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In general, there is a relationship between growth and reproduc-
tion, and gonads are known to be important organs for growth, but
direct evidence for their role is lacking. Here, using a fish model, we
report direct evidence that gonads are endocrine organs equal to
the pituitary in controlling body growth. Gonadal loss of function,
gain of function, and rescue of growth were investigated in tilapia.
Gonadectomy experiments were carried out in juvenile males and
females. Gonadectomy significantly retarded growth compared
with controls; however, this retardation was rescued by the
implantation of extirpated gonads. Because gonads express growth
hormone, it is possible that gonads control body growth through
the secretion of growth hormone and/or other endocrine factors.
We propose that gonads are integral players in the dynamic
regulation of growth in teleosts.
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Sexual dimorphism in body growth is a common phenomenon
(1). In teleosts, for example, female flounder are larger than

males (2, 3), whereas in tilapia, males are the larger sex (4).
However, although these sexual differences in body size may be
related to their reproductive organs, the mechanisms underlying
sexually dimorphic body growth have not been determined.
In general, reproduction is closely related to body growth (5–8),

and gonads are recognized as important organs for growth.
However, few examples showing a clear relationship between
the gonad and body growth have been published. To study
the relationship between gonad and body growth, we selected
Mozambique tilapia (Oreochromis mossambicus) as the experi-
mental animal. This species displays sexually dimorphic growth,
and males and females can be visually identified by appearance
after hatching at 35 d. This species is also highly tolerant of a wide
range of environmental conditions and of surgery, such as the
gonadectomy procedure used in this study.
To clarify the direct relationship between gonads and growth,

we used the simple approach of removing the gonads surgically.
We autotransplanted the extirpated gonads to ectopic sites and
investigated how the ectopic gonads affected growth. Here we
report that the presence of gonads is necessary for normal body
growth, leading to the conclusion that in terms of body growth, the
gonad can be considered functionally as a “secondary pituitary.”

Results
Body Growth Is Delayed in Gonad-Deficient Fish. To investigate the
relationship between body growth and the presence of gonads,
we performed a loss-of-function experiment by surgically re-
moving gonads from juvenile male and female tilapia at 40 d
after hatching. At 50 d postsurgery, gonadectomized fish had
significantly lower body weight than sham-operated fish of both
sexes (Fig. 1 A and B). Tilapia reach sexual maturity by 90 d
after hatching, marked by characteristic body color changes
accompanied by advancement of spermatogenesis and oogen-
esis. The gonadectomized fish did not exhibit the changes in
body color signifying sexual maturation; thus, prevention of
sexual maturation by gonad removal was accompanied by re-
tarded body growth.

Body Growth Is Recovered in Ectopically Transplanted Fish. In a gain-
of-function experiment, we autotransplanted gonads to an ec-
topic site between the skin and muscle. We confirmed that there
was no gonad in the coelomic cavity of these transplanted fish
(Fig. 2A). The transplanted fish were reared in the same way as
sham-operated fish. At 90 d, transplanted testes developed with
spermatozoa identified by histology (Fig. 2B). In females, mature
eggs in the transplanted ovary were absent, but oocytes at the
early vitellogenic stage were present (Fig. 2B). Under the same
culture conditions, sham-operated females produced mature
eggs at 90 d (Fig. S1). Furthermore, at 150 d, the ectopically
transplanted ovaries contained mature eggs at 150 d. Thus, al-
though oogenesis in the ovaries of ectopically transplanted
females is delayed compared with sham-operated females, these
ovaries have the capability to undergo normal oogenesis (Fig.
S2). These results demonstrate that the ectopically transplanted
gonads undergo further development, with the rate of progress
dependent on sex. Body weights (Fig. 1B) and body length of
males and females with transplanted gonads did not differ from
those of sham-operated fish, showing that the recovery of weight
occurred synchronously with the recovery of length. These data
indicate that normal growth depends on the presence of gonads.

