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e-mail: davidg@ispa.pt
†These authors contributed equally to this

study.

Electronic supplementary material is available

at http://dx.doi.org/10.1098/rspb.2013.3070 or

via http://rspb.royalsocietypublishing.org.
& 2014 The Author(s) Published by the Royal Society. All rights reserved.
Oestradiol and prostaglandin F2a
regulate sexual displays in females
of a sex-role reversed fish
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The mechanisms regulating sexual behaviours in female vertebrates are

still poorly understood, mainly because in most species sexual displays in

females are more subtle and less frequent than displays in males. In a sex-role

reversed population of a teleost fish, the peacock blenny Salaria pavo, an external

fertilizer, females are the courting sex and their sexual displays are conspicuous

and unambiguous. We took advantage of this to investigate the role of ovarian-

synthesized hormones in the induction of sexual displays in females. In particu-

lar, the effects of the sex steroids oestradiol (E2) and testosterone (T) and of the

prostaglandin F2a (PGF2a) were tested. Females were ovariectomized and their

sexual behaviour tested 7 days (sex steroids and PGF2a) and 14 days (sex

steroids) after ovariectomy by presenting females to an established nesting

male. Ovariectomy reduced the expression of sexual behaviours, although a sig-

nificant proportion of females still courted the male 14 days after the ovary

removal. Administration of PGF2a to ovariectomized females recovered the fre-

quency of approaches to the male’s nest and of courtship displays towards the

nesting male. However, E2 also had a positive effect on sexual behaviour, par-

ticularly on the frequency of approaches to the male’s nest. T administration

failed to recover sexual behaviours in ovariectomized females. These results

suggest that the increase in E2 levels postulated to occur during the breeding

season facilitates female mate-searching and assessment behaviours, whereas

PGF2a acts as a short-latency endogenous signal informing the brain that

oocytes are mature and ready to be spawned. In the light of these results, the

classical view for female fishes, that sex steroids maintain sexual behaviour in

internal fertilizers and that prostaglandins activate spawning behaviours

in external fertilizers, needs to be reviewed.
1. Introduction
Female mate choice is a major selective force in evolution. For many years, females

were assumed to play a passive role during mating sequences, with sexual behav-

iour in females being limited to receptive displays (e.g. the lordosis reflex in

rodents). However, detailed behavioural analysis of mating sequences reveals,

in most species, a dynamic interaction between female and male sexual displays

with females actively controlling the pacing and outcome of sexual interactions

[1]. Nevertheless, the physiological mechanisms regulating sexual behaviour in

females are still poorly understood probably because, as for other sexually

selected traits, sexual displays by females are less conspicuous and less frequent

than displays by males in most species. Sex-role reversed species in which females

are the more actively courting sex and thus express conspicuous, stereotyped

sexual behaviour patterns, are the model of choice for studying the mechanisms

underlying sexual behaviour in females. This is paradoxical, because, in sex-role

reversed species, mate choice is often reversed, but the insights into the
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mechanisms underlying female decision-making gained from

this approach can then be compared with mechanisms under-

lying male decision-making in the context of mate choice.

With this in mind, we studied the endocrine mechanisms reg-

ulating sexual behaviour in females from a sex-role reversed

population of a teleost fish, the peacock blenny, Salaria pavo.

This species occurs along the rocky shores of the Mediter-

ranean and adjacent Atlantic coasts and presents a breeding

pattern similar to that of most blenniids: males defend a

nest in a rock cavity from which they attract females for

spawning. Females attach the eggs to the nest walls and

then leave, whereas males provide sole parental care to the

eggs until hatching [2,3]. In lagoon populations, however,

there is a scarcity of nesting substrates, and females strongly

compete for the access to the few available nesting males.

