypothalamic nucleus (LHn) using in situ hybridization. While light v1a1 
signal was detected in the LHn (B; outside of frame), signal did not develop near kiss1 neurons (A; C 
for merged images after applying false red coloration to v1a1 signal). kiss1 mRNA (D) was also not 
detected near v1a2 neurons (E; F for merged images). The alkaline phosphatase-mediated color 
reaction to detect digoxigenin label within v1a1 and v1a2 neurons may have been terminated before 
sufficient color developed. The line in B is the edge of the coverslip and is present as false red 
coloration in C. Scalebar = 50 µm. 
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Figure 8. Lack of detectable co-regionalization of kiss2-expressing neurons and V1a-type vasotocin 
receptors in the dorsal hypothalamus (DH) using in situ hybridization. kiss2 neurons (A, D) were 
detected near v1a1 neurons in the DH (B) but did not co-localize (C; merged after applying false red 
coloration to v1a1 signal). v1a2 neurons (E) were detected near kiss2 neurons (D) but did not co-
localize (F for merged images; arrow points to a v1a2 neuron, non-overlapping with kiss2). The 
reaction to detect digoxigenin label within v1a1 and v1a2 neurons may have been terminated 
prematurely, or post-hybridization washes may have been too stringent to detect all kiss2-, v1a1-, and 
v1a2-expressing neurons. Scalebar = 50 µm. 
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SUPPLEMENTAL MATERIAL 
 
 
Supplemental Table 1. Brain dissections and RNAs measured for each qRT-PCR 
experiment. Abbreviations: aPPn = anterior parvocellular preoptic nucleus; CHL = 
cholesterol; DH = dorsal hypothalamus, E2 = estradiol; Hyp = ventral diencephalon/inferior 
lobes of the hypothalamus, LHn = lateral hypothalamic nucleus; POA = preoptic area; 
T/M/D = telencephalon/midbrain/ dorsal diencephalon (including POA); vTn = ventral 
tuberal nucleus. 

 
‡ Data from Hyp avt expression are not presented. Data from Hyp kiss2 are preliminary due to technical issues.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Samples Whole brain T/M/D Hyp 
 
kiss2-10 injection in 
females  
(Belize 2013) 
 

    
 gnrh1 (aPPn) 
 avt (entire POA and vTn) 

  

    

 
AVT and kiss2-12 
injections in E2- or CHL-
implanted females 
(2015 Florida) 
 

   
kiss1 (habenula) 

 
      kiss1 (LHn) 

  kissr1 (habenula, aPPn)       ‡ kiss2 (DH) 
  kissr2 (widespread)       ‡ avt (vTn) 
  gnrh1 (aPPn)   
  avt (entire POA)  

 
kiss2-10 implantation in 
females 
(2013 Belize) 

    
    
