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The enzyme aromatase controls the androgen/oestrogen ratio by catalysing the irreversible conversion of

testosterone into oestradiol (E2). Therefore, the regulation of E2 synthesis by aromatase is thought to be

critical in sexual development and differentiation. Here, we demonstrate for the first time that

experimental manipulation of E2 levels via the aromatase pathway induces adult sex change in each

direction in a hermaphroditic fish that naturally exhibits bidirectional sex change. Our results demonstrate

that a single enzymatic pathway can regulate both female and male sexual differentiation, and that

aromatase may be the key enzyme that transduces environmental, including social, cues to functional sex

differentiation in species with environmental sex determination.
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1. INTRODUCTION

In vertebrates, the presence and activity of the enzyme

aromatase controls the androgen/oestrogen ratio, by

catalysing the irreversible conversion of testosterone (T)

into oestradiol (E2). In a variety of vertebrates, including

fishes, reptiles and birds, E2 supplements during early

development can result in feminization, whereas the

inhibition of E2 synthesis using aromatase inhibitors can

result in masculinization (Yu et al. 1993; Lance 1997;

Chardard & Dournon 1999; Pieau et al. 1999; Crews et al.

2001; Bruggeman et al. 2002; Devlin & Nagahama 2002).

Therefore, it is commonly assumed that the regulation of

E2 synthesis by aromatase plays a key role in the sexual

development and differentiation of these vertebrates

(Lange et al. 2002).

Unlike most vertebrates, many fishes are hermaphro-

ditic and can change functional sex from female-to-male

(protogyny) or from male-to-female (protandry; Devlin &

Nagahama 2002). This phenomenon of adult sex change

demonstrates that developmental pathways between tes-

ticular and ovarian differentiation can be influenced post-

zygotically. One potential pathway comprises changes in

E2 synthesis by specific (de)activation of the aromatase

enzyme. Correlative support for a role of E2 in sex change

has been revealed in numerous hermaphroditic fish

species (Devlin & Nagahama 2002, and references

therein; Kroon & Liley 2000; Lee et al. 2001; Godwin

et al. 2003; Kroon et al. 2003). E2 administration has

induced male-to-female sex change in some species

(Devlin & Nagahama 2002, and references therein; Lee

et al. 2000, 2001), while the administration of an
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aromatase inhibitor induced sex change in a protogynous

goby (Kroon & Liley 2000) and grouper (Bhandari et al.

2004), but blocked natural sex change in a protandrous

porgy (Lee et al. 2001). Moreover, elevated aromatase

activity in the brain and gonads was associated with male-

to-female sex change in this porgy (Chang & Lin 1998;

Lee et al. 2000). Thus, it appears that the aromatase

pathway is involved in mediating sex change in hermaph-

roditic fishes, possibly by modulating E2 concentrations

that help control gonadal cell allocation.

Previous studies on the role of the aromatase pathway

in sex change have focused on fish species characterized by

unidirectional sex change. This has resulted in a compari-

son of endocrine processes mediating protandrous and

protogynous sex change in different species, rather than

directly testing for a single pathway controlling sexual

differentiation in the same species. Recently, some species

from the family Gobiidae (gobies) have been found to be

able to change sex repeatedly in both directions, including

several species of coral-dwelling gobies from the genera

Gobiodon (Nakashima et al. 1996;Munday et al. 1998) and

Paragobiodon (Kuwamura et al. 1994; Nakashima et al.

1996), several species of Lythrypnus (St. Mary 1993,

1996), and at least one species of Trimma (Sunobe &

Nakazono 1993). This discovery of bidirectional sex

change provides a unique opportunity to study the

endocrine mechanisms underlying female and male sex

differentiation, while avoiding issues associated with

interspecific comparisons.