This leads to the reversal of the sex roles, with females

taking the initiative in courtship and displaying courtship

behaviours much more frequently than males, which, in

turn, assume a non-courting role during mating sequences

and often reject females [4–6]. In addition, female courtship

displays towards males are extremely stereotyped in this

species, consisting of quick pectoral fin beatings accompanied

with synchronous mouth opening-and-closing and body

quivering while displaying a typical nuptial coloration

characterized by an alternating pattern of vertical dark and

light bars in the head and anterior portion of the body ([3]

and the electronic supplementary material, video S1). This

species thus presents two attributes, sex-role reversal and

unambiguous female courtship displays that render it ideal

for identifying the endocrine mechanisms driving sexual

behaviour in females.

Sexual behaviour in females is likely to be modulated by

hormones produced in the female reproductive tract because,

in species with sexual reproduction, gamete maturity and

sexual behaviour must be synchronized. In addition to syn-

chronizing sexual behaviour with oocyte maturation, female

sex hormones can be released externally and stimulate male

sexual behaviour, thus synchronizing male and female

sexual activity (for a review, see [1]).

Following detailed work in rodents, it was possible to

establish that sexual behaviours of female mammals are pro-

moted by oestrogens and progestogens synthesized in the

ovary, in particular oestradiol and progesterone, respectively

[1]. Likewise, these hormones have been associated with the

synchronization of oocyte maturation and sexual behaviour

in female birds [7] and reptiles [8]. Fewer data are available

for amphibians, but oestradiol treatment in combination

with the neuropeptide arginine vasotocin (AVT) recovers

sexual behaviour in ovariectomized female rough-skinned

newts (Taricha granulosa) [9] and oestradiol alone promotes

female phonotaxy to male calls in Túngara frogs (Physalaemus
pustulosus) [10]. In fishes, the regulation of sexual behaviour

in females has been hypothesized to be determined by the

mode of reproduction used [11]. In internal fertilizers,

sexual behaviour and fertilization are temporally dissociated.

By contrast, in external fertilizers, the oocytes must be ferti-

lized soon after ovulation if viability is to be ensured. Thus,

sex steroids have been implicated in the regulation of

sexual behaviour in female internal fertilizers (e.g. in the

guppy, Poecilia reticulata [12]) as is comparable with typical

internally fertilizing tetrapods, whereas in external fertilizers,

this regulatory role has been attributed to prostaglandins (e.g.

the goldfish Carassius auratus, reviewed in [13]).
In externally fertilizing fish species, female reproductive

behaviour is mostly restricted to the process of oviposi-

tion, which can be regarded as homologous to parturition

in mammals and oviposition in reptiles and birds. In fact,

prostaglandins, which are known to induce uterine contrac-

tions in mammals [14], have also been associated with the

induction of contractile stimulation of the theca muscles lead-

ing to oviposition in fishes [15]. In the goldfish, the best

studied species to date, the movement of ovulated eggs into

the oviduct induces synthesis of the prostaglandin F2a

(PGF2a) that, in addition to stimulating oviposition, is

thought to also trigger female spawning behaviour in the

brain [16,17]. This mechanism ensures that females are motiv-

ated to spawn soon after ovulation, at the time of maximum

viability of the ovulated eggs, and to continue to spawn until

all ovulated eggs have been shed [18]. In addition, in the

goldfish, prostaglandins released by females into the water

act as pheromones and activate male sexual behaviour, thus

synchronizing male and female sexual activity with precision

[19]. Similar results have been reported for amphibians with

external fertilization where prostaglandins were shown to

induce receptive behaviours in females [20]. In sex-role

reversed species, however, sexual behaviour in females has

an anticipatory component, because females need to court

males and be accepted by them before oviposition; just as in

species with traditional sex roles where male sexual displays

precede copulation. Therefore, sex steroids, in particular oestro-

gens produced during follicular development, may promote

sexual behaviours in females in anticipation of spawning, as

has been suggested for internal fertilizers, both in fishes and

across other vertebrate classes [21].

It should be highlighted that the apparent dichotomy in the

endocrine mechanisms regulating sexual behaviour in female

teleosts (i.e. sex steroids in internal fertilizers versus prostaglan-

dins in external fertilizers) stems from the seminal research

conducted mostly in two species, the goldfish and the guppy.

