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Abstract 

The eastern mosquitofish Gambusia holbrooki was introduced to Australia in 1928 

from USA as a bio-control method for mosquitoes and has spread out over freshwater 

coastal and inland waters of Australia.  It is an ineffective mosquito control agent but 

rather is responsible for depletion of several native and endangered fish and 

amphibians. Because of its severe negative impacts on native species, G. holbrooki is 

classed as an invasive species requiring control and eradication efforts. The Trojan Sex 

Chromosome (TSC) strategy has been suggested in recent years as a genetic control 

method for this noxious invasive species. The TSC theory relies on the regular release 

of sex-reversed fish into target wild populations to produce single sex offspring after 

mating with wild fish; hence biasing the sex ratios leading to eventual extinction of the 

target populations. As a step towards applying the TSC strategy in G. holbrooki, this 

study investigated the sex reversal of genetic females into phenotypic males at three 

different life stages: adults, neonates and 30-day old juveniles. The study observed the 

timing of sex differentiation in this species to inform the best time for applying 

hormonal treatments before systematically optimizing hormone doses and 

determining appropriate life stages for hormonal masculinization as well as observing 

sexual morphology, behavioural interactions, and reproductive fitness of neo-males. 

Firstly, the study identified the window when sex differentiation occurred in G. 

holbrooki to determine the best time for hormonal induction in this species. The 

embryonic stages (segmentation, pharyngula and hatching) and juveniles from 0 to 

150 days after parturition (DAP) were sampled for gonadal histology. 

Morphometrically, the results showed that there was no significant difference in cell 

diameters of PGC (t-test, t = 1.71, df = 23, p = 0.1) and gonocytes (t-test, t = 0.46, df = 

14, p = 0.66) between males (PGC, 13.9 ± 1.2 µm; gonocytes, 11.7 ± 1.1) and females 

(PGC, 14.7 ± 1.3 µm; gonocytes, 11.9 ± 1.2). However, significant differences in cell 

diameters between PGC, gonocytes, oogonia and spermatogonia were detected (one-

way ANOVA, F (3, 85) = 113.3, p < 0.0005, ƞ2 = 0.8). There were significant decreases in 

size of germ cells during their development (Tukey post hoc analysis). Cell diameter 

decreased from PGCs (14.25 ± 1.37 µm), to gonocytes (11.81 ± 1.14 µm), to oogonia 
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(9.16 ± 0.94 µm), to spermatogonia (8.27 ± 1.5 µm), in that order. Several migrating 

PCG, were clearly distinguished from the somatic cells in the somatic layer at the mid-

segmentation stage. However, they have not yet coalesced into a nest. At late 

somitogenesis, PGC nested and formed gonadal primordia before becoming 

undifferentiated gonads with two distinct clusters of gonial germ cells attached to the 

epithelial swim bladder. In female embryos, the first signs of ovarian differentiation, 

e.g., the presence of mitotic oogonia and chromatin-nucleolus oocytes were found in

early pharyngula stage. In males, the gonads of newly born juveniles were sexually 

indifferent and the morphological differentiation became apparent only about 10 DAP 

with the appearance of spermatogonia in clusters of more than 4 cells enclosed by 

Sertoli precursor cells and stromal cell aggregations. All the information related to 

timing of sex differentiation and gonad development was used to design the following 

sex reversal experiments. 

Sex reversal experiments administering 17α-Methyltestosterone (MT) via feed targeted 

three life stages separately: (i) adults, (ii) 30-day old juveniles and (iii) neonates. The 

concentrations of MT tested at adult stages (re-maturing and maiden females) ranged 

between 50 to 200 mg MT/kg feed. The treated females were fed control or 

respective MT incorporated feed to satiation for 50 days. Effects of the hormone on 

external sexual morphology (gonopodial development, internal gonad morphology), 

expression of the Anti-Müllerian Hormone (amh) gene and sexual behaviours of the 

treated re-maturing and maiden females were observed. Specifically, the treated 

females were anesthetized, and their anal fins photographed every seven days (from 0 

to 50 days of the treatment period) for observing the effects of MT on the 

development of gonopodia. At the end of the 50-day treatment period, the maiden 

females in the 50 mg MT/kg diet group showing the most advanced gonopodial 

development were used to observe MT effects on sexual behaviour and the remaining 

females were euthanized to determine MT effects on gonad morphology and 

expression of the amh. The results indicated that MT at the dose of 50 mg/kg feed 

stimulated sexual character development, upregulated expression of amh, formation 

of testicular tissue and a change in the behaviour of the treated maiden females. 
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Like adult females, MT enriched feed at concentrations ranging from 5 to 40 mg/kg 

diet was administered to two different life stages: 30-day old juveniles and neonates. 

The experiment of 30-day old juveniles included one control and four MT treatment 

doses (10, 20, 30, 40 mg/kg diet). At 150 DAP, there was no significant difference in 

survival rates of juveniles fed on MT treatment and control diets (Kruskal-Wallis H 

test, F = 3.05, df = 4, 20, p = 0.55). The gonadal sex ratio in the control group was not 

significantly different from the expected 50: 50 sex ratio (Chi-square goodness of fit, 

2 = 3.26, df = 1, p = 0.07), although the gonad sex ratios of the treatment groups of 

10, 20, 30 and 40 mg/kg diet were statistically different from that of the control. The 

percentages of neo-males were significantly different between MT treatment groups 

(Kruskal-Wallis H test, 2 = 10.44, df = 4, p = 0.034). Post hoc tests revealed significant 

differences in the median percentages of neo-males between control group (0 %) and 

10 mg MT/kg diet group (40 %, p = 0.04), but not between any other group 

combinations. Therefore, the lowest MT dose (10 mg/kg diet) was the best dose rate 

for MT treatment on 30-day old juveniles. In the experiment of MT treatment on 

neonates, there were one control and three MT treatment doses (5, 10, 20 mg/kg 

diet). Clutches of neonates were fed respective MT enriched or control spirulina. The 

hormonal treatments started at 1 DAP and lasted for 30 days during which the 

neonates were fed twice daily to satiation. At 150 DAP, there was no significant 

difference in survival rates of neonates fed on MT treatment and control diets 

(Kruskal-Wallis H test, F = 5.7, df = 3, p = 0.13). The body morphology sex ratio in the 

control groups was not significantly different from the expected 50: 50 sex ratio (Chi-

square goodness of fit, 2 = 0.23, df = 1, p = 0.63). There was no significant difference 

in the sex ratios based on body morphology between the treatment and control 

groups. Intersex females were found in the 20 mg MT/kg diet group, whereas no 

testicular tissue was seen on the gonads of fish in the other treatments (5 and 10 mg 

MT/kg diet) or control groups. The percentages of neo-males out of phenotypic males 

were significantly different between various MT treatment groups (One-way ANOVA, F 

= 5.1, df = 3, 14, p = 0.014, ƞ2 = 0.52). Tukey post hoc analysis revealed that the 

percentages of neo-males in 5 mg MT/kg group (45.9 ± 22.2 %) and 10 mg MT/kg 

group (51.1 ± 26.6 %) were statistically significant to that of the control (0 %) (p = 0.28 

and p = 0.14, respectively), but no other group differences were statistically 
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significant. Therefore, the neo-males from 5, 10 and 20 mg MT/kg diet group were 

used to observe their gonopodial and gonad morphology. 

Sexual morphology of the neo-males was observed and compared thoroughly. Thirty 

wild males, five control males and 15 neo-males were anesthetized and their 

gonopodia were photographed for morphometric measurements. Nine normal males 

and ten neo-males were euthanized for histological observation and 3D gonopodial 

and testis reconstructions. The results showed that neo-males in the 20 mg MT/kg diet 

group possessed an under-developed gonopodium with no serrae and hooks, while 

neo-males in the two lowest doses (5 and 10 mg MT/kg diet) were stimulated to 

develop complete gonopodia. There were significant differences in the width ratio of 

fin rays 3 & 4 between neo-male groups, control males and wild males (Welch ANOVA, 

F (3, 9.4) = 14.4, p = 0.001) in which the width ratios in control males (2.54 ± 0.13) and 

wild males (2.76 ± 0.14) were significantly larger than those of neo-males of 5 and 10 

mg MT/kg diet (2.2 ± 0.11 and 2.15 ± 0.09, respectively). The 3D simulation of the 

basal gonopodium was novel and shed light on the mechanism of transferring sperm 

packages from males to females in poeciliids. The results of histological observation 

and 3D reconstruction of testes determined that neo-males in the lowest dose group 

(5 mg MT/kg diet) developed funnel-shaped testes similar to testes found in control 

males and the structures of testicular lobes were comparable to those of control 

males. However, neo-males in the 10 and 20 mg MT/kg groups formed oval-shaped 

testes and abnormal development of testicular tissue. These observations 

demonstrated that MT at the dose of 5 mg/kg diet effectively sex reversed genetic 

females to phenotypic males with the complete development of gonopodia and testes 

as normal males. The neo-males in the 5 and 10 mg MT/kg diet groups showed well-

developed gonopodia and were subsequently used to determine their behavioural 

interactions and reproductive fitness with normal virgin females. 