Steroid Hormone Level in the Experimental Fish. The endocrine
control of growth and sexual maturation differs significantly
between males and females. Androgens have been shown to
experimentally promote growth in male fish (9, 10). Estrogens
also act at the level of the pituitary to regulate GH secretion
(11). Measurement of sex steroid hormones in the blood of fish
in this experiment yielded the expected results; levels of sex
steroid hormones 11-ketotestosterone (11-KT) in males and es-
tradiol-17β (E2) in females) decreased significantly in gonadec-
tomized fish, and concentrations in fish with ectopically
transplanted gonads recovered to the same level as those in
sham-operated male fish (Fig. 3). In females with ectopic ovaries,
E2 levels recovered only partially, to approximately 35% of
control values (Fig. 3). At 90 d, the ovaries of ectopically
transplanted female fish contained only early vitellogenic stage
oocytes, and sham-operated females already had mature eggs
(Fig. 2B and Fig. S1). This finding indicates that serum E2 level is
dependent on the developmental stage of the ovary; females with
ectopic ovaries exhibited delayed oogenesis and had lower levels
of E2 compared with the sham-operated female fish. Although
this finding does not provide direct evidence that the decrease in
growth is due to decreased sex steroid hormone levels, it does
suggest a relationship between growth and sex steroid hormones.
Thus, suppression of growth in gonadectomized fish and recovery
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of growth in fish receiving ectopic gonads might be relayed to the
absence and presence of sex steroids, respectively.

Body Growth Regulation by Growth Hormone and Insulin-Like Growth
Factor I in Gonads. In this study, we focused on growth hormone
(GH) and insulin-like growth factor I (IGF-I) as factors in-
volved in this interesting phenomenon. These two hormones
are known to directly stimulate growth. Although GH is clas-
sically associated with the pituitary, and the major source of
IGF-I is the liver, recent studies have demonstrated that these
hormones are expressed in other tissues as well (12–18), where
their functions are unclear. In tilapia, both hormones are
expressed as mRNA and protein in the testis and the ovary
(Fig. 4) (19). RT-PCR analysis detected mRNA of GH
expressed in pituitary, testis, and ovary (Fig. 4A). In organs
other than pituitary, GH expression was observed in both male
and female gonads. Using immunohistochemical analysis, GH-
producing cells were detected in the organs expressing GH
mRNA (Fig. 4B). In pituitary, GH was expressed in GH cells,
a localization identical to that reported previously (20). GH was
expressed in the Sertoli cells of testis and in the granulosa and
fibroblast (thecal) cells of ovary, and GH expression in the
gonads appeared to be in somatic cells.
To assess whether GH and IGF-I expression changes after

application of the experimental treatments used in this study, we
measured transcripts encoding these hormones in various tissues
by quantitative real-time PCR. We found no difference in GH
expression in the ovaries of the sham-operated fish and ectopi-
cally transplanted fish. GH expression in testes was moderately
but significantly higher in the sham-operated males than in the
ectopically transplanted males (Fig. 5). We predicted that cir-
culating GH levels would decrease after the gonads were re-
moved. Removal of the gonads resulted in a significant decrease
in blood GH levels, and subsequent ectopic gonad trans-
plantation led to recovery in males and levels exceeding those in
controls in females (Fig. 6), a result paralleling the data from
real-time RT-PCR. On the other hand, there were no changes in
blood IGF-I level among all experimental groups (Fig. S3). In

female goldfish, E2 stimulates GH production at posttranscriptional
or translational level in the pituitary (21). This relationship
between serum GH and E2 levels is not observed in female
tilapia, however (Figs. 3B and 6). Control of GH synthesis and
secretion may differ between species. Our data demonstrate
that the gonads are a significant source of circulating GH, and
that the presence of GH in both pituitary and gonad is needed
for the normal control of body growth.

Discussion
Fish Growth Requires the Gonads. In this study, we have shown
a direct relationship between gonads and growth in male and
female tilapia. Gonadectomized fish exhibited decreased growth,
and fish with ectopically transplanted gonads exhibited statisti-
cally complete recovery of growth compared with gonadecto-
mized fish. These findings indicate that in addition to the
pituitary, the gonads are major participants in the regulation of
body growth in tilapia and possibly other fish species as well. The
pituitary is a critical component of the neuroendocrine system
that is present in all vertebrates. It is essential for the mainte-
nance of homeostasis, metabolism, reproduction, growth, lacta-
tion, immunity, and cellular differentiation (22–25). GH is
produced primarily in the pituitary by the somatotrophic cells of
the mesoadenohypophysis, although it is well established that
some extrapituitary tissues express the GH gene, and that its
product is not released into the systematic circulation but acts
locally in an autocrine or paracrine manner (26). Although GH is
expressed in the gonads of mammals (13, 14), birds (15–18), and
fish (27, 28), the function of gonadal GH in regulating growth
has not been determined. Our results indicate that the gonads
play an important role in the regulation of body growth in both
male and female tilapia.