However, the extraordinary diversity of mating systems, repro-

ductive behaviours and the remarkable plasticity in sexual

displays that can be found across teleosts is likely to be paral-

leled by similar diversity in the neuroendocrine mechanisms

regulating sexual behaviour in females. In addition, the role

of these two classes of hormones, prostaglandins and sex

steroids, in the regulation of sexual behaviour in fishes has

seldom been tested in the same species.

We tested the effect of the sex steroids oestradiol (E2) and

testosterone (T) and of the PGF2a on the sexual behaviour of

female S. pavo. In particular, we tested the effects of ovariectomy

on sexual behaviours of females and of administration of these

hormones on recovering these behaviours.
2. Material and methods
(a) Experimental animals
Males and females of S. pavo were collected during the breeding

season in June and July 2007, 2009 and 2010 at Culatra Island

(368590 N, 78510 W, Algarve, Southern Portugal). Fish were cap-

tured with hand nets during low tide from artificial hard

substrates such as tiles and bricks that exist in the area to delimit

the borders of clam culture fields, and transported to a field station

located on the island. Females were individually isolated in 10 l

tanks containing a cylindrical PVC tube (10 cm wide and 2 cm in

diameter and closed at one of the ends with an opaque plastic



Table 1. Description of the experimental groups used in the steroid
hormone manipulation experiment.

treatment ovariectomy implant n

sham no no implant 15

OV yes vehicle (castor oil) 13

OV þ T þ F yes testosterone þ fadrozole 7

OV þ E2 yes 17b-oestradiol 11

Table 2. Description of the experimental groups used in the prostaglandin
manipulation experiment.

treatment ovariectomy injection n

sham no teleost Ringer’s solution 9

OV yes teleost Ringer’s solution 10

OV þ PGF2a yes prostaglandin F2a 10
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sheet) to be used as shelter. Nesting males were kept in stock tanks

(80 l) in the presence of females and provided with abundant nests

(PVC tubes similar to female shelters but 15 cm wide and 3 cm in

diameter), so that they were defending eggs before the experiment

began. Animals were kept on a ‘long day’ photoperiod (14 h light :

10 h dark) and at 24+28C. These conditions are similar to those

found in the field during the breeding season. Animals were fed

ad libitum with frozen cockles.

(b) Ovariectomy
Females were anaesthetized with MS222 (tricaine methanesulfo-

nate, dilution 1 : 10 000, Sigma) measured and weighed. A small

incision (approx. 1 cm) was made in the abdominal cavity under

a stereomicroscope. Ovaries were removed by gently cutting the

tissue between the ovarian sac and the abdominal wall as well as

by sectioning the oviduct. The ovarian sac could generally be

removed as a whole without the loss of oocytes into the abdomi-

nal cavity and without visible bleeding. In females treated with

steroids (see below), implants were inserted into the abdominal

cavity after ovariectomy. Fish from the sham group also had

their abdomen opened and gonads manipulated with blunted

tweezers, but were not ovariectomized or implanted. The

wound was sutured with Surgicryl polyglycolic acid thread,

USP 6/0 (SMI, St Vith, Belgium). Females were immediately

moved to a small tank (3 l) with full aeration and then trans-

ferred to their isolation tank after recovery from anaesthesia.

Isolation tanks were then treated with the antibiotic flumequine

at 50 ppm to prevent post-surgical infections.

(c) Steroid implants
Females were randomly assigned to one of four treatments (table 1):

(i) non-ovariectomized controls (sham); (ii) ovariectomized and

implanted with castor oil, the vehicle substance in which steroids

were dissolved (OV); (iii) ovariectomized and implanted with tes-

tosterone plus the aromatase inhibitor fadrozole (OV þ T þ F); (iv)

ovariectomized and implanted with oestradiol (OV þ E2). Fadro-

zole was administered in combination with T to block the

conversion by aromatase of T into E2: it does not block conversion

of T to 11-ketotestosterone. The aromatase inhibitor was donated

by Novartis Pharma AG (Basel, Switzerland). T and E2 were pur-

chased from Steraloids (Newport, RI, USA). Substances were

administered via silastic implants (internal diameter ¼ 1.7 mm,

external diameter¼ 1.96 mm). The length of each implant was

adjusted to the female’s body mass to keep the hormonal dosage

per unit body mass equal for all the fish. The hormonal dosage

was based on previous studies in fishes [22–25] and was 1 mg g21

for T, 40 mg g21 for fadrozole and 5 mg g21 for E2. Steroids and

fadrozole were thoroughly dissolved in castor oil overnight on a

magnetic stirrer at 408C. In a previous study, it was shown that

this concentration and mode of administration of fadrozole success-

fully reduces brain aromatization [22]. The standard length of fish

from the different treatments did not differ (one-way ANOVA:

