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Highlights 24 

 oGH and oLH acted synergistically to restore GSI and ovarian morphology in females  25 

 ghr2 expression was higher in ovary than in testis 26 

 Gonadal igf3 was increased by oGH and oLH in both sexes 27 

 Ovarian er and ar levels were restored by a combination of oGH and oLH 28 

 Muscle and hepatic ghr2 were more responsive to oGH in males versus females 29 

 30 

Abstract 31 

  Across the vertebrate lineage, sexual dimorphism in body size is a common phenomenon 32 

that results from trade-offs between growth and reproduction. To address how key hormones that 33 

regulate growth and reproduction interact in teleost fishes, we studied Mozambique tilapia 34 

(Oreochromis mossambicus) to determine whether the activities of luteinizing hormone (Lh) are 35 

modulated by growth hormone (Gh), and conversely, whether targets of Gh are affected by the 36 

presence of Lh. In particular, we examined how gonadal morphology and specific gene 37 

transcripts responded to ovine GH (oGH) and/or LH (oLH) in hypophysectomized male and 38 

female tilapia. Hypophysectomized females exhibited a diminished gonadosomatic index (GSI) 39 

concomitant with ovarian follicular atresia. The combination of oGH and oLH restored GSI and 40 

ovarian morphology to conditions observed in sham-operated controls. A similar pattern was 41 

observed for GSI in males. In control fish, gonadal gh receptor (ghr2) and estrogen receptor 42 

β (erβ) expression was higher in females versus males. A combination of oGH and oLH restored 43 

erβ and arβ in females. In males, testicular insulin-like growth factor 3 (igf3) expression was 44 

reduced following hypophysectomy and subsequently restored to control levels by either oGH or 45 

oLH. By contrast, the combination of both hormones was required to recover ovarian igf3 46 
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expression in females. In muscle, ghr2 expression was more responsive to oGH in males versus 47 

females. In the liver of hypophysectomized males, igf2 expression was diminished by both oGH 48 

and oLH; there was no effect of hypophysectomy, oGH, or oLH on igf2 expression in females. 49 

Collectively, our results indicate that gene transcripts associated with growth and reproduction 50 

exhibit sex-specific responses to oGH and oLH. These responses reflect, at least in part, how 51 

hormones mediate trade-offs between growth and reproduction, and thus sexual dimorphism, in 52 

teleost fishes. 53 

 54 

Keywords: gonadotropins, fish, growth, liver, muscle, receptors, reproduction, sexual 55 

dimorphism 56 

 57 

1. Introduction 58 

 Sexual dimorphism with respect to body size is prevalent among animal taxa from 59 

crustaceans to mammals, including fishes. In bony fishes, this pattern is observed across a wide 60 

range of species, such as garfish (Belone belone; Samsun et al., 2006), mackerel (Scomber 61 

scombrus; Eltink, 1987), several groundfish (Hanson and Courtenay, 1997; Jiménez et al., 1998), 62 

and tilapia (Chervinski, 1965). Sexual dimorphism results from differences in sexual maturation, 63 

growth, and life span between sexes, in addition to other selective pressures (Fairbairn et al., 64 

2007; Hüssy et al., 2012; Ralls and Mesnick, 2009; Stamps, 1993). Moreover, growth and 65 

reproductive processes interact in many vertebrates and evidence suggests that differences in the 66 

allocation of energy towards somatic growth versus reproductive capacity may underlie sex-67 

specific growth rates (Cox, 2006; Rennie et al., 2008; Taylor and DeNardo, 2005).   68 
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 Like many other teleost fishes, tilapia exhibit sexually dimorphic growth patterns, with 69 

males growing faster than females. In Mozambique tilapia (Oreochromis mossambicus), these 70 

differences in growth rate were previously attributed to the direct actions of androgens and 71 

estrogens as well as their modulation of the growth hormone (GH)/insulin-like growth factor 72 

1 (Igf1) axis (Kuwaye et al., 1993; Riley et al., 2002; Seale et al., 2020; Sparks et al., 2003). 73 

Different growth rates between sexes may also result from the timing of gonadal development 74 

and sexual maturation (Bhatta et al., 2012b). In males, growth rates decreased only after 75 

complete sexual maturation, while in females, growth decreased prior to sexual maturation. 76 

Moreover, the removal of gonads retarded growth while ectopic transplantation of gonadal tissue 77 

restored normal body growth of Mozambique tilapia (Bhatta et al., 2012a), suggesting that 78 

gonadal hormones impact growth in both sexes. The endocrine intermediaries between growth 79 

and reproduction, however, require elucidation. In salmonids, somatic growth is reduced during 80 

sexual maturation when lipids are mobilized from visceral adipose tissue and muscle 81 

(Aussanasuwannakul et al., 2011; Manor et al., 2012; Nassour and Leger, 1989). During the 82 

sexual maturation of rainbow trout (Oncorhynchus mykiss), nutrition and energy are redirected 83 

away from somatic growth to support ovarian development by increasing muscle protein 84 

turnover (Cleveland and Weber, 2011, 2016; Weber et al., 2022). It remains unclear, however, 85 

how the interaction between growth and reproductive development is regulated by hormonal 86 

signals within males and females. 87 

The endocrine system of fishes regulates a range of physiological processes, including 88 

growth and reproduction. Secreted by the pituitary gland, Gh regulates various physiological 89 

processes including somatic growth (Duan, 1997) through its receptors (Ghrs). Two ghrs 90 

subtypes were found in Mozambique tilapia, ghr1 and ghr2 (Kajimura et al., 2004; Pierce et al., 91 
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2007), with ghr2 encoding the primary Gh receptor (Kajimura et al., 2004; Pierce et al., 2007, 92 