 gnrh1 (aPPn) 
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Supplemental Figure 1. Mass (mg) of whole-brain or dissected brain regions plotted against 
standard length (SL). Whole-brain mass was plotted against SL for the kiss2-10 injection experiment 
from 2013 (A). Brains from kiss2-12 and AVT-injected females with estradiol (E2) or cholesterol 
(CHL) implants were dissected into the telencephalon/midbrain/dorsal diencephalon (T/M/D) and 
ventral diencephalon (Hyp), and mass was plotted against SL (B). Excess RNAlater was removed 
from the brain regions with a Kimwipe prior to weighing. Despite potential variation in the amount of 
RNAlater remaining in the tissue, brain mass and SL showed strong linear correlations. The slopes of 
the whole-brain and dissected areas varied (A, B), suggesting regional morphometric differences with 
body size. 
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Supplemental Figure 2. Whole-brain mRNA abundance of gnrh1 and avt in females 6 hours after 
treatment with kiss1-10 in 2016. Females in tanks were injected intraperitoneally with saline, 0.2 
nmol/g body weight kiss1-10, or 2 nmol/g body weight kiss1-10 from 1050-1351h and sacrificed 6 
hours later. Sample sizes are indicated in parentheses. Values for gnrh1 (A-C) and avt (D-F) were 
normalized to the geometric mean of ef1a and rpl9. A, C, D, F: values are represented by Tukey’s 
box plots. See Fig. 1 legend for a detailed explanation of box plot features. B, E: gene expression 
values plotted against the standard length (SL) of individuals. Because expression of gnrh1 and avt 
showed significant correlations with SL, data are presented uncorrected (A, D) and corrected (C, F) 
for SL. Means were compared with one-way ANOVAs (not significant).  
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Supplemental Figure 3. Ovarian stage of representative captive females five days after implantation 
with estradiol (E2) or cholesterol (CHL). Females were captured from reefs off Key Largo, FL in 
2015 and were held in pens with flow-through sea water for five days prior to implantation with CHL 
or E2 (Silastic tubing, 8 mm packed length). Five days following implantation, females were injected 
with saline, AVT, or one of three kisspeptin doses and sacrificed 6 hours later. Ovaries from saline-
injected females were processed for Hematoxylin and Eosin staining to compare effects of CHL and 
E2 implantation on ovarian morphology. All CHL- and E2-implanted females injected with saline 
possessed regressed ovaries containing only primary oocytes. Nomenclature and staging follow 
Selman et al. (1993) for zebrafish. Scalebar = 100 µm. 
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Supplemental Figure 4. Ovarian stages of females on reefs 9-10 days following treatment with slow-
release kiss2-10 or blank implants. Shown are ovaries from representative females implanted with 0 
µg (A-C) or 100 µg kiss2-10 (D-F). Implant matrices contained 95% cholesterol and 5% cellulose, 
following methods by Woods and Sullivan (1993). Females were captured from Belizean patch reefs 
in Dec 2013, implanted with 0, 1, 10, or 100 µg kiss2-10, and returned to their reefs. Larger terminal 
phase males were kept on the reefs to determine if chronic kiss2-10 treatment could induce gonadal 
sex change under inhibitory social conditions. After sampling, females with ovaries were classified 
into one of the following ovarian stages: primary growth stage with only primary oocytes (A, D), 
cortical alveolus stage with cortical alveolar oocytes as the most mature oocytes (B, E; yellow arrow), 
or vitellogenesis with more mature vitellogenic oocytes (VTO) present (C, F). Ovarian stages did not 
significantly differ by kiss2-10 treatment (Fisher’s Exact test, p = 0.69). One blank-implanted female 
and one 10 µg-implanted female possessed sex-changing gonads that were likely not induced by 
treatment (not shown). Nomenclature and staging follow Selman et al. (1993) for zebrafish. Scalebar 
= 100 µm. 
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Supplemental Figure 5. Control reactions from double-label in situ hybridization using sense probes 
to avt and kissr2 mRNAs. Results from antisense avt and kissr2 reactions to an adjacent slide from 
the same sample are presented in Fig. 6. Only non-specific fluorescein signal was detected. Black 
circles in D are bubbles trapped under the coverslip. Scalebar = 50 µm. 
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CHAPTER V. 

Summary 

Results presented in Chapters II-IV support the hypotheses that 1) the kisspeptin 

system modulates the hypothalamic-pituitary-gonadal (HPG) axis in the sexually-plastic 

bluehead wrasse (Thalassoma bifasciatum) and 2) the preoptic vasotocin (AVT), 

hypothalamic kisspeptin, and preoptic GnRH1 systems interact anatomically and/or 

functionally (Fig. 1). However, we failed to find evidence of induction of gonadal sex change 

in females by the decapeptide kiss2 (kiss2-10). A detailed consideration of potential 

explanations is provided in Chapter IV. The ability of kiss1 to induce gonadal sex change has 

not been tested in the bluehead wrasse.  

 We initially hypothesized that the AVT system acts through the kisspeptin system to 

induce gonadal sex change in females (Fig. 1A) based on the following findings in the 

bluehead wrasse and other vertebrates: 1) AVT signaling is necessary for the display of 

territorial behaviors in bluehead wrasse females following removal of dominant terminal 

phase (TP) males (Semsar and Godwin, 2004; alterations in behavior are one of the first signs 

of sex change from female to TP male, Warner and Swearer, 1991), 2) varying degrees of 

gonadal sex change can be induced in captive females by increasing gonadotropin signaling 

(Koulish and Kramer, 1989; Kramer et al., 1991), 3) vasopressin (mammalian homologue of 