F4,40¼ 0.25, p ¼ 0.91). Females were tested for sexual behaviour 7
and 14 days after being implanted. This period was considered suf-

ficient for steroid-induced behavioural changes to take place,

because, in previous experiments with S. pavo, steroid implants

were showing induced behavioural changes after 7 days [22,26].

We decided to test females at both time periods, because, in another

study with male S. pavo, we showed that the temporal pattern of T

and E2 release from silastic implants differs, with T levels declining

from day 7 to 14 and E2 having a more stable pattern (D. Gonçalves,

M. C. Teles, R. F. Oliveira 2012, unpublished data).

(d) Prostaglandin F2a
Females were assigned to one of three experimental groups (table 2):

(i) non-ovariectomized controls intraperitoneally injected with tele-

ost Ringer’s solution, the vehicle substance in which PGF2a was

dissolved (sham); (ii) ovariectomized and injected with Ringer’s sol-

ution (OV); (iii) ovariectomized and injected with PGF2a (OV þ
PGF2a). Following other studies in fishes [27,28], the concentration

of PGF2a injections was of 0.5 mg g21, and a solution of

0.125 mg ml21 was used. Females were ovariectomized and left to

recover in isolation tanks for 7 days, as previously described. On

experimental day 7, females were either injected with Ringer’s sol-

ution or with PGF2a, returned to their isolation tank and tested

for sexual behaviour 45 min after the injection [27,28]. The standard

length of fish from the different treatments did not differ (one-way

ANOVA: F2,28 ¼ 0.22, p ¼ 0.80).

(e) Behavioural test
A behavioural test was used to assess whether sexual behaviour

was altered by ovariectomy and consequently restored by hor-

mone administration. A nesting male defending eggs was

removed from the stock tank with its nest and placed in an exper-

imental tank (70 � 30 � 40 cm) approximately 30 min before the

behavioural observations. All males kept guarding the eggs and

seldom left the nest while in the test tank, a typical pattern for

nesting males of this species. Females were gently introduced,

coaxed into the shelter present in their isolation tank (if not

already inside), and moved to the test tank with the shelter.

The shelter was placed facing the male’s nest with its entrance

approximately 40 cm from the nest’s opening. Observations

began immediately, and the following variables were recorded:

frequency of approaches to the male’s nest (within one body

length), frequency of courtship displays directed towards the

male and time spent displaying nuptial coloration, behaviours

that always precede female spawning (D. Gonçalves 1998, per-

sonal observations). Observations lasted 15 min, and behaviours

were quantified using JWATCHER software v. 0.9 [29]. Observers did

not know to which experimental treatment the focal animal

belonged. A total of five different nesting males were used, four

for the steroid hormone experiment and one for the PGF2a exper-

iment. Within each experiment, the testing order of females from

the different treatments was randomized, and the same male was

presented to the same number of females from the various treat-

ments. Within the same day, the same male was tested with a

maximum of eight females from different treatments with an



Table 3. Mean+ s.e. plasma levels of oestradiol (E2) and testosterone (T) measured at day 14 of the steroid hormone manipulation experiment. ( p-values
relative to the planned comparisons between the ‘sham’ and the remaining groups are indicated. OV, ovariectomized; F, fadrozole.)

treatment n E2 (ng ml21) p-value T (ng ml21) p-value

sham 15 7.83+ 1.56 — 0.87+ 0.18 —

OV 12a 2.07+ 0.65 ,0.001 0.43+ 0.09 0.103

OV þ T þ F 7 2.01+ 0.64 ,0.001 1.36+ 0.47 0.426

OV þ E2 7 13.41+ 2.55 0.057 0.13+ 0.05 0.003
an ¼ 11 for T.
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interval between trials of approximately 20 min. For the steroid hor-

mone experiment, each female was tested with the same male on

days 7 and 14.