2012). Gh regulates growth and development directly through the Ghr2 and indirectly through 93 

the stimulation of Igfs (Butler and Le Roith, 2001; Duan, 1998; Duan et al., 2010; Le Roith et al., 94 

2001; Reindl and Sheridan, 2012). Also secreted by the pituitary gland, follicle-stimulating 95 

hormone (Fsh) and luteinizing hormone (Lh) regulate gametogenesis and the production of 96 

gonadal hormones in males and females (Levavi-Sivan et al., 2010; Schulz et al., 2001; Swanson 97 

et al., 2003). In teleosts, it was established that the two gonadotropins, Gth I and Gth II are 98 

orthologues of tetrapod Fsh and Lh, respectively (Li and Ford 1998; Quérat et al. 2000; Suzuki et 99 

al. 1988a, b, c). Lh and Fsh operate through their cognate receptors in Leydig cells and Sertoli 100 

cells in males, and follicular cells in females (Lubzens et al., 2017; Schulz et al., 2001), to 101 

stimulate the production of androgens and estrogens, respectively (Kagawa et al., 1998; Okada et 102 

al. 1994; Planas et al. 2000; Planas and Swanson, 1995; Swanson et al., 2003). Gonadal steroids 103 

further regulate gametogenesis and sexual maturation (Forsgren and Young, 2012; Miura and 104 

Miura, 2003; Monson et al., 2017; Nagahama, 1994; Nagahama  et al., 1994; Schulz et al., 2001) 105 

with androgen and estrogen receptors (ar and er) mediating the gonadal responsiveness to sex 106 

steroid hormones (Gross and Yee, 2002; Park et al., 2007). Gh may also directly modulate 107 

reproduction by exerting both gonadotropin-dependent and -independent actions in both males 108 

and females (Hull and Harvey, 2014). Hence, it is necessary to examine the effects of hormones 109 

that regulate growth and reproduction on Ghr2, Igfs, and sex steroid receptors to understand the 110 

endocrine mechanisms that may underlie sexually dimorphic growth. 111 

 The combination of hypophysectomy with hormone replacement is a classic experimental 112 

approach to identify the endocrine effects of pituitary hormones. Through this approach, we 113 

previously described the effects of Gh on hepatic leptin levels (Douros et al., 2016), plasma Igfs 114 
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and hepatic ghr2, igf1, and igf2 expression (Breves et al., 2014), and intestinal ghr2 expression 115 

(Petro-Sakuma et al., 2020). Given their well-described patterns of sexually dimorphic growth, 116 

we used hypophysectomized Mozambique tilapia as a model to examine whether the activities of 117 

Lh are modulated by Gh, and conversely, whether targets of Gh are affected by the presence of 118 

Lh. We administered ovine GH and ovine LH alone or in combination before examining the 119 

morphology of gonads and gene expression patterns for ghr2, igfs, ers, and ars in gonad, muscle, 120 

and liver. 121 

 122 

2. Materials and methods 123 

2.1 Animals and rearing conditions 124 

Male and female Mozambique tilapia (O. mossambicus) with mean (± S.E.M.) body 125 

weights (BW) of 92.6 ± 3.1 and 93.0 ± 3.0 g, respectively, were obtained from stocks maintained 126 

at the Hawai‘i Institute of Marine Biology. Given the sexually-dimorphic nature of this species, 127 

the mean BW was kept similar between males and females to control for any influence of BW on 128 

sex-specifc responses. Fish were maintained outdoors with a continuous flow of fresh water 129 

(FW; municipal water) under natural photoperiod and fed a commercial diet (Silver Cup Trout 130 

Chow, Nelson & Sons Inc., Murray, UT). Water temperatures were maintained between 24 and 131 

26 °C. All housing and experimental procedures were conducted in accordance with the 132 

principles and procedures approved by the Institutional Animal Care and Use Committee of the 133 

University of Hawai‘i. 134 

 135 

2.2 Hypophysectomy and hormone replacement 136 

Hypophysectomy was performed by the transorbital technique developed by Nishioka 137 

(1994). Mozambique tilapia were anesthetized by immersion in buffered tricaine 138 
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methanesulfonate (100 mg/l, Argent Chemical Laboratories, Redmond, WA) and 2-139 

phenoxyethanol (2-PE; 0.3 ml/l, Sigma-Aldrich, St Louis, MO) in FW. After removal of the right 140 

eye and underlying tissue, a hole was drilled through the neurocranium and the pituitary was 141 

aspirated with a modified Pasteur pipette. The orbit was then packed with microfibrillar collagen 142 

hemostat (Ethicon, Somerville, NJ) and fish were allowed to recover for 5 d in brackish water 143 

(12‰) composed of seawater diluted with FW. Following recovery, fish were transferred to re-144 

circulating experimental aquaria containing aerated brackish water and treated with kanamycin 145 

sulfate (National Fish Pharmaceuticals, Tucson, AZ). Sham operations were carried out in the 146 

same manner but without aspiration of the pituitary.  147 

To characterize the effects of GH and LH on gonadosomatic index (GSI; (gonad 148 

weight/BW)*100), and gonadal, muscle, and hepatic gene expression, hypophysectomized fish 149 

(n = 8) were administered ovine GH (oGH; 5 μg/g BW, National Hormone and Peptide Program) 150 

and ovine LH (oLH; 5 μg/g BW, National Hormone and Peptide Program) alone or in 151 

combination via intraperitoneal injections over the course of 5 d. oGH and oLH were delivered 152 

in saline vehicle (0.9% NaCl; 1.0 μl/g BW). Forty-eight hours after the initial injection, second 153 

and third injections were administered 48 h apart. Twenty-four hours after the third injection, 154 

fish were netted, lethally anesthetized in 2-PE, and weighed prior to the removal of the gonads 155 

for calculation of GSI. Muscle, liver, and gonad samples were collected, immediately snap-156 

frozen in liquid nitrogen, and stored at −80 °C until RNA extraction. A portion of the gonads was 157 

fixed in 4% paraformaldehyde and processed for histological analyses. Two additional groups, 158 

hypophysectomized and sham-operated fish (control), were injected with saline vehicle only. 159 