Here, we demonstrate that manipulating E2 levels via

the aromatase pathway induces adult sex change in each

direction in the coral goby, Gobiodon erythrospilus. Our

experiments were successfully performed under natural

social conditions, thereby removing confounding effects
q 2005 The Royal Society



Table 1. Predictions and results of implant experiments for (a) females, and (b) males, comparing gonadal sex allocation of
treatment fish with handling—control fish, in heterosexual pairs and singles.
(Fish in the handling-control group did not receive implants. Treatment fish received an implant containing either oestradiol
(E2) or the aromatase inhibitor (AI) fadrozole. *p!0.05; **p!0.01; ***p!0.001.)

(a) \ gonadal cell allocation compared to handling controls

implant n predicted final sex pairs (nZ8) singles (nZ3)

pairs E2 5 \ pZ0.08 n/a
AI 5 _ pZ0.004** n/a

singles none 3 _ pZ0.03* n/a
E2 8 \ n/a pZ0.009**
AI 5 _ n/a pZ0.16

(b) _ gonadal cell allocation compared to handling controls

implant n predicted final sex pairs (nZ12) singles (nZ3)

pairs E2 5 \ pZ0.000 001*** n/a
AI 5 _ pZ0.45 n/a

singles none 3 _ pZ0.21 n/a
E2 8 \ n/a pZ0.000 003***
AI 10 _ n/a pZ0.16
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inherent to laboratory studies on species with socially

controlled sex change. Specifically, we tested the hypoth-

eses that an increase in E2 results in protandrous sex

change, and a decrease in E2 results in protogynous sex

change. We examined the effects of E2 on the gonadal cell

allocation of mature females and males, through the

administration of (i) E2, and (ii) an aromatase inhibitor

(fadrozole), which blocks the conversion of T into E2.
2. METHODS
(a) Study species

Previous studies on G. erythrospilus have confirmed that it

can change sex in both directions (Munday 2002), and

that E2 levels are correlated with sexual function (Kroon

et al. 2003). One adult breeding pair generally occupies a

coral colony (Munday et al. 1998; Hobbs et al. 2004), and

natural sex change occurs as a result of changes in social

conditions. Female-to-male sex change occurs in one

individual when two females cohabit within a coral colony,

while male-to-female sex change occurs when two males

form a pair (Munday et al. 1998; Munday 2002).

Furthermore, single, adult females always change sex to

male, whereas single, adult males always remain male

(J.-P. A. Hobbs 2002, unpublished thesis; Munday 2002;

Hobbs et al. 2004). Here, wemanipulated E2 levels in both

natural, heterosexual pairs and single adults. Therefore, in

addition to using pairs to determine if changing E2 levels

can induce sex change in both males and females, we were

also able to use single fish to determine if manipulating E2

levels could prevent naturally occurring sex change.

(b) Fish capture and handling

Pairs ofG. erythrospiluswere collected from their host coral

colonies by anaesthetization with clove-oil (Munday &

Wilson 1997), at Lizard Island (14840 0 S, 145828 0 E) on

the northern Great Barrier Reef. Fish were transported

to the laboratory, reanaesthetized, sexed according to

the shape of their genital papilla (Munday et al. 1998;
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Munday 2002), measured (standard length, 0.1 mm;

weight, 0.1 g), and subsequently assigned to the various

treatment groups. Previous studies have shown that there

is a good relationship between functional sex, gonadal sex

allocation, and the shape of the genital papilla. The gonads

of adult males are dominated by spermatogenic tissue,

including spermatozoa. Primary stage oocytes are often

present, but never vitellogenic oocytes (Munday 2002;

Kroon et al. 2003). The gonads of adult females are

dominated by oocytes, including vitellogenic oocytes.

Isolated crypts of spermatocytes may be present, but

never spermatozoa (Munday 2002; Kroon et al. 2003).

The genital papilla of adult males is long and tapered,

while that of adult females is short and blunt, often with

terminal processes (Munday et al. 1998; Hobbs et al.

2004). Only fish that were collected as (part of ) a

heterosexual pair and with a genital papilla characteristic

of a mature male or female were used. Each fish was

uniquely marked with visible fluorescent implant tags

(North-West Technologies Inc.) injected into the dorsal

musculature. Treatment fish were administered implants

as described below. After treatment and overnight

recovery, experimental fish were transported back to the

field and placed on an empty coral colony. Each coral

colony occupied by experimental fish was marked with a

cable tie and a numbered tag to aid the subsequent

recovery and identification of the experimental fish. To

reduce any confounding effects of breeding on steroid

concentrations, the study was conducted during the non-

breeding season.