Role of Gonads in Growth. The relationship between sexual mat-
uration and growth has been investigated in other animals, and
numerous reports on the effects of castration on growth in do-
mestic animals have been published (29–31). The present results
differ from those reports, which reached conflicting conclusions.

Fig. 1. Gonads promote the growth of tilapia. (A)
Photographs of male tilapia at 50 d after sham op-
eration, gonadectomy, or ectopic transplantation.
(Scale bar: 2 cm.) (B) Comparison of body weight
among the experimental groups. At 40 d (initial,
before surgery), the average body weight was no
different among groups. At 90 d (50 d after surgery),
gonadectomized fish of both sexes (GA) exhibited
growth retardation compared with sham-operated
fish (SO). Fish that received the ectopic gonad
transplant (ET) did not differ in weight compared
with SO fish. Results are mean ± SEM calculated for
each group. Values with different letters are signifi-
cantly different (P < 0.05; n ≥14).
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For example, whereas one study reported that growth was pro-
moted by castration, others found that castration inhibited
growth (29–31). These results imply that the effects of castration
on growth differ among species. In this study, we focused on the
GH/IGF-I system because the rescue of growth was observed in
male and female fish with ectopically transplanted gonads. If the
steroid hormones were in fact involved in gonadal regulation of
growth, then the sex differences in the type of steroid hormone
released from the gonad would be expected to result in different
effects in males and females. However, both male and female
fish exhibited growth retardation after gonadectomy and growth
recovery after ectopic transplantation of gonads. GH mRNA
expression in the pituitary of all experimental fish did not differ
significantly among the treatment arms, but serum GH levels
were lower in the gonadectomized fish. In Mozambique tilapia,

pituitary GH mRNA level is a better indicator of growth than
serum GH level (32). Ectopic gonads expressed GH at a level
similar to that of normal gonads in sham-operated males and
females. These results suggest that the release of GH from ec-
topically transplanted gonads stimulates growth. GH and IGF-I
are expressed in the testis of human and chicken (17–21), and
the gonads might produce both GH and IGF-I, although there
might be differences between species. The roles of these hor-
mones produced from the gonads in growth are not clearly
understood, however.
Our results clearly demonstrate that GH in gonads plays a sig-

nificant role in body growth; however, growth is also controlled by
a multiple mechanisms and factors, including as steroid hormones,
other endocrine factors, and also regulation of appetite. In this
study, through loss-of-function and gain-of-function experiments,
we have shown that the gonads are necessary for normal growth
and thus, from the perspective of regulation of body growth, can
be considered a “secondary pituitary.”

Materials and Methods
Fish and Operations. This study was carried out in accordance with Guideline
for the Animal Care and Use of Laboratory Animals at Ehime University.
Tilapia (Oreochromis mossambicus) were maintained in a recirculating
fresh water system at 28 °C with UV filtration under a 14-h light:10-h dark
photoperiod, and were fed to satiation (∼3–5% of body weight). For go-
nadectomy of early developing immature (40 daf) fish, the very soft and
fragile gonadal tissue, which is firmly attached into the dorsal celomic
cavity behind the digestive organs, was carefully removed. The fish were
briefly anesthetized, immediately after which surgical incisions were made
in the lower abdomen dorsoventrally, between the pelvic and anal fins.
Sham-operated fish received only the incision, whereas the paired gonads
were completely removed from gonadectomized fish. These immature fish