Fish were not fed for the duration of the recovery and post-injection periods. At sampling, the 160 
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completeness of hypophysectomy was confirmed by post-mortem inspection of the hypothalamic 161 

region.  162 

 163 

2.3 Histological analysis 164 

 Fixed ovary and testis fragments were dehydrated in a series of graded ethanol, cleared 165 

with xylene, and embedded in paraffin wax. The embedded gonadal fragments were cut into 5 166 

μm sections and stained with hematoxylin-eosin for histological analysis. Gonadal sections were 167 

examined using a light microscope (Olympus BX43; Olympus Corp., Center Valley, PA) 168 

equipped with a digital camera (Infinity 3s; Lumenera, Ottawa, ON). 169 

 170 

2.4 Quantitative real-time PCR (qRT-PCR) 171 

Total RNA was extracted from gonad, muscle, and liver using TRI Reagent (MRC, 172 

Cincinnati, OH) according to the manufacturer’s protocols. The concentration and purity of 173 

extracted RNA were assessed using a microvolume spectrophotometer (NanoDrop One, Thermo 174 

Fisher Scientific, Waltham, MA). Total RNA (300-500 ng) was reverse-transcribed using a 175 

High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific). The mRNA levels 176 

of reference and target genes were determined by the relative quantification method using a 177 

StepOnePlus real-time PCR system (Thermo Fisher Scientific). The qRT-PCR reaction mix (15 178 

μl) contained Power SYBR Green PCR Master Mix (Thermo Fisher Scientific), 200 nM of 179 

forward and reverse primers, and 1 μl cDNA. Dilution of experimental cDNA from gonad, 180 

muscle, and liver ranged from 10- to 50-fold. PCR cycling parameters were: 2 minutes at 50 °C, 181 

10 minutes at 95 °C followed by 40 cycles at 95 °C for 15 seconds and 60 °C for 1 minute. All 182 

qRT-PCR primers have been previously described and are listed with PCR efficiencies in Table 183 
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1. The geometric mean (√𝑥₁ ∗ 𝑥₂ ∗ 𝑥₃
3 ; where x = quantity of each reference gene) of elongation 184 

factor 1α (ef1α), ß-actin, and 18s levels was used to normalize target genes levels (Celino-Brady 185 

et al., 2019). 186 

2.5 Statistical analysis 187 

Group comparisons were performed by two-way ANOVA followed by Fisher’s protected 188 

LSD test when significant main or interaction effects were detected. In order to meet 189 

assumptions of normality (assessed by Shapiro-Wilk test), individual values were log-190 

transformed, when necessary, prior to statistical analysis. Pearson correlation coefficients were 191 

used to describe the relationship between GSI and igf3 levels. Statistical calculations were 192 

performed using Prism 9.0 (GraphPad, La Jolla, CA). Significance for all tests was set at P < 193 

0.05.  194 

 195 

3. Results 196 

3.1 Effects of hypophysectomy and hormonal treatment on GSI and gonadal morphology 197 

Overall, there was a strong effect of sex on GSI. GSI was higher in females than in males, 198 

and was reduced in females following hypophysectomy. While neither oGH nor oLH when 199 

administered alone could restore GSI, the combined administration of both hormones restored 200 

GSI to values similar to sham-operated controls. On the other hand, although not significant (P = 201 

0.4891), there was a tendency for GSI in males to decrease following hypophysectomy and a 202 

tendency for the combined administration of oGH and oLH to restore GSI (Fig. 1).  203 

Histological analysis indicated that sham-operated fish exhibited normal gonad 204 

morphology. Males displayed maturing testes with spermatozoa, and in females, ovaries with 205 

vitellogenic oocytes were visible (Figs. 2 and 3). Except for vacuolization, hypertrophy of 206 
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interstitial tissue, and death of a few germ cells, there were no profound histological changes   207 

between the testis from control and hypophysectomized groups (Figs. 2A and B). Testes 208 

morphology of fish treated with oGH, oLH, or both hormones in combination did not markedly 209 

differ from control fish (Fig. 2). In females, however, hypophysectomy was followed by 210 

extensive atresia of ovarian follicles in 57% of the fish (Figs. 3A and B). The administration of 211 

oGH and oLH alone had no effect on hypophysectomy-induced atresia (Figs. 3C and D); the 212 

administration of oGH with oLH restored normal ovarian morphology in most of the fish (Fig. 213 

3E).  214 

 215 

3.2 Effects of hypophysectomy and hormonal treatment on gonadal ghr2 and igfs  216 

In control groups, gonadal ghr2 levels were higher in females than in males. Ovarian 217 

ghr2 levels were reduced following hypophysectomy and restored by oLH or the combination of 218 

oLH and oGH; when administered alone, oGH only partially restored ghr2 levels. By contrast, 219 

hypophysectomy did not affect ghr2 levels in testis; administration of oLH alone or in 220 

combination with oGH reduced ghr2 levels (Fig. 4A).  221 

In controls, igf1 levels were higher in the testis compared with ovary. Testicular igf1 was 222 

reduced following hypophysectomy and restored by oGH alone or in combination with oLH. 223 