Behavioural interactions, reproductive fitness assessment and sperm packet 

expression were conducted on the two groups of neo-males (fed on 5 and 10 mg 

MT/kg diet) and one control group. Fish from control or neo-male groups (test fish) 

were individually paired with a virgin female (stimulus fish) and their behaviours were 
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recorded for 60 minutes using an in-front camera. The footage was analysed to 

observe behavioural interactions of the test fish and stimulus fish. After recording 

behaviour interactions, each pair of a control male/neo-male and a virgin female was 

kept together in an aquarium until the signs of female pregnancy were evident or at 

least 6 months before the females were separated to observe reproductive fitness. 

The results indicated that there were significant differences in median numbers of 

mating attempts between control and neo-male groups (Kruskal-Wallis H test, χ2
(2) = 

6.6, p = 0.036). Post hoc tests revealed that there was a significant difference in 

median numbers of mating attempts between neo-males of 5 mg MT/kg diet (42) and 

neo-males of 10 mg MT/kg diet (17, p = 0.043), but no significant difference was found 

between the neo-male groups and control group (p = 0.17 and p = 1.0 respectively for 

the neo-males of 5 and 10 mg MT/kg diet groups). Within the 60 minutes of 

behavioural observations, most control males and neo-males did not illustrate any 

aggressive behaviours to virgin females. The number of aggressive behaviours by the 

virgin females increased over the time. In terms of reproductive fitness, 60 % of virgin 

females paired with control males gave birth to young, while only 20% of virgin 

females paired with the neo-males of 5 mg MT/kg diet group parturated to immature 

neonates all of which died one day later. No virgin females paired with the neo-males 

of 10 mg MT/kg diet group gave birth or showed signs of pregnancy. Like control 

males, spermatozeugmata could be expressed from all neo-males in the 5 mg MT/kg 

treatment, but these sperm packets could be squeezed from only 55.6% of neo-males 

of 10 mg MT/kg diet group. The observations indicated that MT at the dose of 5 mg/kg 

diet effectively sex reversed genetic females to phenotypic males with behaviour 

interactions and production of sperms packets as normal males, but the results for 

their reproductive fitness was uncertain because of time limitation of the PhD project. 

Therefore, further investigations of the reproductive fitness of neo-males in this group 

are warranted. 

In conclusion, masculinization of G. holbrooki was successfully achieved by using MT, 

although a 100 % male population could not be attained. The study established a 

protocol to masculinize this species at optimum dose of MT through oral 

administration to neonates (5 mg/kg diet). The protocol and information produced in 
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this recent study provides key knowledge towards producing functional neo-males for 

developing the TSC strategy to control and eradicate this pest species. The results 

presented in this thesis will also benefit other studies on fish sex differentiation 

especially in live-bearing species as well as research on biology, ecotoxicology and pest 

fish management. 
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Chapter 1 - General Introduction and Research Aims 

Gambusia, mosquitofish or plague minnows are collective names used widely in 

relation to two species of Gambusia – Gambusia holbrooki and G. affinis, although the 

genus Gambusia  encompasses 45 species (Rauchenberger, 1989). The name 

mosquitofish arose in the context that at the beginning of the twentieth century, 

there had been introductions of these two species into freshwater bodies around the 

world for mosquito control and the diseases they harbor because the fish feed on 

mosquito larvae and pupae (Pyke, 2008). However, more recently, the name plague 

minnow has arisen in response to concern about possible negative impacts that these 

fish might have on a number of other aquatic animals such as fish, frogs and aquatic 

invertebrates, through intense competition for food and habitat, and predation on 

and aggression towards native tadpoles and fish (Pyke, 2008, Rowe et al., 2008).  

1.1 Global introductions of Gambusia holbrooki 

Gambusia holbrooki, referred to as eastern mosquitofish, is native to Atlantic and Gulf 

Slope drainages of the USA as far west as southern Alabama (Figure 1.1A) 

(Rauchenberger; Page and Burr, as cited in Nico et al., 2001). It is considered to be one 

of the most widely introduced and invasive freshwater species around the globe 

(Figure 1.1B) (Pyke, 2005). This live bearing fish was introduced to Australia in 1928 as 

a bio-control agent for mosquitoes (Moore et al., 2008). Since that time, this species 

has spread out over freshwater coastal and inland waters of New South Wales, 

Victoria and South Australia and has been observed in coastal drainages of 

Queensland and parts of the Northern Territory, Tasmania and Western Australia 

(Figure 1.2) (Rowe et al., 2008). In Tasmania, despite government biosecurity 

protocols in place through agencies such as Inland Fisheries Service and Biosecurity 

Tasmania, G. holbrooki was deliberately introduced to a farm dam by a member of the 

public in 1993 (Keane and Neira, 2004). The current fish population is restricted to the 

north of the state in Queechy Lake and downstream habitats within the lower North 

Esk River and the upper kanamaluka/River Tamar estuary (Diggle, 2020) including the 
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Tamar wetlands due to ongoing control efforts (Keane and Neira, 2004) and the slow-

moving water flow conditions of the Tamar estuary (Congdon, 1994). To stop the 

species from spreading further, there has been legislation, policy, public awareness 

campaigns and together with the building of barrier structures in affected areas 

throughout Australia (Rowe et al., 2008, Lynch, 2008). 

 

Figure 1.1: Native range and global distribution of Gambusia holbrooki. (A) Native 
range of the fish in the United States (brown shaded area). (B) Global distribution of 
this species around the world. It was introduced primarily to North America, Europe, 
Asia, and Australia as well as small numbers of observations in South America and 
Africa. Dark and light colour dots in (B) indicate areas with relatively lower and higher 
densities of Gambusia respectively. Maps adopted from U.S. Fish & Wildlife Service 
(2018).  
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Figure 1.2: Australia distribution of Gambusia holbrooki. Green dots indicate the 
location of records and purple shaded areas are the catchments within which 
Gambusia now occur. Map adopted from Rowe et al. (2008). 

1.2 Biology of Gambusia holbrooki  

Eastern mosquitofish (Gambusia holbrooki, Girard 1859) is a live-bearing, freshwater 

member of the Poeciliidae. Gambusia holbrooki is a non-descript small fish, 

approximately 1 to 5 cm in length, occasionally reaching up to 6 cm; the females being 

larger than males (Figure 1.3). In general, their bodies are silver, sometimes with a 

greenish hue, with scattered grey and black markings. They display large rounded 

caudal fins and single dorsal fins with multiple fin rays  (Pyke, 2005). 



Chapter 1 - General Introduction and Research Aims 

4 
 

 

Figure 1.3: Morphology of eastern mosquitofish Gambusia holbrooki. (A) The female 
with a rounded anal fin and a gravid spot. (B) The male with an elongated anal fin, 
gonopodium.  
(Source: http://habitattitude.ca/mosquito-fish-2/ and  http://www.finterest.com.au).  

Gambusia holbrooki individuals are sexually dimorphic in that mature males are 

distinctly smaller than mature females. The male possesses a gonopodium, which is 

the modified anal fin, developed into a complex intromittent device used to transfer 

sperm packets into the urogenital opening of the female during mating (Constantz, 

1989). In contrast, the female has a dark pigmented spot called a gravid spot on each 

side of the abdomen, which is a marker for identification of mature and brooding 

females since this spot enlarges as pregnancy proceeds and is prominent near the 

time of parturition (Norazmi-Lokman et al., 2016). 