( f ) Blood sampling and hormone analysis
Immediately after being tested, females from the steroid hor-

mone experiment were anaesthetized as previously described.

Blood was collected from the caudal vein with a 27G heparinized

syringe, centrifuged and the plasma kept at 2208C for hormone

analyses by radioimmunoassay. The abdominal cavity was also

inspected under a stereomicroscope for the presence of the

implant and for the development of regenerating ovarian

tissue. Ovariectomized females did not present any visible gona-

dal tissue, and there was no implant loss.

The free steroid fraction was extracted using previously

described methodology [30,31]. Steroid residues were dissolved

in phosphate buffer 0.1 M, pH 7.6, containing gelatin (1 g l21)

and stored again at 2208C until assayed for T and E2. The E2

antibody (reference: 20-ER06) was purchased from Interchim

(Montluçon, France) and the cross-reactivity measured by the

supplier was 1% for oestrone and 0% for androstenedione. The T

antibody (reference: RDI-TRK2T2) was purchased from Research

Diagnostics Inc. (Concord, USA), and the cross-reactivity

measured by the supplier was 16% for 5-alpha-dihydrotestoster-

one and less than 0.01% for E2. For each hormone, circulating

plasma levels from all animals were measured within the same

assay. Intra-assay coefficients of variation for the T and E2 assays

were 9.5% and 5.5%, respectively.

(g) Statistics
A priori planned contrast tests on the results from ANOVAs were

used to determine differences between experimental groups at an

alpha level of 0.05. When necessary, data were square root- or

log-transformed to comply with heteroscedasticity and normal-

ity assumptions. In the PGF2a experiment, data relative to the

time spent displaying the nuptial coloration still failed to

comply with parametric assumptions after transformation and

a non-parametric alternative, Kruskal–Wallis test followed by

Dunn’s test, was applied.
3. Results
(a) Effect of ovariectomy and steroid implants on

plasma levels of oestradiol and testosterone
Circulating levels of E2 and T were analysed on experimental

day 14 of the steroid implant experiment. There were overall

differences between groups both for T and E2 (E2: F3 ¼ 14.28,

p , 0.001; T: F3 ¼ 5.00, p ¼ 0.005; table 3). As expected, ovari-

ectomy reduced the circulating levels of both steroids. All

ovariectomized groups not implanted with E2 had lower E2
levels when compared with the sham group. The OV þ E2

implanted animals had marginally higher E2 levels than the

sham group (table 3). For T, ovariectomized groups not

implanted with T had lower levels of this hormone when com-

pared with the sham group. These differences were significant

for the sham versus OV þ E2 comparison but non-significant

for the sham versus OV comparison. Levels of T also did not

differ between the sham and the T-implanted (OV þ T þ F)

group (table 3). In general, the expected effect of ovariectomy

in reducing steroid levels and of E2 and T implants in restoring

the physiological values of these hormones was confirmed.

(b) Effect of ovariectomy and steroid implants on sexual
behaviour in females

Overall, ovariectomy significantly reduced the expression of

sexual display behaviours in females. When compared with

intact (sham) females, ovariectomized females (OV) approached

the nest less (figure 1a), courted the male less (figure 1b) and

spent less time displaying nuptial coloration (figure 1c). Never-

theless, the proportion of ovariectomized females (OV group)

that courted the male at least once was only significantly

lower than the proportion of sham females at day 14 (table 4).

A similar comparison for nuptial coloration gave comparable

results (table 4).

The hypothesis that sex steroids recover sexual behaviour

was tested by comparing the steroid-implanted groups

(OV þ E2 and OV þ T þ F) with the ovariectomized and

vehicle-implanted group (OV). E2 administration recovered

female approach to the male’s nest as E2-implanted females

approached the nest significantly more than ovariectomized

females, although results were only significant for day 14

(figure 1a). In addition, there was a marginally non-signifi-

cant trend for E2 administration to recover the frequency of

courtship displays (figure 1b). At day 7, 10 of 11 E2-

implanted females courted the male at least once and on

day 14 all females in this group courted the male (table 4).