When administered alone, oLH had no effect on testicular igf1 expression. In females, there were 224 

no effects of hypophysectomy or hormones on ovarian igf1 levels (Fig. 4B). Ovarian igf2 was 225 

reduced in hypophysectomized females but there were no clear effects of oGH or oLH 226 

administration. In males, while testicular igf2 was unaffected by hypophysectomy, igf2 227 

expression was stimulated by oGH both alone or in combination with oLH (Fig. 4C). Gonadal 228 

igf3 levels were higher in males than in females. Among gonadal igfs, igf3 was markedly 229 
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reduced following hypophysectomy in both males and females. In testis, igf3 levels were 230 

restored by both oGH and oLH alone or in combination. In females, igf3 expression was only 231 

restored by the combination of both hormones (Fig. 4D). igf3 expression in both males and 232 

females was significantly correlated with GSI (r
2
=0.32 and r

2
=0.29, respectively). 233 

 234 

3.3 Effects of hypophysectomy and hormonal treatment on gonadal ar and er  235 

The expression of gonadal erα was higher in males than females. Testicular erα levels 236 

were reduced following hypophysectomy; oGH and oLH alone, or in combination, restored or 237 

increased erα levels beyond controls.  Ovarian erα was also reduced following hypophysectomy; 238 

neither oGH nor oLH had an effect on erα (Fig. 5A). Unlike erα, gonadal erβ expression was 239 

higher in females versus males. The co-administration of oGH and oLH stimulated ovarian erβ 240 

after hypophysectomy. There were no clear responses to hypophysectomy or hormone treatments 241 

in the testis (Fig. 5B). 242 

There was no response of gonadal arα to any treatments in either males or females (Fig. 243 

5C). On the other hand, arβ was higher in the testis compared with ovaries. Ovarian arβ 244 

decreased following hypophysectomy and was stimulated by oLH alone or in combination with 245 

oGH. The combined treatment of oLH with oGH increased arβ to levels observed in controls. By 246 

contrast, there were no effects of oGH or oLH on arβ in the testis (Fig. 5D).  247 

 248 

3.4 Effects of hypophysectomy and hormonal treatment on muscle ghr2 and igfs  249 

 In both sexes, muscle ghr2 expression decreased following hypophysectomy. The 250 

response of ghr2 to hormonal treatments followed similar pattern in both sexes; oGH alone or 251 

combination with oLH stimulated ghr2 levels. In males, however, ghr2 was more responsive to 252 
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oGH (Fig. 6A). The responses of igf1 to all treatments were similar between males and females. 253 

Hypophysectomy was followed by a reduction in igf1 that was restored by oGH alone or 254 

combined with oLH. oLH did not affect igf1 (Fig. 6B). In males, an increase in igf2 expression 255 

occurred following hypophysectomy; igf2 was further elevated by oGH alone or in combination 256 

with oLH. oLH alone, however, slightly diminished igf2 in hypophysectomized fish. In females, 257 

igf2 did not respond to hypophysectomy but was stimulated by oGH or oLH alone and in 258 

combination. Moreover, igf2 was more responsive to oLh in females than in males (Fig. 6C).  259 

 260 

3.5 Effects of hypophysectomy and hormonal treatment on hepatic ghr2 and igfs  261 

 In the liver, ghr2 levels were higher in males than in females. In males, there were no 262 

changes in ghr2 following hypophysectomy; oGH had the tendency to increase hepatic ghr2 263 

levels while treatment with oLH alone or in combination with oGH diminished ghr2 when 264 

compared with fish treated with oGH alone. In females, ghr2 expression was reduced following 265 

hypophysectomy; oGH and oLH could not fully restore ghr2 expression to control levels (Fig. 266 

7A). There were no changes in igf1 expression in either sex following hypophysectomy. The 267 

administration of oLH alone or in combination with oGH reduced igf1 in males. In females, oGH 268 

diminished igf1 expression compared with saline-injected hypophysectomized fish (Fig. 7B). 269 

igf2 expression was markedly increased following hypophysectomy in males; oGH and oLH 270 

alone or in combination diminished the igf2 levels. There were no changes in igf2 expression 271 

following hypophysectomy and hormone administration in females (Fig. 7C). 272 

 273 

 274 

 275 
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4. Discussion 276 

 While the manifestations of sexually dimorphic growth have been addressed in terms of 277 

energetic costs or reproductive strategy (Cox, 2006; Fairbairn et al., 2007; Henderson et al., 278 

2003; Rennie et al., 2008; Taylor and DeNardo, 2005), the endocrine mechanisms underlying 279 

these phenomena have not been fully resolved. In this study, we identified sex-specific responses 280 

to oGH and oLH in hypophysectomized Mozambique tilapia by endocrine/paracrine regulators 281 

of growth and reproduction. We found that following hypophysectomy the combined 282 

administration of oGH and oLH restored GSI and ovarian morphology. Further examination of 283 

ovarian and testicular gene targets revealed sex-specific responses by ghr2, igfs, and steroid 284 

hormone receptors. Sex-specific responses of ghr2 and igfs were also observed in muscle and 285 

liver.   286 

 The importance of Gh and Lh to gonadal function was underscored by the restoration of 287 

GSI following their combined administration to hypophysectomized females. By contrast, 288 

hypophysectomy had no effect on male GSI. These results were consistent with histological 289 

observations, where hypophysectomy resulted in atresia in ovarian follicles and vacuolization 290 

and hypertrophy of interstitial cells in the testis. The reduced GSI in hypophysectomized females 291 

and the tendency for GSI to decrease in males could be attributed to the morphological changes 292 

and degeneration of gonadal cells in both sexes. Ovarian atresia is a common phenomenon in 293 

teleosts under both natural and experimental conditions (Guraya, 1986; Saidapur, 1978;). Atretic 294 

ovarian follicles are frequently associated with changes in hormone levels (Nagahama, 1983, 295 