Due to similarities in appearance and biology, G. affinis and G. holbrooki are often 

confused (Pyke, 2005, Rowe et al., 2008) and most available biological information is 

largely attributed to G. affinis (Norazmi-Lokman, 2016, Pyke, 2005). Despite sharing 

almost all morphological and life history traits, the two species can be distinguished 

based on the differences in external morphology, chromosome morphology and 

genetic makeup (Pyke, 2005). Morphologically, G. affinis and G. holbrooki can be 

distinguished by the number of dorsal fin rays: seven and eight, respectively. In 

addition, it has been suggested the two species have different mechanisms of sex 

determination (Black and Howell, 1979, Angus, 1989a, Roberts, 1965). While G. affinis 

possesses a female heterogametic (ZW) sex determination system, a male 

heterogametic (XY) system of sex determination, which is similar to that present in 

mammals, has been attributed to Gambusia holbrooki (Chen and Ebeling, 1968, Black 

and Howell, 1979, Howell et al., 1980, Angus, 1989a). Recently, the mechanism for sex 

http://habitattitude.ca/mosquito-fish-2/
http://www.finterest.com.au/
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determination in a laboratory strain of this species has been confirmed to be XX/XY 

(Kottler et al., 2020). 

As in wild populations of poeciliids, G. holbrooki females dominate their populations 

i.e. sex ratios are biased towards females, even though both sexes are known to be 

equal in number at birth (Keane and Neira, 2004). Accelerated physiological aging, 

predation and stressors (e.g., overcrowding, temperature and starvation) are known 

to cause higher mortalities of G. holbrooki males (Meffe and Snelson, 1989). At a 

population level, the dominance of the females tends to not impact reproduction 

because many females can be fertilized by a single male (Meffe and Snelson, 1989) 

and the females are able to store sperm for up to eight broods or eight months 

(Constantz, 1989) or even from one breeding season to the next (Howe, 1995 as cited 

by Keane and Neira, 2004). 

1.3 Effects of Gambusia holbrooki on Australian native fauna 

Although Gambusia holbrooki was introduced to Australia as a biological control of 

mosquitos, it has recently been viewed as an ineffective agent to control mosquito 

populations (Pyke, 2008). Although the species has a short life cycle, it possesses 

advantageous characteristics (i.e., precocious sexual maturity, the ability to produce 

more generations each year, a marked dispersal tendency and high population growth 

rates) which enables it to rapidly colonize new sites even when starting from a low 

number of individuals (Vannini et al., 2018). Due to these characteristics combined 

with perceived negative impacts on several endangered species, Gambusia has been 

declared a pest fish throughout Australia. Specifically, it has been declared a 

“threatening process” under the Threatened Species Conservation Act of 1995 

(amended in 2002) and a “noxious species” under the Fisheries Management 

(General) Regulation 2002 in New South Wales; a “noxious species” under Fisheries 

Management Act 1994 and Fisheries Regulations 1995 (revised in 2008) in 

Queensland; a “noxious species” under the Fisheries Act 1995 and a “pest species” 

under the Natural Resources Management Act 2004 in Victoria and listed as a 

“controlled species” under the Inland Fisheries Act 1995, the Inland Fisheries 
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(Controlled Fish) Order and the Inland Fisheries (Delay or Prevention of Spread of 

Controlled Fish) Order 2003 in Tasmania (Rowe et al., 2008, Rockliff, 2015).  

Gambusia (referred to both G. holbrooki and G. affinis) has been responsible for 

declines and disappearances of a number of amphibian and fish species (Pyke, 2008). 

Lists of Australian native fish and frogs threatened by Gambusia were documented 

(Rowe et al., 2008, Norazmi-Lokman, 2016). Gambusia has directly and indirectly 

impacted on native fauna where it invades (Rowe et al., 2008). The direct effects on 

native fauna can come from its predation on young of native aquatic animals (Rowe et 

al., 2008). Evidently, the scarcities of small, native, pelagic fish species in enclosed 

waters following invasion by Gambusia has been recorded (Williams, 1971; Sarti and 

Allen, 1978 as cited by Rowe et al., 2008). Specifically, in a study of detection of 

predation on Australian native fish by G. holbrooki, Ivantsoff (1999) reported that 

juveniles of five species including Australian smelt (Retropinna semoni), rainbow fish 

(Melanotaenia duboulayi and Rhadinocentrus ornatus), Pacific blue-eye (Pseudomugil 

signifier) and firetail gudgeon (Hypseleotris galii) were found in G. holbrooki gut 

contents. In addition to direct consumption, the reduction of native species can be 

due to mortality arising from the aggression of Gambusia (e.g., fin-nipping) (Rowe et 

al., 2008). In a field-based study observing agonistic interactions between Gambusia 

and inanga (Galaxias maculatus), large mortalities of the inanga were caused by 

aggressive or agonistic behaviour of Gambusia (Rowe et al., 2007).  

The indirect impacts on native fauna may be caused by resource competition, disease 

and parasite transmission, interference with reproduction and alteration of habitat 

conditions. Gambusia is known to be able to utilize resources more effectively and be 

adept at competing with native minnow species by both interference or impairment 

(Schaefer et al., 1994). In addition, Gambusia may play a role as a disease vector for 

indigenous fish species. For example, (Asian) exotic tapeworm (Bothriocephalus 

acheilognathi) carried by Gambusia holbrooki (Dove and Fletcher, 2000) was found to 

affect native fish species (Arthington, 1991).  
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In Tasmania, G. holbrooki might threaten native galaxiids, inhabiting lowland areas of 

the state, including the endangered Galaxias fontanus, the vulnerable Galaxias 

cleaveri and the potentially threatened Galaxiella pusilla (Keane and Neira, 2004). This 

is based on the evidence that Gambusia is known to attack and kill adult Galaxias 

gracilis in New Zealand (Rowe, 2003). Similarly, laboratory experiments in Tasmania 

observed G. holbrooki aggressively attacking Galaxias maculatus (Slinger, 2012). G. 

holbrooki might also threaten populations of the green and gold frog (Litoria 

raniformis), listed as vulnerable under Tasmania’s Threatened Species Protection Act 

1995, as it is known to hunt for tadpoles and eggs of two other closely-related frog 

species (L. aurea and L. dentate) in south-eastern Australia (Hamer et al., 2002). The 

tadpoles are vulnerable to predation and competitive interactions with G. holbrooki 

(Hamer et al., 2002). Gambusia holbrooki can nip the tails of tadpoles, resulting in loss 

of locomotion and this nipping can also create open wounds, which are susceptible to 

secondary bacterial or fungal infections (Pyke, 2005). 

1.4 Control and eradication of Gambusia holbrooki 

Invasive fish species can bring about an economic burden and a threat to the 

environment (Pimentel et al., 2005, Dulvy et al., 2003). They result in local and/or 

global extinctions of desirable species (Dulvy et al., 2003). Therefore, invasive species, 

for example Gambusia require effective control and eradication options to maintain 

ecosystem health and biodiversity of native fauna.  

This species is likely to spread throughout Australia and more specifically in 

Tasmania it poses a potential risk to almost all fresh and estuarine waterbodies 

(Davies, 2012). In an attempt to minimize the spread of Gambusia, authorities across 

Australia have implemented legislation, policies, public awareness campaigns and 

constructed barrier structures in affected areas. More importantly intensive control 

and eradication methods have been used as follows. 
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1.4.1 Traditional eradication methods 

Current methods used to reduce the abundance of Gambusia include manual removal, 

application of poisons and traditional biological controls (Senior et al., 2013). The 

manual removal methods (e.g., netting, use of chemical attractants, physical 

attractants such as warm water) are logistically taxing and can be unsuccessful due to 

the high fecundity of Gambusia females (Deacon et al., 2011) and the compensatory 

mechanisms used by this species in low-density conditions in that they switch to more 

opportunistic life-history strategies (Ruiz-Navarro et al., 2013). In small water bodies 

(e.g. farm dams), pesticides are likely to be most effective because lethal 

concentrations can be readily achieved and the fish cannot easily escape the effects of 

the piscicides (Pyke, 2008). The poisons used include rotenone, Antimycin A, liquid 

chlorine, and calcium hydroxide (Pyke, 2008). The application of poisons or traditional 

biological controls, for example introducing pathogens, parasites or larger predatory 

fish (Pyke, 2008) to eradicate such invasive species might be productive, but these 

methods can lead to widespread ecological degradation in their own right owing to 

non-specificity of impact (Senior et al., 2013). In comparison with the above methods, 

alternative species-specific control techniques can be more effective and 

environmentally-friendly (Britton et al., 2011). One such method is the use of Trojan 

sex chromosomes (Senior et al., 2013, Gutierrez and Teem, 2006). 