(c) Preparation and administration of implants

Elastomer implants containing E2 or fadrozole were

prepared using established methods (Kroon & Liley

2000). The silicone elastomer mixed with fadrozole did

not harden; therefore, the mixture was subsequently

administered by injection rather than as solid implants.

The administration of 17b-oestradiol (1,3,5[10]-oestra-

triene-3,17b-diol, Sigma Chemical Co., St Louis, MO,



heterosexual pairs æ males

control
(n=12)

oestradiol
(n=5)

AI
(n=5)

singles æ males

control
(n=3)

oestradiol
(n=8)

AI
(n=10)

treatmenttreatment

singles æ females

0

20

40

60

80

100

control
(n=3)

oestradiol
(n=8)

AI
(n=5)

go
na

da
l c

el
l a

llo
ca

tio
n 

(%
)

heterosexual pairs æ females

0

20

40

60

80

100

control
(n=8)

oestradiol
(n=5)

AI
(n=5)

go
na

da
l c

el
l a

llo
ca

tio
n 

(%
) (a) (b)

(c) (d )

Figure 1. Mean proportion of gonadal cells in heterosexual pairs and singleGobiodon erythrospilus in the three different treatment
groups: (a) females established in heterosexual pairs; (b) males established in heterosexual pairs; (c) females established as
singles; and (d) males established as singles. Note that single, adult females always change sex to male. Fish in the handling-
control group did not receive implants (Control). Treatment fish received an implant containing either oestradiol (Oestradiol) or
the aromatase inhibitor (AI) fadrozole. Open circle, previtellogenic oocytes; open square, cortical alveoli; triangle, mature
oocytes; filled circle, spermatocytes; filled square, spermatozoa. Middle points are means, whiskers are standard errors. For
results of statistical analyses, see table 1 and text.
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USA, catalogue number E-8875) in 1!1!6 mm3

implants (mean weight 5.0 mgG0.7 s.d., nZ10) resulted

in an average dose of 1.4 mg of E2 per fish. The aromatase

inhibitor fadrozole, 4-(5,6,7,8-tetrahydroimidazole[1,5a]
pyridin-5-yl)-benzonitrile monohydrochloride (Novartis,

Switzerland) was administered in 2 units using a 3/10 ml

syringe (mean weight 22.8 mgG1.5 s.d., nZ10), resulting

in an average dose of 3.3 mg fadrozole per fish. The

efficacy of fadrozole as a potent and selective inhibitor of

oestrogen biosynthesis has been demonstrated in fishes

(Afonso et al. 1997, 1999). Implant-control fish received a

1!1!6 mm3 elastomer implant (mean weight 5.2 mgG
0.7 s.d., nZ10) containing neither E2 nor fadrozole.

To administer implants, a tiny incision was made on the

ventro-lateral side of the fish, anterior to the genital

papilla. Solid implants (E2 or control) were slipped gently

inside the abdominal cavity using fine forceps, and moved

frontally as far as possible. Fadrozole implants were

administered by injection into the abdominal cavity, as

far frontally as possible, through an 18.5 gauge (blunted)

needle. The incision was sealed with Medical Adhesive

(891 Type A Medical Adhesive, A 100, Factor II Inc.,

Lakeside, AZ, USA). After surgery, fish were placed into

individual tanks with flow-through, natural seawater, at

ambient sea temperature, for recovery.
(d) Experimental design

For the experiment using pairs, 60 heterosexual pairs

were divided equally into four treatment groups, and

re-established on their host coral. In the handling-

control group, neither fish received an implant. In the
Proc. R. Soc. B (2005)
implant-control group, both fish received a control

implant (i.e. with no additive). In the experimental-

control group, females were administered E2, and males

fadrozole. In the experimental group, the females were

administered fadrozole, and males E2. If E2 levels regulate

sex differentiation of both female andmaleG. erythrospilus,

we predicted that (i) reciprocal sex change would occur in

pairs in the experimental group and (ii) no sex change

would occur in the other groups (table 1).