1994; Nagahama et al., 1995). In fish, impairment of endocrine function through the reduction of 296 

pituitary Fsh, and plasma E2 and Igf1, is associated with the induction of follicular atresia 297 

(Guraya, 1986; Yamamoto et al., 2011). Consistent with these studies, our results show that both 298 
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Gh and Lh are necessary for complete ovarian development. In males, like in females, 299 

gametogenesis is regulated by gonadotropins, Gth I and Gth II, orthologues of tetrapod Fsh and 300 

Lh (Levavi-Sivan et al., 2010; Schulz et al., 2001). Miura et al. (1991a, b) demonstrated the 301 

function of gonadotropins through the induction of complete spermatogenesis by human 302 

chorionic gonadotropin, an analog of Lh, in vitro.   303 

 In addition to its role in regulating growth, Gh also modulates reproduction. For example, 304 

Gh stimulated spermatogonial proliferation in Japanese eel (Anguilla japonica) (Miura et al., 305 

2011). Despite only a tendency for hypophysectomy to reduce GSI and for hormonal 306 

administration to restore GSI, hypophysectomy elicited morphological changes in the testis. The 307 

more pronounced effect of hypophysectomy, oGH, and oLH in females may stem from the 308 

greater requirement for these hormones in ovarian development at later stages and the more 309 

energy that is allocated to gonadal development in females compared with males.  310 

 Gh plays an important role in the regulation of Ghr2 and Igfs in a variety of organs 311 

including gonads (Breves et al., 2014; Hull and Harvey, 2014; Petro-Sakuma et al., 2020; Pierce 312 

et al., 2011, 2012). Furthermore, Lh also regulates circulating and gonadal Igf1 (Bradley et al., 313 

2006; Chandrashekar and Bartke, 2003). Our results indicate that oGH and oLH modulated 314 

gonadal ghr2 and igf levels in both males and females. The Gh/Igf1 axis is not only central to 315 

vertebrate growth, but is also implicated in the control of reproduction (Duan, 1997; 1998). 316 

Inasmuch as sexual differentiation requires germ cell proliferation and gonadal tissue growth 317 

(Nakamura et al., 1998), growth factors are critical regulators of reproductive processes. In 318 

particular, Igfs exert actions on gonad development and differentiation (Duan et al., 1997; Lu et 319 

al., 2005; Wood et al., 2005).  320 
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Furthermore, gonadal steroid hormones modulate the Gh/Igf1 axis, a process that is 321 

important for the initiation of puberty and sexually dimorphic growth (Leung et al., 2004; 322 

Meinhardt and Ho, 2006). So far, there are limited studies comparing the expression of Gh/Igf 323 

axis genes between testis and ovary in fish. In Mozambique tilapia and fathead minnow 324 

(Pimephales promelas), ghr2 expression is greater in ovary versus testis (Davis et al., 2008; 325 

Filby ad Tyler, 2007). These previous findings coincide with our results that show higher ghr2 326 

expression in control ovaries compared with testes. There were also differences in the sensitivity 327 

of gonadal ghr2 to both hypophysectomy and hormonal treatments between sexes. In Nile tilapia 328 

(O. niloticus), ghr2 transcripts were highest in the ovary during sexual maturation, while in the 329 

testis, ghr2 expression was highest during sexual recrudescence and declined during maturation 330 

and regression (Ma et al., 2007). These findings concur with our results and explain the lower 331 

gonadal ghr2 and its lack of response to oGH in males.  332 

In contrast to ghr2, higher levels of igf1 transcripts were found in the testis compared 333 

with the ovary. Furthermore, although Igf1 is implicated in both male and female gametogenesis, 334 

not much is known about the differences in the function of Igf1 in gonadal development between 335 

sexes. Igfs are responsive to Gh and direct follicular growth, lipid uptake, and steroid 336 

biosynthesis (Campbell et al., 2006; Kagawa et al., 2003; Lokman et al., 2007; Maestro et al., 337 

1997; Paul et al., 2010; Weber and Sullivan, 2001). Igf1 is necessary for the action of the main 338 

teleost androgen, 11-ketotestosterone (11-KT), to initiate spermatogenesis. (Miura and Miura, 339 

2001). Moreover, both systemic Igf1 and granulosa cell-derived Igf1 can affect ovarian function 340 

(Baroiller et al., 2014; Berishvili et al., 2006; Kagawa et al., 1995, Perrot et al., 2000; Reinecke, 341 

2010). Thus, although both sexes might require Igf1 for normal gonadal development, 342 
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differences in expression levels could be attributed to the extent to which local Igf1 is required 343 

for steroid biosynthesis at each stage of gonadal maturation.  344 

Unlike Igf1, relatively little is known about the physiological roles of Igf2 in fish 345 

reproduction. While Igf2 is capable of inducing germinal vesicle breakdown in red sea bream 346 

(Pagrus major), the effect of Igf1 is more pronounced (Kagawa et al., 1994). Interestingly, 347 

among gonadal igfs, the effects of hypophysectomy, oGH, and oLH were most pronounced on 348 

igf3, especially in males. Moreover, igf3 responses to hypophysectomy and hormonal treatment 349 

in both males and females closely correlated with GSI. Li et al. (2012) reported that gonadal igf3 350 

expression was higher in male versus female Nile tilapia from 50 to 70 days after hatching, and 351 

varied with the age of individuals. Berishvili et al. (2010) also found higher igf3 in the testis 352 

versus the ovary in adult Nile tilapia. The gonad-specific expression of Igf3 and its differing 353 

responses to oGH and oLH from Igf1 and Igf2, suggests distinct roles for Igf3 in gonad 354 

development (Wang et al., 2008). Our findings, therefore, are consistent with previous studies 355 

supporting sex-dependent patterns of igf3 expression.  356 

 Er and Ar play major roles in mediating the responsiveness of target tissues to estrogens 357 

and androgens (Park et al., 2007). The neuroendocrine control of reproductive and metabolic 358 

homeostasis is affected by changes in receptor expression and/or function (Goksoyr, 2006; Tabb 359 

and Blumberg, 2006; Vijayan et al., 2005). Here, we observed sex- and subtype-specific 360 

modulation of gonadal steroid hormone receptors in male and female tilapia.  361 

The steroid hormone E2 functions in both males and females to regulate reproductive 362 

processes (Esterhuyse et al., 2010) by binding specific receptors, Er and Er (Gross and Yee, 363 