1.4.2 Trojan sex chromosomes – a genetic eradication method 

Trojan sex chromosome (TSC) is a theoretical genetic method for the control of 

invasive fish species. TSC theory relies on the release at regular intervals of sex-

reversed fish that can only produce single sex offspring into target populations 

(Gutierrez and Teem, 2006). These sex-reversed fish possessing a male homogametic 

genotype (ZZ or YY) with female phenotype are produced by exposure to exogenous 

hormones during their development period (Gutierrez and Teem, 2006). The process 

of producing Trojan Z (ZZ female) and Trojan Y (YY female) fish is described in Figure 

1.4 and Figure 1.5, respectively. Theoretically, the release and subsequent mating of 

these fish with wild males will eventually result in a population with biased sex ratios, 
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leading to extinction of the target population (Stelkens and Wedekind, 2010, Cotton 

and Wedekind, 2007, Gutierrez and Teem, 2006). To apply TSC techniques, the gamity 

of the target species should be known so the appropriate approach (Trojan Z or Trojan 

Y) can be implemented. At the time that this study commenced, the gamity of this 

species was unresolved. Consequently, there was a need to confirm the gamity of this 

species by applying sex reversal (i.e., masculinization) techniques. More recently it 

was suggested the mechanism for sex determination of a laboratory strain of this 

species was XX/XY (Kottler et al., 2020). However, this does not necessarily hold true 

for wild strains both in Australia and Europe (Patil, personal communication). Such 

intraspecific variation in gamity of other poecilids is also known to occur (Rubenstein 

et al., 2019). Hence, there is a continued need to confirm the gamity of wild strains in 

this species. Therefore, in combination with selective breeding the neo-males 

produced from this study will be a valuable component contributing to the 

confirmation of the gamity of this species and will complement the finding of Kottler 

et al. (2020).  

 

Figure 1.4: Schematic of reproduction and Trojan breeding for ZW/ZZ sex 
determination (sexual phenotypes are indicated by shape – squares are males and 
circles are females and sexual genotype in given inside the shapes). Individuals 
released into the population as Trojan are indicated by the presence of a T above. 
Adopted from (Senior et al., 2013).  
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Figure 1.5: Schematic of reproduction and Trojan breeding for XX/XY sex 
determination (sexual phenotypes are indicated by shape – squares are males and 
circles are females and sexual genotype in given inside the shapes). Individuals 
released into the population as Trojan are indicated by the presence of a T above. 
Adopted from (Senior et al., 2013). 

1.5 Sex reversal 

To produce fish for the application of TSC, sex-reversal, a biological process whereby 

the pathway directed towards the already determined sex fate is flipped towards the 

opposite sex, can be applied. In the wild, there are many triggers for sex reversal 

including abiotic factors (e.g., temperature, pH, endocrine disrupting hormones, 

photoperiod, and hypoxia) and biotic factors (e.g., crowding, pathogens like 

Wolbachia, and population size) (Stelkens and Wedekind, 2010). In captivity, sex 

reversal can be induced by environmental factors or endocrine treatments.  

Environmental factors can strongly influence sex differentiation and the most 

important environmental determinant of sex would appear to be temperature in 

gonochoristic fish (Baroiller et al., 1999). For instance, in the Japanese flounder with 

an XX (female)/XY (male) sex determination mechanism, phenotypic males can be 
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produced from genetic females through sex-reversal procedures by raising the larvae 

at high water temperature during the period of sex determination (Kitano et al., 

2000). In the Atlantic silverside, Menidia menidia, low temperatures during larval 

development produce significantly higher proportions of females than do higher 

temperatures (Conover and Kynard, 1981). In the mouthbrooding cichlid fish, 

Oreochromis niloticus, treatments at 36oC, covering the hormone sensitive period (not 

later than 13 days after fertilization and lasting 10 days or more) increased the 

proportion of males from 33% to 81% (Baroiller et al., 1995). In addition, marbled sole 

Limanda yokohamae, with an XX/XY sex determination system, was successfully sex-

reversed from genetic females to phenotypic males by subsequently increasing the 

water temperature from 15 to 25o C at the time of sex differentiation (Goto et al., 

2000). 

Hormonal induction of sex reversal is widely used due to its lower cost and no 

requirement of advanced technology for application (Piferrer and Lim, 1997). In 

teleosts, 47 species (15 families) of gonochores and 34 species (9 families) of 

hermaphrodites have been sex reversed by hormonal induction using one of the 31 

(16 androgens, 15 estrogens) steroids (Pandian and Sheela, 1995). Estradiol, 

testosterone, diethylstinestrol and mibolerone are a few examples of the common 

hormones used in sex reversal (Pandian and Sheela, 1995). There  are more protocols 

for masculinization (47 species) than feminization (31 species) (Pandian and Sheela, 

1995) owing to higher commercial values of males (e.g. in most teleosts, males grow 

faster than females and in most ornamental fish, males are more colorful than 

females) (Piferrer and Lim, 1997). 

In poeciliids, hormonal sex reversal for both feminization and masculinization has 

been successful. For example, the guppy (Poecilia reticulata) (Kavumpurath and 

Pandian, 1993b, Kavumpurath and Pandian, 1992, Kavumpurath and Pandian, 1993a), 

black molly (Poecilia sphenops) (George and Pandian, 1995) have both been sex 

reversed. More recently, both feminization (Norazmi-Lokman, 2016) and paradoxical 

masculinization (Patil et al., 2020) in G. holbrooki have also been reported. The 

process of sex reversal by influencing sex differentiation can be achieved by treating 
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fish with hormones during its labile period (Piferrer, 2001). In poeciliids, there are 

three labile periods that are suitable for hormonal treatment: during embryonic 

development (i.e., treating the brooding females), post-parturition, and post-maturity 

(Takahashi, 1974, Kavumpurath and Pandian, 1992, Howell et al., 1994). Compared to 

earlier life stages e.g. neonates, when brooding females of viviparous species  are 

subjected to hormone treatment for the sex-reversal of embryos, higher hormone 

doses are usually required (Pandian and Sheela, 1995) to compensate for the loss of 

hormones during absorption, incorporation and transport to embryos to provide 

environmentally relevant concentrations of the hormone (Kinnberg et al., 2003). 

In the literature, there are several methods of hormone administration for sex reversal 

of fish including dietary supplementation, immersion technique and silastic 

implantation (Pandian and Sheela, 1995). The former two approaches are considered 

the most frequently used methods as they are low cost and easy to implement 

(Pandian and Sheela, 1995, Pandian and Kirankumar, 2003). Oral administration 

through feed is the most common method applied in poeciliids (Pandian and Sheela, 

1995, George and Pandian, 1995, Kavumpurath and Pandian, 1992, Kavumpurath and 

Pandian, 1993b). For example, in the guppy, hormones were effectively administered 

indirectly to embryos by feeding gravid females with hormone incorporated feed 

(Kavumpurath and Pandian, 1992, Kavumpurath and Pandian, 1993b) and directly to 

newborn fry via feeding hormone enriched feed (Mousavi-Sabet and Ghasemnezhad, 

2013, Miyamori, 1962). Moreover, oral administration of feminizing hormones via 

feed has already been shown to be effective in G. holbrooki (Norazmi-Lokman, 2016).  

Hormonal sex reversal has been used as a valuable tool to produce monosex 

populations for the aquaculture industry and particularly to understand the process of 

sex differentiation (Pandian and Sheela, 1995), i.e., for the verification of gamity. Both 

feminization and masculinization can be used independently but in combination with 

selective breeding to assist determination of gamity in fish. Typically, in species with 

XX/XY and ZW/ZZ sex determining mechanisms, feminization and masculinization 

respectively take the least number of steps to achieve the goal of verifying gamity. At 

the beginning of this study, the gamity of G. holbrooki was not yet determined (though 
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it has been recently as mentioned earlier). Hence, with the hypothesis that this 

species has a similar sex determination system (ZW/ZZ) to its sister species G. affinis, a 

masculinization route was a preferred option.  

1.5.1 17α-Methyltestosterone, a masculinizing hormone 

The application of steroid hormones in fish is often used by aquaculturists as a 

method to control unwanted reproduction and to take advantage of sex-linked 

differences in for example growth rates in the economically important edible fish or 

price-related colour in aquarium fish. Among steroids, 17α-Methyl Testosterone (MT) 

is a synthetic androgen. It is the most widely used hormone for masculinization among 

the androgens and has been examined in over 33 species belonging to the 

Salmonidae, Cyprinidae, Poeciliidae, Cichlidae, Cyprinodontidae and Anbantidae 

(Beardmore et al., 2001, Pandian and Sheela, 1995). 