Fig. 2. Histological examination of fish. (A) The complete fish was fixed
at 2 d after surgery. All sections were stained with H&E. The insets in a, b, e,
and f are enlarged in the brackets of figures. The sham-operated fish
appeared normal with no damage (a and b). The gonads were completely
removed in gonadectomized fish (c and d). Sections of ectopic-transplanted
fish showed that the gonads were completely removed from the normal
location, and the transplanted gonads were located in the muscle (e and
f). (Scale bars: 200 μm in a, b, c, and d; 0.5 mm in e and f; 20 μm in Insets
in a, b, e, and f.) (B) Ectopic gonads were fixed at 50 d after operation,
and all sections were stained with H&E. Male gonads were completely
mature, and spermatozoa were observed (male). Mature eggs were not
observed in ectopic female gonads (female), but ovarian follicles at the
early vitellogenic stage were present. (Scale bars: 20 μm for males, 50 μm
for females.)

Fig. 3. Measurement of steroid hormone levels. (A) Serum 11-KT levels.
Levels were similar in sham-operated (SO) and ectopically transplanted
(ET) male fish. 11-KT was not detected in serum of male gonadectomized
fish (GA). In females, serum 11-KT levels were very low compared those
detected in male fish. (B) Serum E2 levels. ET fish had higher levels of E2
compared with GA fish, but unlike 11-KT in males, E2 levels did not recover
to the same level in ET fish as in SO fish. This result was in agreement
with the findings of histological analysis. Given that E2 level is dependent
on the developmental stage of the ovary, SO and ET female fish have
differing E2 levels. Transplanted male gonads developed into mature
testis containing spermatozoa, but female gonads were not completely
mature and contained early vitellogenic ovarian follicles. Results are
given as mean ± SEM. Value with different letters are significantly different
(P < 0.05; n ≥ 6).
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had either testes with only type A spermatogonia or ovaries with peri-
nucleolus stage ovarian follicles. Either gonads were discarded or gonadal
tissue was transplanted into the same animal at an ectopic site on the
back between the skin and muscles. In sham-operated fish, an incision was
made at the ectopic site. Incisions were immediately sutured with Aron
Alpha (Daiichi Sankyo). Fish were healed completely by 5–10 d after the
surgery. Each experimental group was maintained separately. The food
intake of the experimental fish was the same as that of the nonoperated
fish (normal fish) at the same developmental stage during the first 5 d
after surgery, and the food intake of all experimental groups was kept
equal by weighing the food.

Histological Examination. Ovaries and testes of all treatment groups were
examined histologically. Organs were excised and fixed with Bouin’s solution
at room temperature for 1 wk. Standard methods of sectioning and H&E
staining were used. The developmental stages of gonads were determined
as described previously (33).

RT-PCR. Total RNA was isolated from adult tilapia using Sepasol RNA I Super
(Nacalai Tesque). For this, 5 μg of RNA of various organs was reverse-tran-
scribed to single-strand cDNA using SuperScript II reverse transcriptase
(Invitrogen) and oligo (dT) primers according to the manufacturer’s
instructions. RT-PCR was performed using specific primer pairs for tilapia: GH
forward, 5′-AGAGACTCTTCTCGGACTTTGAGAG-3′; reverse, 5′-ATTTAGC-
TACCGTCAGGTAGGTCTC-3′; EF1α forward, 5′-GCGGAGGAATCGACAAGA-
GAA-3′; reverse, 5′-GTACCGGGCTTCAGGATACCA-3′).

Immunohistochemistry. Detection of immunoreactive GH was performed as
follows. The samples were fixed in Davidson’s solution at 4 °C overnight,

embedded in paraffin wax, and cut into 6- to 10-μm serial sections. Sections
were deparaffinized in xylene and hydrated in a graded ethanol series.
Immunohistochemical analysis was performed using the Histofine SAB-AP
Kit (Nichirei). Anti-bream GH (GroPep) was used at a dilution of 1/1,000 in
Can Get Signal Immunostain Immunoreaction Enhancer Solution (Toyobo).