2002; Park et al., 2007). erα levels were higher in the testis than in the ovary, while erβ levels 364 

were higher in the ovary than in the testis. Previous studies indicate that patterns of er subtype 365 
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expression vary according to age, sex, reproductive stage, and species (Chakraborty et al., 2011; 366 

Davis et al., 2008; Nagasawa et al., 2014). Transcripts of testicular and ovarian erα were both 367 

diminished following hypophysectomy. While all hormonal treatments strongly upregulated 368 

testicular erα levels, only oLH or its co-administration with oGH, stimulated ovarian erα levels. 369 

In contrast, erβ seems to be less susceptible to the effects of hypophysectomy, oGH, and oLH. 370 

Hence, our data indicate both sex-dependent and receptor sub-type specific responses by ers to 371 

hypophysectomy, oGH, and oLH. In a breeding stock of Mozambique tilapia, no sex-specific 372 

expression patterns of gonadal erα and erβ were detected (Esterhuyse et al., 2010). In another 373 

study, however, both ers were higher in ovaries of sexually mature fish (Davis et al., 2008). In 374 

all-male or all-female Nile tilapia fry produced by artificial fertilization, there were no 375 

differences in erα levels between ovary and testis until 70 days after hatch when erα transcripts 376 

were higher in males (Ijiri et al., 2008). These differences between studies may indicate a 377 

diversity of E2 signaling requirements of germ cells among tilapia species. The differential 378 

responsiveness of erα and erβ to hypophysectomy, oGH and oLH, as well as the higher level of 379 

testicular erα, indicates an important role for erα in spermatogenesis. E2 induced spermatogonial 380 

stem cell renewal and spermatogonial proliferation in Japanese eel and threespot wrasse 381 

(Halichoeres trimaculatus) (Kobayashi et al., 2011; Miura et al., 1999, 2003), thus as mediators 382 

of E2 effects, Ers play a role in normal testicular development.  383 

As observed with ers, ars also exhibited sex- and sub-type dependent patterns of 384 

expression, where arβ was higher in testis than in ovary. In males, 11-KT appears to be the major 385 

sex steroid that influences male reproduction (Borg, 1994; Kobayashi et al., 1999; Nagahama et 386 

al., 1994; cf Turcu et al., 2018). Moreover, 11-KT can induce all stages of spermatogenesis in A. 387 

japonica (Miura et al., 1991a, b). In Astatotilapia burtoni, Arβ2 is preferentially activated by 11-388 
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KT compared with testosterone (Olsson et al., 2005), which is consistent with the elevated levels 389 

of arβ found in the testis of O. mossambicus. Although arβ levels in the ovary were much lower 390 

than that of testis, arβ respond to hypophysectomy; and the co-administration of oLH and oGH 391 

strongly induced ovarian arβ levels in hypophysectomized females. Androgens have been 392 

implicated in female sexual development of several teleost species (Lokman et al., 1998). For 393 

example, in cod (Gadus morhua), androgen treatment promoted primary follicle development 394 

(Kortner et al., 2008, 2009), while in coho salmon (Oncorhynchus kisutch), 11-KT induced 395 

follicle growth and the appearance of cortical alveoli in the cytoplasm (Forsgren and Young, 396 

2012). Thus, the stimulation of arβ by oLH and oGH in female tilapia supports pituitary control 397 

of ovarian androgenic responsiveness. The importance of arβ signaling during follicle 398 

development is further supported by observations in which levels of this isoform, but not arα, 399 

varied with follicular stages (García-López et al., 2011).  400 

 In muscle, Ghr2 and Igfs are stimulated by Gh, which in turn induce a variety of growth-401 

promoting effects (Butler and Le Roith, 2001; Duan et al., 2010; Le Roith, 2003; Mommsen, 402 

2001; Wood et al., 2005). Consistent with these patterns, ghr2 and igf1 transcript levels were 403 

diminished following hypophysectomy and subsequently stimulated by oGH. The magnitude of 404 

muscle ghr2 induction, however, was greater in males. These results not only reinforce the 405 

essential role of Gh in regulating its receptor and Igf1, but also imply that sensitivity of this 406 

signaling pathway varies between male and females. A greater sensitivity of the Gh/Igf axis in 407 

males is consistent with males outgrowing females in this species. Specifically, our previous 408 

studies in Mozambique tilapia showed that somatic growth is positively correlated with pituitary 409 

gh and muscle ghr2 expression (Moorman et al., 2016) and that pituitary gh expression is greater 410 

in males than in females (Seale et al., 2020). Thus, the current findings are consistent with sex-411 
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specific modulation of ghr2 in a fashion that supports enhanced somatic growth in males. Both 412 

Igf1 and -2 have direct effects on muscle growth in fish (Fuentes et al., 2013; Garikipati and 413 

Rodgers, 2012a, 2012b; Montserrat et al., 2012;). Specific aspects underlying the control of 414 

muscle growth, however, may be differentially controlled by the Igf isoforms. Igf2, for example, 415 

had stronger effects than Igf1 on myocyte proliferation in sea bream (Sparus aurata) (Rius-416 