Among members of the Poeciliidae, male fish are preferred over the females by 

hobbyists as they usually exhibit more pigmented bodies and larger fins (Piferrer and 

Lim, 1997). Therefore, androgen treatment is one of the methods that can be used to 

obtain all-male stocks. For example, MT has been used for the masculinization process 

in guppy, black molly and sword tail Table 1.1 in that MT was mostly applied to newly 

born juveniles for the production of permanent sex reversal. In contrast, there are no 

studies that demonstrate MT application to embryonic stages via gravid females with 

the exception of a German report of Dzwillo (1966) as cited in Takahashi (1974).   
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Table 1.1: List of species of Poeciliidae that have been induced masculinization with 

MT 

Species Administration 
time & duration 

 Results References 

Black molly 
(Poecilia sphenops) 

- Newly born 
juveniles  
- 30 days 

10-400 
mg/kg 

 MT Optimal dose: 50 
mg/kg caused 58-59% 
males 
 

George and 
Pandian (1998) 
 

Guppy 
(Poecilia reticulata) 

- Newly born 
juveniles 
- 30-40 days 

15-300 
mg/kg 

MT caused 
no complete 
masculinization of 
ovaries 
 

Takahashi 
(1974) 

Guppy 
(Poecilia reticulata) 

- Three-day-old 
juveniles 
- 2-4 weeks 

20-80 
mg/kg 

MT showed transient 
effects i.e. the 
temporary development 
of coloration on caudal 
fins 
 

Low et al. 
(1994) 

Guppy 
(Poecilia reticulata) 

- Newly born 
juveniles 
- 30 days 
 

60 mg/kg 81 % males Chakraborty et 
al. (2012) 

Sword tails 
(Xiphophorus 
helleri) 

- Newly born 
juveniles 
- 40 days 

5-200 
mg/kg 

Dose rate of 40 mg 
MT/kg resulted in 
maximum male 
population (99%) with 
the least loss of fish 
 

Mousavi-Sabet 
and 
Ghasemnezhad 
(2013) 

Sword tails 
(Xiphophorus 
helleri) 

- Adult females 
- 28 days 

60 mg/kg MT caused the 
development of male 
secondary sexual 
characters e.g. sword 
extension 
 

Yanong et al. 
(2006) 

Sword tails 
(Xiphophorus 
helleri) 

- Female 
broodstock 
- 45 days 

20-50 
mg/kg 

MT resulted in the 
development of male 
secondary sexual 
characteristics 

Amiri-
Moghaddam et 
al. (2010) 

1.5.2 Gonopodia and effects of exogenous hormones on its 

development 

In male poeciliid fish, the anal fin has differentiated into the gonopodium, a 

copulatory organ (Figure 1.6) used to transfer sperm to the female urogenital opening 

during copulation (Rosen and Gorden, 1953 as cited in Peden, 1973). The gonopodium 

is derived from the elongation and modification of anal fin rays 3, 4 and 5 in which the 
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gonopodial tips are equipped with serrae and hooks that serve as holdfast devices 

during copulation (Angus et al., 2001). However, the mechanism of transferring sperm 

packages from males to females is uncertain. It has been hypothesized that a 

transitory grooved surface along one side of the fin modified as the gonopodium is 

swung forward during copulation to assist sperm packet transport (Rosen and Tucker, 

1961, Peden, 1972). 

 

Figure 1.6: The gonopodium of a control male (bar-1mm)  

Gonopodial development is driven by androgenic hormones (Leusch et al., 2006). 

Normally, in male mosquito fish, the gonopodial development occurs when androgens 

are produced by the testis at the time of sexual maturation (Turner, 1941b). However, 

the administration of androgenic hormones (i.e., ethynyltestosterone, 17α-

methyltestosterone, androstenedione and androstanol) can induce the anal fins of 

female mosquito fish to develop into gonopodium-like structures (Turner, 1941a, 

Turner, 1942a, Turner, 1942b, Turner, 1960). For examples, the anal fins of female 

mosquitofish G. affinis have been effectively stimulated by dietary administration of 

11-ketotestosterone to develop gonopodium-like characteristics including the 

elongation of rays 3, 4 and 5, thickening of ray 3, and production of gonopodial 

termination complex structures (ventral spines serrae, hooks and blade) (Angus et al., 

2001). 



Chapter 1 - General Introduction and Research Aims 

16 
 

1.6 Sexual strategies and male reproductive system of 

Poeciliidae 

Teleost fish present a diversity of sexual strategies from gonochorism (i.e., male and 

female reproductive function is discretely expressed in different individuals) to 

hermaphroditism (i.e., the expression of both male and female reproductive function 

in a single individual) and unisexualism (all-female species) (Todd et al., 2016). In 

gonochoristic fish, two major pathways exist: primary and secondary gonochores 

(Yamamoto, 1969). In primary gonochores, the differentiation process follows classical 

pathways of genetic sex determination (Pandian, 2012). However, secondary 

gonochores exhibit a non-functional intersexual phase leading to delayed 

differentiation (Yamamoto, 1969) and juvenile hermaphroditism is a well-known type 

of the secondary gonochorism (Takahashi, 1977). 

Within the teleosts, the family Poeciliidae (livebearers) consists of 293 species most of 

which are gonochorists and some are sequential hermaphrodites (Rocha et al., 2008) 

which was proposed in the genus Xiphophorus (reviewed by de Mitcheson and Liu, 

2008). In adulthood, G. holbrooki is known as a gonochoristic fish in which males are 

much smaller than females (Leusch et al., 2006). However, this species has been 

suggested to exhibit the juvenile hermaphroditism phenomenon as displayed by its 

sister species, G. affinis (Lepori, 1941 as cited by Pala, 1970). However, there is no 

direct study investigating normal sex differentiation and its timing during 

development in this species. 

The structure of the male reproductive system of poeciliids was described by (Meffe 

and Snelson, 1989). Male poeciliids possess a single testis formed by the fusion of 

paired testes. The testis, connecting to a genital papilla via the single duct of a 

reproductive tract, is a tubular organ attached to the dorsal body wall. From the large 

central lumen, tubules scatter to the periphery and their blind ends, containing 

isolated spermatogonia, are against the testicular capsule. During spermatogenesis, 

spermatogonia move from the periphery down the tubules toward the centre of the 
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testis and join with Sertoli cells to form cysts and eventually become 

spermatozeugmata or unencapsulated sperm bundles. As in other poeciliid fish, male 

eastern mosquitofish G. holbrooki (previously Gambusia-affinis-holbrooki) has a single, 

round, white-coloured testis located centrally in the abdomen and covered by a thin 

connective tissue capsule (Fraile et al., 1992). 

1.7 Sex determination and differentiation 

In vertebrates, the expression of sex involves two processes: sex determination and 

sex differentiation (Piferrer and Lim, 1997). Sex determination can be defined as the 

genetic or environmental processes that influence the definition of sex (Sandra and 

Norma, 2010). Sex determination is normally established at the time of fertilization in 

the new zygote by the combination of sex determining genes inherited from the 

parents (Piferrer and Lim, 1997), while sex differentiation refers to gonadal 

development of undifferentiated or bipotential primordium into male or female 

gonads later in life once the sex has been determined (Piferrer and Lim, 1997, Sandra 

and Norma, 2010). A wide range of mechanisms of sex determination and patterns of 

sexual differentiation has been described for fish (Sandra and Norma, 2010).  

Regarding sex determination, sex can be defined by a chromosomal basis for some fish 

species or determined by influence of environmental factors for others (Sandra and 

Norma, 2010). The genetic sex determination may involve monogenic or polygenic 

systems, with factors localized on autosomes or on sex chromosomes (Devlin and 

Nagahama, 2002). Sex determination in fish is a very flexible process with respect to 

evolutionary patterns observed among genera and families, and within individuals is 

subject to modification by external factors (Devlin and Nagahama, 2002). 