These proportions differed from the OV group on day 14

(table 4). E2 administration failed to recover the time females

spent displaying nuptial coloration (figure 1c). However, on

both day 7 and 14, only one female in the E2 group did not

display nuptial coloration at least once, and this proportion

of displaying females was significantly higher than the

proportion for ovariectomized females on day 14 (table 4).

T administration was not effective in recovering sexual

behaviour in females. In spite of higher mean frequency of

approaches to the male’s nest and courtship displays

(figure 1a,b), no statistically significant differences in these

variables or in the time spent displaying nuptial coloration

(figure 1c) was detected, either on day 7 or day 14, between
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T-implanted (OV þ T þ F) and ovariectomized (OV) females.

In addition, there was no difference in the proportion of

females courting the nesting male or turning on nuptial color-

ation at least once, both for day 7 and day 14, between the OV

and the OV þ T þ F group (table 4).

(c) Effect of prostaglandin F2a on sexual behaviour in
females

Similar to the above results, in this second experiment,

ovariectomized females (OV) also had a lower frequency of

approaches to the nest (figure 2a), frequency of courtship dis-

plays (figure 2b) and marginally lower time spent displaying
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Figure 2. Behavioural results from the prostaglandin F2a (PGF2a) manipu-
lation experiment. (a) Frequency of female approaches to the male’s nest;
(b) frequency of female courtship towards the nesting male; and (c) duration
of nuptial coloration displays. p-values relative to the planned comparisons
between the ovariectomized (OV) and the remaining groups are indicated
above the error bars. Sample sizes ¼ 9 – 10 per treatment.
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nuptial coloration (figure 2c) when compared with intact

(sham) females. We note that only one of 10 ovariectomized

females displayed nuptial coloration at least once as

compared with six of nine sham-operated females (x2
1 ¼ 6.54,

p ¼ 0.010). On the contrary, all females in all treatments

courted the male at least once.

PGF2a administration recovered the frequency of

approaches to the male’s nest (figure 2a) and courtship

displays (figure 2b), but not time spent displaying nuptial

coloration (figure 2c). However, the proportion of females,

six of 10, turning on nuptial coloration in the PGF2a

group was significantly higher than in the OV group

(x2
1 ¼ 5.49, p ¼ 0.019).
4. Discussion
This study showed that two reproductive hormones from

different chemical classes, PGF2a and E2, stimulate sexual

displays in females of a single fish species. PGF2a, in particu-

lar, was very effective in recovering sexual behaviours after

ovariectomy. The injection of this hormone 45 min before

testing into females ovariectomized 7 days before, recovered

the frequency of both female approaches to the male’s nest

and courtship displays towards the nesting male to levels

similar to those of intact sham females. The positive effect

of this hormone on nuptial coloration was, however, less pro-

nounced. The role of prostaglandins in the induction of

sexual behaviour in females has been demonstrated in several

fishes with external fertilization: paradise fish, Macropodus
opercularis [32], black acara Cichlasoma bimaculatum [33] and

barb Puntius gonionotus [34]. Interestingly, administration of

PGF2a to non-receptive females of the anuran Bufo americanus
induced female phonotaxis behaviour towards male calls