Francino et al., 2011). Because igf2 was relatively unresponsive to pituitary control, the 417 

underlying differences between igf1 and -2 regulation are not clear.  418 

 Consistent with a previous experiment in Mozambique tilapia, our results showed higher 419 

hepatic ghr2 expression in males compared with females (Davis et al., 2008). Other than the 420 

tendency of hypophysectomy to decrease ghr2, and a tendency of oGH to restore ghr2, there 421 

were no marked effects of hypophysectomy on ghr2 and igf1 expression. Previous studies 422 

showed that oGH stimulated plasma Igf1 and hepatic ghr2 levels, and restored ghr2 levels in 423 

anterior and middle intestine in hypophysectomized fish (Breves et al., 2014; Petro-Sakuma et 424 

al., 2020). These previous experiments, however, employed only a single intraperitoneal 425 

injection of oGH, while in the present study, three intraperitoneal injections of oGH were 426 

administered. There was no effect of sham operation on somatotropic axis genes, indicating that 427 

handling stress may not be directly linked to the lack of response of igf1 to oGH treatment. 428 

While there was an increase in hepatic ghr2, this lack of response of hepatic igf1 to oGH was 429 

also observed by Breves et al. (2014) in hypophysectomized tilapia. In contrast, Pierce et al. 430 

(2011) found that oGH injection resulted to increase in hepatic igf1 levels. This experiment, 431 

however, did not use hypophysectomized fish. Hence, differences in responses could be 432 

attributed to differences in experimental design or frequency of injections. 433 
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Hypophysectomy resulted in increased igf2; oGH and oLH suppressed the 434 

hypophysectomy-induced rise in hepatic igf2. These effects, however, were not seen in females. 435 

Hypophysectomy-induced stimulation of igf2 and its strong suppression by oGH could be 436 

explained by a feedback effect of hepatic igf2 brought about by the loss of Gh. The removal of 437 

Gh may trigger the Gh/Igf axis to compensate by elevating igf2.  438 

 In summary, the current study identified regulators of growth and reproduction in tilapia 439 

that exhibit sex-specific regulation by oGH and oLH. The high sensitivity of ovarian transcripts 440 

to a lack of Lh and Gh compared with males implies important synergistic functions of these 441 

hormones on ovarian development. The distinct responses of igf3 when compared with other igf 442 

isoforms indicate that its translated product plays key roles in gonadal development. The higher 443 

expression of hepatic ghr2 and the strong response of ghr2 to oGH in muscle in males suggests 444 

enhanced Gh signaling in support of somatic and systemic growth promotion, whereas the higher 445 

ghr2 levels in ovary compared to testis indicate a shift towards gonadal development in females. 446 

Taken collectively, our data provide new insight into how hormones underlie sexual dimorphism 447 

in tilapia by resolving the interactions between somatotropic and gonadotropic endocrine axes.  448 
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Table 1. List of primers used in qPCR assays. 861 

* Primer sequences were designed from the nucleotide sequences with the provided accession number. This exact accession 862 
number, however, is not available anymore in NCBI, and the revised versions do not contain the forward primer. Hence, 863 
XM_025908435.1 was used to deduce the amplicon size.   864 

 865 

 866 

 867 

 868 

 869 

Gene Primer Sequence (5'–3') R
2

 

 

Eff. % Amplicon size  

(bp) 

Accession no. Reference 

18s F: GCTACCACATCCAAGGAAGGC 

R:  TTCGTCACTACCTCCCCGAGT 

0.989 87.4       69 AF497908 Magdeldin et al., 2007 

ef1α F: AGCAAGTACTACGTGACCATCATTG 

R:  AGTCAGCCTGGGAGGTACCA 

0.999 96.7 85 AB075952 Breves et al., 2010 

β-actin F:  CTCTTCCAGCCTTCCTTCCT 

R:  ACAGGTCCTTACGGATGTCG 

0.992 81.1   100 FN673689 Tipsmark et al., 2011 

ghr2 F:  CACACCTCGATCTGGACATATTACA 

R:  CGGTTGGACAATGTCATTAACAA 

0.995      94.4    102 EF452496    Pierce et al., 2007 

igf1 F:  CTGCTTCCAAAGCTGTGAGCT 

R:  GATCGAGAAATCTTGGGAGTCTTG 

0.991 85.9       75 AF033796 Kajimura et al., 2004 

igf2 F:  GCTTTTATTTCAGTAGGCCAACCA 

R:  CACAGCTACAGAAAAGACACTCCTCTA 

0.990 119.6      90 AH006117* Davis et al., 2008 

igf3 F:  CAGACACTCCAGGTGCTGTGTG 

R:  CAAGCCTTTACGTAAATAGATTCC 

0.993 82.2       168 NM_001279636.1   Li et al., 2012       

erα F:  GGCTCAGCAGCAGTCAAGAA 

R:  TGCCTTGAGGTCCTGAACTG 

0.989 77.6        302 AM284390 Park et al., 2007 

erβ F:  ACCTTCCGGCAGCAGTACAC 

R:  TCCAACATCTCCAGCAACAG 

0.994 95.6 149 AM284391  Park et al., 2007 

arα F:  GTCCCTGCTCAGCATCCTAC 

R:  TCACTCCCATCCATGACAGC 

0.976 92.83       221 AB045211 Park et al., 2007 

arβ F:  CAGCCTCAATGAATTGGGAGA 

R:  ATCCCAAGGCAAACACCATC 

0.997 97.5       146 AB045212 Park et al., 2007 
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Figure captions 870 