For the experiment using single fish, 36 single females

were established; four females in the handling-control

group, 15 females in the experimental-control (i.e.

fadrozole implant) group and 17 females in the experimen-

tal (i.e. E2 implant) group. In addition, 33 singlemaleswere

established; four males in the handling-control group, 14

males in the experimental-control (i.e. fadrozole implant)

group and 15 males in the experimental (i.e. E2 implant)

group. If E2 levels regulate sex differentiation of both

female and male G. erythrospilus, we predicted that

(i) female-to-male sex changewould occur in single females

in the two control groups, but not in the E2 group and (ii)

male-to-female sex change would occur in single males in

the E2 group, but not in the other two groups (table 1).
(e) Classification of gonadal cells and data analysis

Tagged fish were recollected after six weeks, which is

sufficient time for gonadal cell reallocation to occur in

adult coral gobies (Munday et al. 1998; Munday 2002).

Gonads from each fish were embedded in paraffin

wax, longitudinally sectioned at 5 mm, mounted on

glass microslides, stained with Mayer’s haematoxylin
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Figure 2. Gonad structure of Gobiodon erythrospilus established in heterosexual pairs: (a) control female; (b) control male; (c)
female administered the aromatase inhibitor fadrozole; and (d ) male administered oestradiol. pv, previtellogenic oocytes; ca,
cortical alveoli; mo, mature oocytes; sc, spermatocytes; and sz, spermatozoa. Scale bar, 0.1 mm.

1402 F. J. Kroon and others Aromatase pathway and sex change
and Young’s eosin–erythrosin, and viewed with light

microscopy. The proportion of each germ cell type was

estimated, along a representative transect of the gonad,

using established methods (Munday 2002). The individ-

ual responsible for quantifying gonadal cell allocation did

not know the identity of the fish. Oocytes (eggs) were

classified into three developmental stages: (i) previtello-

genic (immature), (ii) cortical alveoli (developing), and

(iii) mature oocytes, including vitellogenic oocytes. Pre-

vitellogenic oocytes comprised the chromatin nucleolar

and perinucleolar stages, while the cortical alveoli stage

was characterized by yolk vesicles in the cytoplasm

(Munday 2002). Hydrated oocytes were not observed in

any fish. Sperm cells were classified as (i) primary and

secondary spermatocytes (developing), and (ii) mature

spermatozoa.

To examine whether the implant procedure itself

affected gonadal cell allocation in G. erythrospilus, we

compared the gonadal cell allocation in the handling-

control (no implant) and implant-control groups in

females and males, respectively, usingMANOVA (Statsoft

1999). Gonadal cell allocation did not differ significantly

between the two groups (females: Rao’s R4,10Z0.27,

pZ0.89; males: Rao’s R3,15Z1.13, pZ0.37), and was thus

not affected by the implant procedure itself.

To test our predictions (table 1), we compared the

gonadal cell allocation of experimental fish with those of

handling-control fish (unless otherwise noted) using

MANOVA (Statsoft 1999). Sex change was considered to

have been induced if the experimental fish exhibited a

significant shift in gonadal cell allocation towards the

opposite sex. The proportions of oocytes and sperm cells

were entered into the statistical analyses untransformed
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for both females and males, and a was set at 0.05. For

heterosexual pairs, individual fish were included in the

analyses only if, at the time of collection, (i) the original pair

was present and (ii) both fish still had their implants (for the

implant treatment groups only). In the handling-control

group, failure to collect three of the females of the original

pairs thatwere present at the time of collection, and the loss

of another female during histological processing, resulted

in unequal sample sizes in the female andmale groups. For

the single group, individual fish were included in the

analyses only if the fish still had its implant at the time of

collection (for implant treatment groups only).
3. RESULTS
In heterosexual paired females, fadrozole administration

induced female-to-male sex change (figures 1a and 2a,c).