[35,36] and another prostaglandin, PGE2, induced female

receptivity in African clawed frogs, Xenopus laevis [20], both

external fertilizers. However, the best studied example to

date is the goldfish, C. auratus [16,27]. In this species, when

ovulated oocytes are in the oviduct, the plasma concentration

of PGF2a increases dramatically [17]. Ovulated eggs within

the lumen appear to induce spawning by stimulating PGF2a

synthesis, because the effect of ovulated eggs or artificial

eggs is blocked by the prostaglandin synthesis inhibitor

indomethacin and restored in indomethacin-treated fish by

PGF2a injection [16,17]. PGF2a-mediated mechanisms

synchronizing sexual behaviour in females with ovulation

are thus probably widespread among oviparous fishes (revie-

wed in [13]). In goldfish, PGF2a appears to act within the

brain [27] independently of sex steroids, because behavioural

response is unaffected by ovariectomy or by steroid-

replacement therapy [28]. The brain mechanism underlying

PGF2a-induced sexual behaviour in female goldfish is func-

tional in juveniles and may be modulated by gonadotropin-

releasing hormone (reviewed in [13]), although the central site

of action of this hormone in the stimulation of sexual displays

remains unknown. The existing evidence thus points to

PGF2a functioning in S. pavo, as in other external fertilizing tel-

eost species and probably also amphibians, as a short-latency,

short-duration hormone that acts as an endogenous messenger

to synchronize sexual behaviour with the presence of mature

oocytes in the ovaries.

E2, however, also had a positive role in the recovery of

sexual display behaviours in ovariectomized S. pavo females.

Interestingly, E2 was particularly effective in recovering more

anticipatory behaviours, namely the frequency of approaches

to the male’s nest, whereas it was less effective in recovering

behaviours that immediately precede mating, i.e. courtship

and nuptial coloration displays. Similar results were found

for anurans with external fertilization, where E2 mainly pro-

moted female phonotaxis towards male calls [10]. These

results suggest that E2 promotes female mate-searching

and/or mate-assessment behaviours but has a less significant

role in more consummatory phases of the mating cycle. The

argument for oestrogens having a minor role in the activation

of sexual displays in females of species with external

fertilization [11] is partly based on the fact that, for many

species, plasma E2 levels peak during vitellogenesis and

decrease during the second phase of the ovulatory cycle



rspb.royalsocietypublishing.org
Proc.R.Soc.B

281:20133070

7
[37–39]. However, this relationship seems to depend on the

pattern of oocyte development and spawning. In a study

comparing three closely related cyprinid species, it was

found that E2 levels peaked before the breeding season and

decreased throughout the reproductive period in a species

that lays a single egg clutch per season, whereas in two

species that lay multiple egg clutches, E2 levels remained

elevated throughout the reproductive period [40]. Although

there are no detailed data regarding seasonal variation

of E2 levels in female S. pavo, this species is a multiple

spawner, suggesting that high levels of E2 are maintained

throughout the breeding season. Thus, high E2 levels may

be needed throughout the reproductive period to motivate

mate searching in multiple spawners.

In most species of teleost fishes, and in contrast with other

vertebrates, T levels are similar in females and males [41],

although in the peacock blenny nesting males have higher

T levels than females [42]. Nevertheless, in fishes, T has

seldom been implicated in the regulation of sexual display

behaviours in females. Indeed, a stimulatory effect of T on

sexual behaviour of females has been reported for masu

salmon [43] but not for any other fish species (reviewed in

[44]). In this study, the sexual behaviour of females implanted

with T did not differ from the behaviour of control females,

showing that this androgen did not promote sexual displays

in females. A previous study with this species reported dif-

ferences in circulating T levels between females from two

populations with divergent expression of sexual behaviour

[45]. Females from the sex-role reversed population focused

on this study have lower T levels than females from a popu-

lation in the Adriatic Sea where there is an abundance of

nesting males and where females seldom court males [45].

One hypothesis to explain these results is that the postulated

environmental modulation of sexual displays by females is

translated by T, with higher levels of this hormone inhibiting

female displays. Although our results are not consistent with

this hypothesis, because T administration to ovariectomized

females did not further decrease sexual behaviours, the results

should be interpreted with caution as it is still possible that in

intact females T will decrease the expression of sexual displays.

This study also shows that complete removal of cues from

the ovaries does not abolish sexual behaviour in females. Four-

teen days after ovariectomy, a significant proportion of

females (approx. 70%) still approached the nest and courted

the male at least once. Similar results have been reported for

other fish species. For example, in the bluehead wrasse Thalas-
soma bifasciatum, female-to-male behavioural sex change can

occur in the absence of gonads [46]. This raises the question

of why ovariectomized females still had the motivation to

approach and display courtship behaviour towards males.