Fig. 1. Effects of hypophysectomy (Hx), and ovine growth hormone (oGH) and ovine luteinizing 871 

hormone (oLH) or their combination (oLH + oGH) on gonadosomatic index (GSI) in male and 872 

female Mozambique tilapia. Following Hx, Mozambique tilapia received three intraperitoneal 873 

injections of oGH alone, oLH alone (5 μg/g body weight), or their combination over 5 days. 874 

Sham-operated and Hx fish received saline injections. Values represent means ± S.E.M. (n = 7-875 

9). Data were analyzed by two-way ANOVA followed by Fisher’s protected LSD test when 876 

significant main or interaction effects were detected (**P < 0.01, ***P < 0.001). Means not 877 

sharing the same letter are statistically significant at P < 0.05. Male and female treatment means 878 

not sharing the same uppercase and lowercase letters, respectively, are significantly different. 879 

††† indicates significant difference between sexes at P < 0.001.   880 

 881 

Fig. 2. Representative micrographs of testis from sham-operated control (A), 882 

hypophysectomized (Hx) males (B), or Hx males injected with ovine growth hormone (oGH) 883 

(C), luteinizing hormone (oLH) (D), or combination of oLH and oGH (E). Following Hx, 884 

Mozambique tilapia received three intraperitoneal injections of oGH alone, oLH alone (5 μg/g 885 

body weight), or their combination over 5 days. Sham-operated and Hx fish received saline 886 

injections. SG, spermatogonia; SC, spermatocyte; ST, spermatid; SZ, spermatozoa; dG, dead 887 

germ SG; VC, vacuole; asterisk, enlarged interstitial tissue. Scale bar = 50 μm. 888 

 889 

Fig. 3.  Representative micrographs of ovary from sham-operated control (A), 890 

hypophysectomized (Hx) females (B), or Hx females injected with ovine growth hormone (oGH) 891 

(C), luteinizing hormone (oLH) (D), or combination of oLH and oGH (E). Following Hx, 892 
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Mozambique tilapia received three intraperitoneal injections of oGH alone, oLH alone (5 μg/g 893 

body weight), or their combination over 5 days. Sham-operated and Hx fish received saline 894 

injections. PV, previtellogenic follicle; VO, vitellogenic follicle; AT, atretic follicle. Scale bar = 895 

200 μm. 896 

 897 

Fig. 4. Effects of hypophysectomy (Hx), and injections of ovine growth hormone (oGH) and 898 

ovine luteinizing hormone (oLH) or their combination (oLH + oGH) following Hx on gonadal 899 

ghr2 (A), igf1 (B), igf2 (C), and igf3 (D) mRNA levels in male and female Mozambique tilapia. 900 

Values represent means ± S.E.M. (n = 4-9). Data were analyzed by two-way ANOVA followed 901 

by Fisher’s protected LSD test when significant main or interaction effects were detected (*P < 902 

0.05, **P < 0.01, ***P < 0.001). Means not sharing the same letter are statistically significant at 903 

P < 0.05. Male and female treatment means not sharing the same uppercase and lowercase 904 

letters, respectively, are significantly different. †, ††† indicates significant difference between 905 

sexes at P < 0.05, and P < 0.001, respectively.   906 

  907 

Fig. 5. Effects of hypophysectomy (Hx), and injections of ovine growth hormone (oGH) and 908 

ovine luteinizing hormone (oLH) or their combination (oLH + oGH) following Hx on gonadal 909 

erα (A), erβ (B), arα (C), and arβ (D) mRNA levels in male and female Mozambique tilapia. 910 

Values represent means ± S.E.M. (n = 4-9). Data were analyzed by two-way ANOVA followed 911 

by Fisher’s protected LSD test when significant main or interaction effects were detected (**P < 912 

0.01, ***P < 0.001). Means not sharing the same letter are statistically significant at P < 0.05. 913 

Male and female treatment means not sharing the same uppercase and lowercase letters, 914 
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respectively, are significantly different. †, ††, ††† indicates significant difference between sexes 915 

at P < 0.05, P < 0.01, and P < 0.001, respectively.   916 

 917 

Fig. 6. Effects of hypophysectomy (Hx), and injections of ovine growth hormone (oGH) and 918 

ovine luteinizing hormone (oLH) or their combination (oLH + oGH) following Hx on muscle 919 

ghr2 (A), igf1 (B), and igf2 (C) mRNA levels in male and female Mozambique tilapia. Values 920 

represent means ± S.E.M. (n = 4-9). Data were analyzed by two-way ANOVA followed by 921 

Fisher’s protected LSD test when significant main or interaction effects were detected (*P < 922 

0.05,  ***P < 0.001). Means not sharing the same letter are statistically significant at P < 0.05. 923 

Male and female treatment means not sharing the same uppercase and lowercase letters, 924 

respectively, are significantly different. ††, ††† indicates significant difference between sexes at 925 

P < 0.01, and P < 0.001, respectively.   926 

 927 

Fig. 7. Effects of hypophysectomy (Hx), and injections of ovine growth hormone (oGH) and 928 

ovine luteinizing hormone (oLH) or their combination (oLH + oGH) following Hx on hepatic 929 

ghr2 (A), igf1 (B), and igf2 (C) mRNA levels in male and female Mozambique tilapia. Values 930 

represent means ± S.E.M. (n = 4-9). Data were analyzed by two-way ANOVA followed by 931 

Fisher’s protected LSD test when significant main or interaction effects were detected (*P < 932 

0.05, **P < 0.01, ***P < 0.001). Means not sharing the same letter are statistically significant at 933 

P < 0.05. Male and female treatment means not sharing the same uppercase and lowercase 934 

letters, respectively, are significantly different. †, †† indicates significant difference between 935 

sexes at P < 0.05, and P < 0.01, respectively.   936 
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