Fig. 4. Expression of GH in tilapia. (A) GH mRNA expression in tilapia as
detected by RT-PCR analysis of various tissues, including brain (Br), liver (Li),
pituitary (Pit), testis (Tes), ovary (Ov), and muscle (Mus). (−) indicates a re-
verse-transcription reaction without reverse transcriptase. EF1α served as the
internal control. (B) Immunohistochemical analysis of GH in tilapia pituitary,
testis, and ovary. Each adjacent section of the tissues was stained with H&E
(HE; a, d, and g), immunostained with anti-GH antibody and AP-conjugated
secondary antibody (GH; b, e, and h), or immunostained without primary
antibody (NC; c, f, and i). Strong signals (black) were detected in GH cells of
pituitary (b). No signal was detected without primary antibody (c). Signals
were detected in the Sertoli cells around the spermatogonia of testis (e) and
in the granulosa and fibroblast (thecal) cells in the ovary (h). (Scale bars:
200 μm in a, 20 μm in d, 50 μm in g.)

Fig. 5. Quantitative real-time PCR analysis of expression of GH and IGF-I
mRNAs in various tissues, using the EF1α gene as an internal control. (A) GH
expression in the pituitary. (B) GH expression in the gonads. (C) IGF-I ex-
pression in the liver. (D) IGF-I expression in the gonads. No significant dif-
ferences were seen among treatments. Results are given as mean ± SEM.
Values with different letters are significantly different (P < 0.05; n ≥6). ET,
ectopically transplanted; GA, gonadectomized; SO, sham-operated.

Fig. 6. Measurement of serum GH levels by ELISA. At 90 d, serum levels
were significantly lower in male gonadectomized (GA) fish compared with
the other two male groups. In females, serum levels were higher in ectopi-
cally transplanted (ET) fish compared with sham-operated (SO) fish. Results
are given as mean ± SEM. Values with different letters are significantly
different (P < 0.05; n ≥ 6).
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Measurement of Sex Steroids. Sera were extracted twice with 5× volumes of
diethyl ether. The 11-KT and E2 levels in these extracts were measured by
time-resolved fluoroimmunoassay as described previously (34).

Measurement of GH. Serum GH levels were measured using a standard
sandwich ELISA method. The antibody for capture was anti-yellowtail GH
antibody, which was used for elution of sera from the DE52 column. The
detection antibody was F(ab′)2 fragmented anti-yellowtail GH antibody,
labeled with biotin.

Quantitative Real-Time RT-PCR. GH and IGF-I mRNA expression levels in the
pituitary, liver, and gonads were measured by quantitative real-time PCR
(Step One Plus; Applied Biosystems). Total RNA was isolated from pituitary,
liver, and gonads using Sepasol RNA I Super (Nacalai Tesque). To avoid
contaminationwith genomic DNA, extracted total RNAwas treated with 2 U of
DNase (TURBO DNase-Free TM Kit; Ambion). cDNAs were produced with
M-MLV transcriptase (Promega, 200 U/μL), and quantitative real-time RT-PCR
was preformed with SYBR Premix Ex Taq TM II (TaKaRa). The primer sequences
were as follows: GH reverse, 5′TTGGTGAAATCTGGTTCCTCA-3′; forward,
5′-AGCTCGGTCCTGAAGCTG-3′; IGF-I reverse, 5′-CCATAGCCTGTTGGTTTATT-
GAA-3′; forward, 5′-TCACTACTGCTGTGCGTCCTC-3′; Ef1α reverse, 5′-GA-
TACCGCCAATCTTGTAGACG-3′; forward, 5′-TGAGCTGGTTCAAGGGATG-3′.

Temperature conditions were 95 °C for 30 s, followed by 40 cycles of 95 °C
for 5 s, 60 °C for 15 s, and 72 °C for 30 s. The specificity of the amplified
products was verified systematically by the amplification reaction. Standard
curves were generated using serially diluted series prepared from the cDNA
products. Tissue expression was normalized using Ef1α as an internal control.
Quantitative values were calculated from the threshold PCR cycle number
(Ct) at which the increase in signal associated with an exponential growth
of PCR products was detected, and verified using a melting curve run after
the PCR. Relative transcript quantification was done after dilution of the
RT product, and a real-time PCR assay was conducted in the duplicate for
each sample.

Statistical Analysis. All results presented in this study are expressed as mean ±
SEM. All values were analyzed by one-way ANOVA followed by a Bonferroni
multicomparison test using KaleidaGraph statistical software (Synergy
Software). Significance was set at P < 0.05.
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