Gonadal cell allocation was significantly altered in the

direction of a male gonad (Rao’s R5,7Z10.17, pZ0.004;

table 1), with the disappearance of vitellogenic oocytes, an

increase in spermatocytes from 2.5 to 30.5%, and the

appearance of spermatozoa. These gonads also contained

a high proportion of previtellogenic oocytes, which is

typical for individuals that have recently changed from

female to male (Munday 2002). In contrast, E2 adminis-

tration did not significantly affect overall gonadal cell

allocation (figure 1a; Rao’s R4,8Z3.13, pZ0.08; table 1).

In these gonads, a negative E2 feedback exerted on

gonadotrophin secretion may have resulted in the reduced

allocation to cortical alveoli and vitellogenic oocytes

(Peter & Yu 1997), and thus on oocyte maturation, and

in an increased allocation to spermatocytes.

In heterosexual paired males, E2 administration

induced male-to-female sex change (figures 1b and 2b,d ).
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Figure 3. Gonad structure of Gobiodon erythrospilus established as single females or males: (a) female control; (b) female
administered oestradiol; (c) male control; and (d ) male administered oestradiol. Note that single, adult females always change
sex to male. pv, previtellogenic oocytes; sc, spermatocytes; and sz, spermatozoa. Scale bar, 0.1 mm.
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Gonadal cell allocation was significantly altered in the

direction of a female gonad (Rao’s R3,13Z36.47,

pZ0.000 001; table 1), with the disappearance of sperma-

tozoa, a decrease in spermatocytes from 55.2 to 21.7%,

and an increase in previtellogenic oocytes from 12.1 to

57.9%. As in heterosexual paired females, a negative E2

feedback on gonadotrophin secretion may have regulated

allocation to cortical alveoli, vitellogenic oocytes (Peter &

Yu 1997) and spermatocytes. In contrast, fadrozole

administration did not affect overall gonadal cell allocation

(figure 1b; Rao’s R3,13Z0.94, pZ0.45; table 1).

In single females, E2 administration prevented natural

female-to-male sex change (figures 1c and 3a,b). Com-

pared with the handling-control, paired females (figures

1a and 2a), gonadal cell allocation in single, control

females had significantly altered in the direction of a male

gonad (figures 1c and 3a; Rao’s R5,5Z6.57, pZ0.03;

table 1), with a high proportion of spermatocytes and

spermatozoa. E2 administration resulted in single females

retaining the characteristics of a female gonad (figures 1c

and 3b; Rao’s R3,7Z8.70, pZ0.009; table 1), including

the complete absence of spermatozoa and only the

occasional occurrence of spermatocytes. In contrast,

fadrozole administration did not prevent natural sex

change (figure 1c); the gonadal cell allocation of these

fish did not differ from single, control females that

naturally changed sex to male (Rao’s R3,4Z2.99,

pZ0.16; table 1).

In single males, E2 administration induced male-to-

female sex change (figures 1d and 3c,d). Gonadal cell

allocation in single control males remained similar to

handling-control, paired males (figure 1b,d; Rao’s R3,11Z
1.77, pZ0.21; table 1). E2 administration resulted in a

significant shift in gonadal cell allocation in the direction
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of a female gonad (figures 1d and 3c,d; Rao’s R3,7Z
107.31, pZ0.000 003; table 1), with the disappearance of

spermatozoa, a decrease in spermatocytes from 45.5 to

17.6%, and an increase in previtellogenic oocytes from

13.3 to 54.7%. In contrast, fadrozole administration did

not affect overall gonadal cell allocation (figure 1d; Rao’s

R3,9Z2.18, pZ0.16; table 1).
4. DISCUSSION
The results from paired fish support our predictions, that

(i) reciprocal sex change occurs in pairs where the females

were administered fadrozole and males E2 and (ii) no sex

change occurs in the reverse or control treatments.