One hypothesis is that sexual displays exhibited by females

of S. pavo have a dual function. Besides its classic role during

mating sequences, female displays are occasionally used out-

side a mating context, apparently as submissive behaviours

that seem to lower male’s aggression (D. Gonçalves 2003, per-

sonal observations). In the field, females visit several nesting

males before spawning and often display courtship behaviours

towards the males, even to those males where no attempt to

enter the nest is made [47], probably to be able to approach

nests and assess mating partners without receiving aggressive

charges. If this is the case, female visits to nests and courtship

displays may be exhibited not just when females are ready to

spawn but throughout the breeding season for the purpose of
assessing potential mating partners. Nevertheless, some signal

from the gonads should inform the brain that females are in

reproductive condition and activate mate-searching beha-

viours. It is possible that the timeframe used in our

experiment was insufficient to reset gonadal hormones to

basal levels. This seems unlikely for PGF2a, thought to act as

a short-term endocrine signal. E2, although significantly

reduced by ovariectomy, was still present at detectable levels

in the plasma with a mean of 2.1 ng ml21 after 14 days. In the

sham group, the mean E2 level was 7.8 ng ml21, with a range

of 1.9–26.4 ng ml21, values that are similar to those previously

described for females captured in the field during the repro-

ductive period [42]. In addition, the mean E2 level of

ovariectomized females fell within the normal range of values

for females of other fish species in reproductive conditions

(e.g. 2–3 ng ml21 for the cyprinids Rutilus rutilus, Alburnus
alburnus and Blicca bjoerkna [40]; 3.6 ng ml21 for the midship-

man Porichthys notatus [48]). Thus, considering that E2 seems

to have a positive effect on sexual behaviours in female

S. pavo, it seems possible that the E2 levels observed in ovari-

ectomized females allowed the maintenance of a certain level

of sexual behaviour. The central mechanism through which

E2 may be exerting these effects in S. pavo is for now unclear.

One possibility is that E2 produced in the ovaries interacts

with neurons that produce AVT. In a previous study, it was

shown that AVT promotes sexual displays in female S. pavo
[49] and in birds, oestrogens increase the expression of AVT in

brain areas related to reproduction [50]. In amphibians, AVT

induces female egg-laying behaviour but gonadal steroids are

needed to maintain this behavioural action of AVT (reviewed

in [51]). Thus, the possibility that E2 promotes sexual display

behaviours in female S. pavo by stimulating the AVT system

deserves further consideration.

Ovariectomy was particularly efficient in abolishing nup-

tial coloration displays. Both steroid and prostaglandin

treatments failed to recover this display in an effective way,

suggesting that other endocrine signals of ovarian origin

may be implicated in its expression. Corroborating this

idea, in the two-spotted goby (Gobiusculus flavescens) female

nuptial coloration is influenced by the hormones prolactin,

alpha-melanocyte stimulating hormone, melatonin and nor-

adrenaline but not by sex steroids [52]. This suggests that

multiple endocrine messengers are implicated in the different

aspects of female courtship behaviour in S. pavo.

Taken together, the results from this study indicate that

the endocrine modulation of sexual display behaviour in

female fishes is more complex than the previously suggested

simple dichotomy of oestrogens-internal fertilizers/prosta-

glandins-external fertilizers. By taking advantage of a sex-

role reversed species with unambiguous sexual displays, we

showed that both E2 and PGF2a influence sexual behaviours

in females. The results further suggest that while E2 may be

more related with the activation of anticipatory sexual beha-

viours, such as mate-searching and mate assessment, PGF2a

acts as a short-term internal messenger informing the brain

that oocytes are ready to be released and triggering behav-

ioural displays leading to spawning sequences.

During the experimental procedures, the ‘ASAB Guidelines for the Use
of Animals in Research’ [53] were strictly applied. All animal protocols
were performed under a ‘Group-1’ license from the Direcção-Geral de
Veterinária, Ministério da Agricultura, do Desenvolvimento Rural e
das Pescas, Portugal.
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