AVT) neurons target kiss1 neurons in mice and Syrian hamsters (Vida et al., 2010; Williams 

et al., 2011), 4) kiss1 neurons in mammals directly stimulate GnRH1 neurons (reviewed by 

Kauffman, 2010) with evidence suggesting direct regulation of GnRH by kiss1 and/or kiss2 

in some fishes (reviewed by Zohar, 2010), 5) the kisspeptin system is necessary for normal 

reproductive functions in mammals (reviewed by Kauffman, 2010), and 6) the kisspeptin 
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system is sensitive to environmental information (reviewed by Oakley et al., 2009). It should 

be noted that the link between behavioral and gonadal sex change is not fixed, as females can 

also change sex to initial phase (IP) male (Warner et al., 1975) without a change in territorial 

TP male-typical behaviors. It is also important to note the potential for direct stimulation of 

GnRH by AVT (e.g., Kline et al., 2016). 

 Findings presented in Chapter II demonstrated that the bluehead wrasse possesses two 

kisspeptin genes (kiss1, kiss2) and two kisspeptin receptors (kissr1, kissr2), also present in 

some other teleost fishes (Pasquier et al., 2012). kiss1 and kissr1 were not discovered until a 

bluehead wrasse transcriptome was sequenced (Liu et al., 2015). Prior to this, we were 

unable to successfully clone these genes using degenerate primers. Upon their discovery, we 

mapped neural expression of all kisspeptin system genes. We also mapped expression of 

gnrh1, which is likely the hypophysiotropic form based on its sole expression in the anterior 

preoptic area (POA). kissr1 and kissr2 mRNAs regionalized in the anterior POA in the 

vicinity of gnrh1-expressing neurons, and this prompted double-label in situ hybridization 

studies presented in Chapter IV.  

 In Chapter III, we showed that expression of avt and hypothalamic kiss1 are TP male-

biased, providing support for their potential regulation of TP male-typical functions in the 

bluehead wrasse. Expression of gnrh1 was not significantly TP-male biased, although other 

properties of GnRH1 neurons apart from mRNA abundance may vary among sexual 

phenotypes (e.g., Grober and Bass, 1991; see Chapter III Discussion). Consistent with a role 

of the kisspeptin system in reproductive functions, expression of hypothalamic kiss1, along 

with gnrh1 and avt, were significantly lower in pre-pubertal juveniles than adults. Although 

expression of kiss1 and kiss2 were unaltered during socially-induced sex change, 
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hypothalamic kissr2 mRNA abundance fluctuated, suggesting changes in kisspeptin signaling 

during the process. We also found effects of gonadal presence/absence and proximity to the 

daily spawning period on expression of kiss1, suggesting this kisspeptin gene may be an 

important integrator of environmental and gonadal signals and may modulate the HPG axis 

during socially-induced sex change. However, because we had not separated the habenular 

and hypothalamic populations of kiss1 prior to analysis, it is unknown if hypothalamic kiss1 

specifically is sensitive to spawning-related tidal cues.  

 In Chapter IV, preliminary findings revealed no significant effects of the decapeptide 

kiss1-10 on gnrh1 or avt expression in captive females six hours following injection, though 

we did not assess other neuronal properties of GnRH1, including peptide synthesis and 

release. We have not yet tested whether kiss1-10 or the longer and potentially more potent 

form kiss1-15 is sufficient to induce sex change, but this experiment is warranted given that 

kiss1 can have a stimulatory effect on gonadal state in some fishes (e.g., Kim et al., 2014; 

Zmora et al., 2014). We did find that kiss2-10 treatment altered gnrh1 expression in captive 

females six hours following treatment, but we were unable to replicate our findings using the 

dodecapeptide kiss2-12 in a cohort from another year. However, we observed an interaction 

of kiss2-12 at a dose of 0.2 nmol/g body weight with implant treatment (estradiol or 

cholesterol), suggesting potential kiss2-12 modulation of gnrh1 expression that may be 

significant under different experimental conditions (see Chapter IV Discussion). Nine-ten 

days of implantation with slow-release kiss2-10 implants that were constructed based on 

methods by Woods and Sullivan (1993) failed to induce gonadal sex change in females, 

showing that kiss2-10 is insufficient to induce sex change, at least at the dosages and route of 

administration used in the study. Experiments testing kiss1 implantation on gonadal state 
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would be informative and would help clarify whether the kisspeptin system is able to induce 

gonadal sex change in a protogynous species. 