With respect to sex differentiation, fish show a range of gonadal differentiation types 

including gonochoristic species possessing purely ovarian or testicular tissues, as well 

as hermaphroditic species that can initially mature either as males (protandrous) or 

females (protogynous) (Devlin and Nagahama, 2002, Kobayashi et al., 2013). The 

mechanisms of sex differentiation are under the control of genetics and effects of 
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various environmental factors (Nakamura et al., 1998) and are malleable to exogenous 

exposure of sex steroids. Hence, genotypic females can be induced to become 

phenotypic males by exposure to masculinized hormones at an appropriate dosage 

and duration during the period of sexually undifferentiated gonad (Xu et al., 2018). 

To successfully induce sex reversal, the most important things that need to be 

considered are (1) the time of onset of treatment, (2) the duration of treatment, (3) 

the route of treatment and (4) the dose and type of hormones used (Nakamura et al., 

1998). The time of onset of treatment normally relies on the labile period, i.e., 

amenability for sex reversal of species. The so-called labile period for hormone-

induced sex reversal is in synchrony with the occurrence of physiological sex 

differentiation of the gonad (Nakamura et al., 1998). Therefore, it is essential to know 

the period of sex differentiation during which sex reversal can be induced most 

effectively.  

For example, in the medaka, the period of sex differentiation is thought to correspond 

to a total body length of 6 to 11 mm (Yamamoto, 1969). However, in the guppy, 

juveniles were effectively masculinized in the ovary when gravid females were 

immersed for 24 hours in water containing methyltestosterone at 8 to 12 days before 

their next parturition (Dzwillo, 1962 as cited in Nakamura et al., 1998). 

Although the window for sex differentiation has been studied in a sister species, G. 

affinis had been studied (Koya et al., 2003), it is poorly understood in G. holbrooki. 

Despite this, the origin of PGC and their migration routes prior to sex differentiation in 

G. holbrooki were previously described (Pala, 1970). Based on this background, 

Norazmi-Lokman (2016) and Patil et al. (2020) hypothesized that labile periods for sex 

reversal likely occur in the time period between the embryonic life stage prior to 

parturition and just after birth. While this was in part supported by the successful 

feminization of this species (Norazmi-Lokman et al., 2021, Norazmi-Lokman, 2016) it is 

unknown if there are any sex-specific differences. 
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1.8 Sexual behaviour 

Behaviour is defined as a series of overt, whole-body observable activities which 

operate through the nervous system and assist animals to survive, grow and 

reproduce (Beitinger, 1990). There are seven different types of behaviour in fish (i) 

avoidance-attractance, (ii) behavioural response to temperature and oxygen, (iii) 

behavioural response to oxygen, (iv) feeding behaviour, (v) predator-prey interactions, 

(vi) intraspecific social behaviour and (vii) reproductive behaviour (Beitinger, 1990). 

Poeciliids are a very interesting fish for observing behaviour by behaviourists because 

they are small, adapt to aquarium conditions and exhibit sexually dimorphic 

specializations with internal fertilization (Itzkowitz, 1971, Rosen and Tucker, 1961). 

Among poeciliids, normal reproductive behaviour of mosquitofish (both G. holbrooki 

and G. affinis) has been well reported (Smith, 2007, Peden, 1972, Itzkowitz, 1971, 

Hughes, 1985, Martin, 1975, Deaton, 2008, Vega-Trejo et al., 2014). In general, 

Gambusia has been described as using coercive mating strategy where males harass 

females for copulation rather than perform real courtship displays (Deaton, 2008, 

Evans et al., 2003). In the laboratory, both mating and aggressive behaviour has been 

described. Unreceptive Gambusia females have showed some control over male 

mating success by controlling the spatial position of the male to avoid male 

impregnation (Deaton, 2008); and in relation to aggressiveness, dominance and 

territoriality are known female reactions to combat the sexual harassment of males 

(Martin, 1975). Gambusia have been extensively used to study reproductive 

behaviour, particularly as transient and a sensitive early indicator of exposure to 

environmental contaminants (e.g., Frankel et al., 2016, Saaristo et al., 2014, Toft and 

Guillette, 2005). From the literature, there are few studies that have observed 

reproductive behaviour of hormone sex-reversal fish, e.g., mating behaviour of 

paradoxical masculinized G. holbrooki (Patil et al., 2020). Moreover, there is no 

knowledge of the long-term behavioural consequences of hormone treatment for 

completely sex-reversed individuals. 
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1.9 Justification for research 

Because of its harmful and threatening effects on native fauna, G. holbrooki is classed 

as an invasive species requiring control and eradication (Inland Fisheries Act 1995). 

This study forms part of a larger project (Australia Research Council (ARC) Linkage 

Grant), a collaborative project between the University of Tasmania (Institute for 

Marine and Antarctic Studies) and Tasmania State Government agencies (e.g. Inland 

Fisheries Service, Parks and Wildlife volunteers), that aims to develop Trojan Sex 

Chromosome (TSC) strategies to combat this invasive fish.  

As mentioned previously, at the beginning of the present study there was an 

uncertainty about the gamity of G. holbrooki and to apply TSC techniques, the gamity 

of a species should be known. Another project in the ARC Linkage suite of projects 

took the alternate feminization approach on the basis of a XX/XY determination 

system (Norazmi-Lokman, 2016). Therefore, the primary aims of this current study 

were to administer hormonal masculinization in G. holbrooki for facilitating the 

determination of gamity of this species and producing bloodline fish for the 

production of Trojan fish to control and eradicate G. holbrooki; on the basis 

(assumption) that the species possesses a ZW/ZZ sex determining system. Specifically, 

the study systematically investigated several core aspects that were important to 

achieve successful hormonal masculinization in this species starting from determining 

the window for sex differentiation in this species to elucidate susceptible life stages 

for masculinization; to choosing suitable MT doses and treatment durations for the 

production of masculinized fish (neo-males). Then, resultant neo-males were 

thoroughly investigated by observing their sexual morphology (to examine if neo-

males possess similar sexual organs to those of normal males or not), behaviour (to 

see if neo-males behave in  a similar fashion  to normal males in relation to females, 

i.e., are they likely to mate?) and reproductive fitness (to determine if neo-males are 

able to produce progeny) to elucidate the efficacy of MT on the production of 

functional neo-males. 
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Overall, the aims of the research were to: 

• define the window of sex differentiation in G. holbrooki to determine 

susceptible life stages for masculinization; 

• investigate if oral administration of 17α-Methyltestosterone (MT) can induce 

masculinization of G. holbrooki adult females and observe physiological, 

morphological, and behavioral responses associated with MT treatment; 

• determine the efficacy of MT oral administration on masculinization of G. 

holbrooki 30-day old juveniles and neonates; 

• compare sexual morphology (the morphology of gonopodium and testis) of 

typical males and neo-males; and 

• assess the behavioral interaction (mating and aggressive behaviour), 

reproductive fitness and sperm package expression of typical males and neo-

males to assess potential behavioural tradeoffs. 

1.10 Thesis structure and chapter summaries 

There are altogether five experimental chapters in this thesis (Chapters 2-6). This 

thesis has been written in the format of a thesis by publication where each chapter is 

a stand-alone paper so that it can be published independently. As a consequence of 

this approach, there are unavoidable repetitions between each chapter. The workflow 

of all experiments and divisions of experimental chapters are illustrated in Figure 1.7 

and is followed by a summary of each experimental chapter. 
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Figure 1.7: The workflow of experiments and divisions of experimental chapters  

Chapter 2 - Ontogeny of Sex Differentiation in the Live-bearing Fish Gambusia 

holbrooki 

The main objective of this study was to explore the ontogeny of sex differentiation, 

the formation of the gonad and maturation of G. holbrooki (Experiment 1). The novel 

information obtained in this experimental chapter was essential for designing and 

conducting the hormonal masculinization experiments in Chapters 3 and 4, i.e., to 

ascertain susceptible life stages for inducing effective hormonal treatment.  

Chapter 3 - Masculinization of Adult Gambusia holbrooki Using 17α-

Methyltestosterone: Recapitulation of Protogyny in a Gonochorist 

As sex differentiation of female embryos was initiated well before parturition (Chapter 

2), the brooding/gravid females were exposed to MT treatment to determine the 

optimal dose for masculinization of their offspring. However, this unexpectedly 
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induced masculinizing effects on the brooding mothers themselves, including the 

resorption of gonads, the development of male body shape and gonopodia. This 

chapter was therefore dedicated to document the extent of masculinization of adult 

females, to determine if indeed this gonochorist is capable of sex-change at 

adulthood, similar to protogynous hermaphrodites. Specifically, re-maturing females 

(Experiment 2) and maiden females (Experiment 3) were subject to hormone 

treatment (between 50 and 200 mg MT/kg diet for 50 days). The effects of MT on 

survival, testis development, the expression of amh gene and behaviour of treated 

females were investigated.  