Moreover, the results from single fish demonstrate that

E2 administration (i) prevents natural sex change in single

females and (ii) induces sex change in single males. Thus,

our results support the hypothesis that manipulating E2

levels induces sex change in either direction in

G. erythrospilus, and demonstrate that a single enzymatic

pathway can regulate both female and male sexual

differentiation.

We propose that, at least inG. erythrospilus, exposure to

dominant behaviour helps mediate sex change by the

regulation of E2 synthesis through the aromatase pathway.

In male–male pairs ofG. erythrospilus, the larger individual

remains male and the smaller changes sex to female,

whereas, in female–female pairs, the larger individual

changes sex to male and the smaller remains female

(Munday 2002). Single females change sex to male and

single males remain male (J.-P. A. Hobbs 2002, unpub-

lished thesis; Munday 2002; Hobbs et al. 2004). These

patterns can be explained if dominant behaviour activates

E2 synthesis and the absence of dominant behaviour

deactivates E2 synthesis. The presence of a dominant male
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should thus suppress sex change in subordinate females

and induce sex change in subordinate males by up-

regulating E2 synthesis. The absence of dominant

behaviour should induce sex change in dominant and

single females by downregulating E2 synthesis. In fishes,

exposure to dominant behaviour can result in a rise of

cortisol levels in subordinate individuals (Overli et al.

1999; Elofsson et al. 2000; Sloman et al. 2001; Doyon et al.

2003). Moreover, the glucocorticoid response element is a

regulatory element of the ovarian isoform of the aromatase

gene in Gobiodon histrio (Gardner et al. 2003), and may

thus directly regulate aromatase activity. Socially con-

trolled sex change may thus be mediated by changing

cortisol levels (Perry & Grober 2003) through the

aromatase pathway, a proposition that deserves further

study.

Importantly, G. erythrospilus in heterosexual pairs do

not change sex, regardless of the relative sizes of the male

and female (Munday 2002). Therefore, it seems that size-

based dominance alone does not control sex change in G.

erythrospilus, and that the presence of a male is sufficient to

prevent sex change in normal social groups. This suggests

that male behaviour, or perhaps other sensory cues from

males, could also affect the regulation of E2 synthesis.

Recently, two aromatase genes that encode two distinct

cytochrome P450 aromatase isoforms, the ovarian isoform

and the brain isoform, have been documented in the

bidirectional sex changing gobies G. histrio (Gardner et al.

2003) and Trimma okinawae (Kobayashi et al. 2004). In T.

okinawae, the ovarian isoform mRNAwas present in ovary

and testis, and the ovarian isoform transcripts correlated

with ovarian development, suggesting that the ovarian

isoform, but not the brain isoform, is involved in the

regulation of ovarian vitellogenesis in this species

(Kobayashi et al. 2004). Hence, if two aromatase isoforms

are also present in G. erythrospilus, the results of our study

suggest that fadrozole blocks the ovarian isoform in this

species. In contrast, the oestrogen response element is a

regulatory element of the brain isoform, but not the

ovarian isoform, inG. histrio (Gardner et al. 2003), and E2

administration can result in upregulation of this isoform

expression in the goldfish brain (Gelinas et al. 1998). This

suggests that, in E2-treated G. erythrospilus, at least part of

the changes in gonadal cell allocation may have resulted

from E2 regulation of the brain isoform in the brain region.

E2 regulation by the aromatase enzyme appears to be a

key process in the sex differentiation of vertebrate species

with environmental sex determination (Baroiller et al.

1999; Devlin & Nagahama 2002; Crews 2003; Godwin

et al. 2003), including temperature-dependent sex deter-

mination in fishes (Kitano et al. 1999; Kwon et al. 1999;

Baroiller & D’Cotta 2001; D’Cotta et al. 2001) and

reptiles (Pieau et al. 1999; Crews et al. 2001; Gabriel et al.

2001; Crews 2003; but see Murdock & Wibbels 2003),

and has now been shown to mediate sexual differentiation

in a species with socially controlled sex change. Given the

pivotal role of aromatase in E2 synthesis, this enzyme may

play a key role in transducing environmental information

into sex differentiation responses in species with environ-

mental sex determination.
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