 Findings in Chapter IV also revealed functional or anatomical connections among the 

kisspeptin, AVT, and GnRH1 neuropeptide systems (Fig. 1B). The findings are more 

complicated than initially hypothesized, given that we found no evidence of direct regulation 

of GnRH1 neurons by kisspeptin neurons. Our findings agree with studies in certain species 

of fishes (e.g. Escobar et al., 2013; Kanda et al., 2013) and suggest that kisspeptins (at least 

kiss2) exert their effects on GnRH1 through interneurons. These interneurons may in part be 

AVT neurons in the magnocellular and gigantocellular POA based on co-localization of 

kissr2 and avt mRNAs, though we have yet to discover functional support for this possibility.  

 Together, our results suggest that the kisspeptin system modulates the HPG axis in 

the bluehead wrasse. Effects of kiss1 or kiss2 on reproductive events (i.e., sex change) were 

not demonstrated, although kiss1 has yet to be tested. Given the functional and anatomical 

connectedness of the kisspeptin system with the AVT and GnRH1 systems, sex-biased neural 

expression of some kisspeptin genes, and lower expression of hypothalamic kiss1 in juveniles 

than adults, it is likely that the kisspeptin system plays a modulatory role in critical 

reproductive events in an important model of social modulation of sexual plasticity, the 

bluehead wrasse. These findings may have implications for other sexually-plastic vertebrates 

and a broader range of species that are reproductively-sensitive to social and abiotic cues. 
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FIGURES 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 1.  Initial hypothesis of signal transduction of social cues in the bluehead wrasse brain, with 
neuroanatomical and functional support for some of those pathways. A: We predicted permissive 
social cues (TP male removal) are relayed to GnRH1 neurons through the vasotocin (AVT) and 
hypothalamic kisspeptin (kiss1 and/or kiss2) systems. This model was informed by regulation of 
kiss1 neurons by vasopressin (AVP) neurons in mammals (Vida et al., 2010; Williams et al., 2011) 
and kiss1 regulation of gonadotropin-releasing hormones (GnRH1) neurons in many vertebrates 
(reviewed by Kauffman et al., 2010; Zohar et al., 2010). AVT signaling is necessary for territorial 
behavioral changes under permissive conditions (Semsar and Godwin, 2004) and mRNA abundance 
in the magnocellular preoptic area increases during socially-induced sex change (Godwin et al., 
2000). Behavioral and gonadal sex change may be linked through these systems. B: Neural pathways 
supported by quantitative reverse-transcription PCR (qPCR; orange arrows) or in situ hybridization 
(ISH; black arrows). Implantation with kiss2-10 was insufficient to induce gonadal sex change in 
females in the presence of TP males (Lamm, Chapter IV), but we observed effects of kiss2 on gnrh1 
expression in captive females. We found no evidence of direct regulation of GnRH1 neurons by 
kisspeptins based on double-label ISH (Lamm, Chapter IV). Preliminary findings showed no effects 
of kiss1-10 treatment on gnrh1 expression (see Chapter IV Discussion for possible explanations). 
AVT appeared to increase hypothalamic kiss1 expression six hours following treatment. We have yet 
to find evidence of co-localization of kiss1 mRNA with vasotocin receptors in the lateral 
hypothalamic nucleus (LHn), or kiss2 mRNA with vasotocin receptors in the dorsal hypothalamus 
(DH). We also found support for direct regulation of AVT neurons by kisspeptins based on co-
localization of avt and kissr2 mRNA in the gigantocellular and magnocellular preoptic area (green 
circle), but no evidence of modulation of avt expression by kiss1/kiss2 (Lamm, Chapter IV). 
Preliminary findings support the potential for co-localization of gnrh1 mRNA with vasotocin 
receptors (dashed arrow; not presented), but AVT treatment did not influence gnrh1 expression in 
captive females (Lamm, Chapter IV).  
 

 

 

 

 

 



 244 

 