Chapter 4 - Hormonal Masculinization in Juvenile and Neonate Gambusia holbrooki 

Here, the efficacy of MT to induce functional masculinization was tested on 30-DAP 

juveniles (Experiment 4) and neonates (Experiment 5). The experiment on 30-DAP 

juveniles (10-40 mg MT/kg) preceded that of neonates (5-20 mg MT/kg diet) and 

lasted for 30 days in both cases. The effects of MT treatment on sex ratios, survival 

rates and the production of neo-males were explored.  

Chapter 5 - Sexual Morphology of Neo-male Gambusia holbrooki 

This chapter comparatively evaluated the sexual morphology of typical males and the 

neo-males generated in Experiment 5. Both the morphology of gonopodium and testis 

were histologically analyzed, and 3D structures constructed for comparison to further 

determine the efficacy of the MT treatment doses in producing functional 

masculinized fish. 

Chapter 6 - Behavioural Interactions and Reproductive Fitness of Neo-male 

Gambusia holbrooki 

In this final experimental chapter, the tested neo-males (from 5 and 10 mg MT/kg diet 

groups) with the best sexual morphology (confirmed from Chapter 5) were assessed 
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for their behaviour (aggressive and gonopodial thrusts), reproductive fitness and 

sperm package expression to finally confirm if they are functional. 
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Chapter 2 - Ontogeny of Sex Differentiation in the 
Livebearer Gambusia holbrooki 

2.1 Abstract 

In Gambusia holbrooki, little information was available on the timing of sex 

differentiation, an aspect of interest to biologists and aquaculturists. Knowing the 

onset of sex differentiation is critical to assist in achieving better outcomes of 

hormonal sex-reversal. Hence, this study was conducted to determine the window for 

sex differentiation in G. holbrooki to facilitate in designing the masculinization 

experiments of this study. The ontogeny of sex differentiation in G. holbrooki gonads 

from embryos to adults was observed histologically. Morphometrically, there was no 

significant difference in the size of PGC (t = 1.71, df = 23, p = 0.1) and gonocytes (t = 

0.46, df = 14, p = 0.66) between males (PGC, 13.9 ± 1.2 µm; gonocytes, 11.7 ± 1.1) and 

females (PGC, 14.7 ± 1.3 µm; gonocytes, 11.9 ± 1.2). However, significant differences 

in cell diameters between PGC, gonocytes, oogonia and spermatogonia were detected 

(one-way ANOVA, F (3, 85) = 113.3, p < 0.0005, ƞ2 = 0.8). There were significant 

decreases in size of germ cells during their development (Tukey post hoc analysis). Cell 

diameter decreased from PGCs (14.25 ± 1.37 µm), to gonocytes (11.81 ± 1.14 µm), to 

oogonia (9.16 ± 0.94 µm), to spermatogonia (8.27 ± 1.5 µm), in that order. 

Ontogenically, primordial germ cells (PGC) were found to migrate from the somatic 

layer to the dorsal mesenteric root at the mid-segmentation stage. Undifferentiated 

gonads with two distinct clusters of gonial germ cells appeared at the late-

segmentation stage. In female embryos, the first signs of ovarian differentiation were 

found in early-pharyngula. The elongation of somatic tissue initiating the formation of 

ovarian cavities was first evident in the gonads of 15 DAP juveniles and complete 

ovarian cavities were seen in the gonads of 30-day old juveniles. In males, the gonads 

of neonates were sexually indifferent, and the morphological differentiation became 

apparent only about 10 DAP. By 20 DAP, the male gonads contained mostly clusters of 

spermatogonia along with several cysts of primary spermatocytes and sperm ducts 
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were formed. By 150 DAP, males were mature and possessed completely developed 

gonopodia and testes whereas females were immature. Overall, the timing of sex-

differentiation in this species was different for males and females. In males, it was 

post parturition (10-DAP) while in females it was pre-parturition, therefore the 

susceptible windows for masculinization and feminization are different. This for the 

first time provided cellular evidence to better target hormone treatment regimens 

specific for masculinization in G. holbrooki and may also inform other sex 

differentiation and sex-reversal studies, especially in live-bearing species. 
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2.2 Introduction 

In vertebrates, the expression of sex involves two processes: sex determination and 

sex differentiation (Piferrer and Lim, 1997). Sex determination is normally established 

at the time of fertilization in the new zygote by the combination of sex determining 

genes inherited from the parents, whereas sex differentiation refers to the 

development of undifferentiated primordium into male or female gonads later in life 

once the genetic sex has been determined (Piferrer and Lim, 1997). The mechanisms 

of sex differentiation are under the control of genetics and effects of various 

environmental factors (Nakamura et al., 1998). 

The patterns of sexual differentiation in fish are diverse as there is an existence of a 

diversity of reproduction modes, e.g., from gonochorism (distinct sexes) to 

hermaphroditism (functional gonadal features of multiple sexes present in one 

organism). In gonochoristic fish, two major pathways exist: one with a non-functional 

intersexual phase leading to delayed differentiation (secondary) and one without 

(primary) (Yamamoto, 1969). In primary gonochores, the differentiation process 

follows classical pathways of genetic sex determination (Pandian, 2012). The Japanese 

medaka fish Oryzias latipes is an example of primary gonochoristic fish in which sexual 

differentiation occurs prior to hatching with this process proceeding earlier in females 

than males (Satoh and Egami, 1972). In contrast, the Nile tilapia Oreochromis niloticus 

is an example of this type with sexual differentiation becoming apparent 36 days after 

hatching (Chipungu, 1987). Secondary gonochorists remain in the intersex phase until 

a biotic or abiotic cue directs development down male or female pathway (Pandian, 

2013). Juvenile hermaphroditism is a well-known type of secondary gonochorism as 

documented in zebrafish Dania renio where the gonads of all fish at the stage of sex 

differentiation contain oocytes and in subsequent development oocytes in the gonads 

of half of the individuals degenerate and disappear, accompanied by the development 

of testicular stromal tissue (Takahashi, 1977). The same phenomenon has been 
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reported for the testicular differentiation of the western mosquitofish, Gambusia 

affinis (Koya et al., 2003).  

In contrast to gonochorists, the male and female reproductive function in 

hermaphrodites is expressed within a single individual during its lifetime. 

Hermaphroditism is polyphyletic and derived from rudimentary or juvenile 

hermaphroditic secondary gonochores (Pandian, 2012). The patterns of 

hermaphrodites include simultaneous, sequential, and serial. Hermaphrodites are said 

to be synchronous or simultaneous when both eggs and sperm mature at the same 

time and they are called asynchronous or sequential when the fish function as either a 

male or a female at any one time (Chipungu, 1987). In addition, the sequential type 

changes sex once whereas the serial type changes sex multiple times during their lives. 

Sequential hermaphroditism is most common type and further divided into two forms 

(i) protogyny, where a female fish reverses sex to become a male (ii) protandry, where 

male changes functionally into a female.  

Eastern mosquitofish Gambusia holbrooki is a member of the family Poeciliidae. This 

species was introduced around the world at the beginning of the twentieth century as 

an agent to control mosquitoes (Pyke, 2008). However, they are ineffective in 

controlling mosquito populations, instead resulting in the depletion of several native 

and endangered fish and amphibians through intensive predation and competition for 

food and habitat  (Komak and Crossland, 2000, Hardie et al., 2006, Pyke, 2008, Rowe 

et al., 2008). Although the embryonic history of primordial germ cells in G. holbrooki 

was studied by Pala (1970), there is a need to better understand the ontogeny of sex 

differentiation in this pest fish for toxicology and control applications, amongst others. 

Recently, the effects of environmental pollution, i.e., endocrine disrupting chemicals 

(ECD), on G. holbrooki have been studied intensively (e.g., Toft and Guillette, 2005, 

Frankel et al., 2016, Rawson et al., 2008, Orlando et al., 2002, Game et al., 2006). Here 

this species has been used as a bio-indicator organism for pollution to detect the 

effects on secondary sexual characteristics (Rawson et al., 2008, Game et al., 2006), 
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sexual behavior (Frankel et al., 2016), sperm count (Toft and Guillette, 2005) and 

aromatase activity (Orlando et al., 2002). 

The three most important factors leading to successful sex-reversal in fish are the 

timing, duration and dose of treatment, and hormones used (Nakamura et al., 1998). 

Hormonal feminization was successfully induced in G. holbrooki fed with estradiol 

incorporated diet to both gravid females and newborn juveniles from 1 to 30 days 

after parturition (Norazmi-Lokman, 2016). However, there is a knowledge gap as to 

when the sex differentiation in G. holbrooki occurs and if there are any sex specific 

differences i.e., if this occurs at a different time in genetically male and female fish and 

how these may influence the success of sex reversal experiments. Therefore, this 

study aimed to use histology to understand the ontogenetic development of gonads 

from embryo to adult, i.e., the appearance of primordial germ cells (PGC), gonadal sex 

differentiation, gonadal formation as well as pubertal development of this species. 

2.3 Materials and methods 

2.3.1 Fish 

Gravid females were collected in the Tamar Island Wetland Reserve (TIWR) and 

transported to the Institute for Marine and Antarctic Studies (IMAS) Aquaculture 

Center, University of Tasmania, Newnham, Tasmania. To facilitate sampling and 

parturition efficiency, females were selected based on their gravid spot intensity, as 

described previously (Norazmi-Lokman et al., 2016). For harvesting developing 

embryos, females with intensity values of 38 to 53 were euthanized and dissected to 

collect embryos. After euthanasia, ovaries were removed and placed in saline solution. 

Embryos were separated from the ovaries and staged as described for Gambusia sp. 

(Chambolle et al., 1970) and G. holbrooki (Norazmi-Lokman et al., 2016). Specifically, 

embryos (stages 20-24 correspond to mid- and late-segmentation stage, stages 25-32 

correspond to pharyngula stage, stages 33-35 correspond to parturition stage) were 

sampled for gonadal histology.                   
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To obtain neonates, females with gravid spot intensity values between 28 to 38 

(Norazmi-Lokman et al., 2016) were individually allocated to a static tank set up with a 

breeding trap to protect neonates from cannibalization by their mothers. After 

parturition, the females were moved to stock tanks and each clutch of juveniles was 

raised in a 2L static tank (0 ppt, 21 ± 0.5oC, 16 L: 8 D-lights turned on at 06.00 h) and 

periodically sampled until 150 days after parturition (DAP). Newly born fish were fed 

with brine shrimp (Artemia) nauplii alone for 30 DAP, and later supplemented with 

trout commercial micro-pellets (Nutra XP 0.5, Skretting, Australia) until the end of the 

experiment. All the procedures of collection, handling and transportation of this 

species were conducted as stipulated by permit issued by the Inland Fisheries Service 

Tasmania (2017-53) and as reviewed and approved by the University of Tasmania 

Animal Ethics Committee (Permit No. A0015354). 

2.3.2 Genetic sexing of embryos and neonates  

Genetic sex of embryos and neonates was determined using a PCR assay developed by 

Kwan and Patil (2019). The primers for target amh were: ghAmhF644 5’- 

CCCCTGCAGATGGAGAGCTGGGCGTCATTT-3’ and ghAmhR553 5’- 

AACGTCGTCCCTGAARTGCAAGCAGA -3’ which yielded a PCR amplicon of 88 bp. The 

primers for the reference GAPDH: ghGAPDHF2 5’- AGCCAAGGCTGTTGGCAAGGTCATC-

3’ and ghGAPDHcDNAR2 5’- GTCATCATACTTGGCTGGTTTCTCC-3’ yielded a 153 bp 

amplicon (Kwan and Patil, 2019). Briefly, the genomic DNA of embryos and neonates 

was extracted from tail fin clip (neonates) or paraffin embedded specimens (mid-

segmentation, pharyngula and parturition) using a QIAamp DNA FFPE Tissue Kit 

(QIAGEN, CA, USA). The PCR mix (10 μL) comprised of 1 × MyTaq HS Red mix (Bioline), 

1.0 μM of each primer and 50 ng of genomic DNA template. Thermal cycling (Bio-Rad 

T100, Bio-Rad, NSW, Australia) consisted of 95 °C for 1 min, followed by 30 cycles of 

95 °C for 5 s, 60 °C for 5 s and 72 °C for 20s. Female and male specific amplicons were 

separated using gel electrophoresis and the genetic sex of the embryos determined. 
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2.3.3 Sampling schedule and gonadal histology  

The embryonic stages (segmentation, pharyngula, and parturition) and juveniles (0 to 

150 DAP) were sampled for gonadal histology. For each embryonic stage, 20 embryos 

were chosen. Raised juveniles (10 fish for each stage) were euthanized and sampled 

on specific days (day 0, 1, 2, 5, 10, 15, 20, 25, 30, 50, 70, 90, 110, 120 and 150 DAP) 

after birth. The sampled juveniles were decapitated, and their caudal fin trimmed. The 

embryos and decapitated juveniles were fixed in Bouin’s solution (Sigma-Aldrich), 

overnight, and rinsed for several hours in 70% ethanol before being processed, 

embedded individually in paraffin blocks, and sectioned transversely at 3-5 µm. The 

sections were stained with Mayer’s hematoxylin-eosin and mounted with DPX on glass 

slides. These slides were observed under a light microscope (Leica DM500, China) and 

photomicrographs taken. Serial sections were used to assist this study. 

2.3.4 Cell measurements 

The captured images were used to identify cell types and measure their sizes using Fiji 

software, an open source image processing (Schindelin et al., 2012). 

2.3.5 Data analysis 

The data were analyzed statistically using IBM SPSS statistic software (version 24). All 

data are presented as mean ± standard deviation unless otherwise stated. The data 

were tested for normality using Shapiro-Wilk test and the assumption of homogeneity 

of variances was assessed using Levene’s test of equality of variances prior to running 

any statistical test. Independent-samples t-tests were run to determine if there were 

differences in cell diameters of PGC and gonial cells between males and females. If 

homogeneity of variances was violated, the Welch-Satterthwaite correction was used. 

One-way ANOVA or Welch’s ANOVA (for unequal variances) followed by Tukey or 

Games-Howell post-hoc test (for unequal variances) where applicable were applied to 
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test for differences in cell diameter between PGC, gonocytes, oogonia and 

spermatogonia as well as differences in total length between aged groups. A 

Spearman’s rank-order correlation was run to assess the relationship between ages of 

neonates/juveniles and their lengths. The data was tested for monotonic relationship 

by visual inspection of a scatterplot prior to running Spearman’s rank-order 

correlation (Laerd Statistics, 2018b). In all analysis, differences were significant at p < 

0.05.  

2.4 Results 

2.4.1 Cell types and sizes in gonads of embryos and juveniles 

Cell types observed in the gonadal primordia of embryos and gonads of juvenile G. 

holbrooki across the ages (1 to 150 DAP) is shown in Table 2.1. 

Table 2.1: Cell types and their sizes observed in the gonads of embryos and juveniles 
of Gambusia holbrooki. 

Germ cell types Developmental stages 
(when germ cells first seen) 

Mean diameters 
± SE (µm) 

Males Females 

Primordial germ cells (n = 27) MS MS 14.3 ± 1.37 
Gonial cells (n = 16) LS MS 11.8 ± 1.14 
Oogonia (n = 30) 
Primary oocytes-stage 1 (n = 11) 
Primary oocytes-stage 2 (n = 13) 

- 
- 
- 

Eph 
Eph 
EP 

9.2 ± 0.94 
15.9 ± 0.64 
50.3 ± 1.24 

Spermatogonia (n = 17) 10 DAP - 8.3 ± 1.5 
Primary spermatocytes (n = 26) 20 DAP - 4.1 ± 0.07 
Secondary spermatocytes (n = 25) 150 DAP - 2.7 ± 0.05 
Spermatid (n = 25) 
Sperm packages (n = 10)  

150 DAP 
150 DAP 

- 
- 

2.1 ± 0.03 
41.1 ± 1.51 

MS: Mid-segmentation, LS: Late-segmentation, Eph: Early-pharyngula, EP: Early-parturition, DAP: days 
after parturition. 
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2.4.1.1 PGCs and gonocytes of male and female embryos 

Primordial germ cells (PGC) and gonocytes in undetermined gonads, testes and ovaries 

had identical cytological features. There was no difference in cell diameters of 

primordial germ cells (PGC) between males and females (t-test, t = 1.71, df = 23, p = 

0.1, Figure 2.1A) as well as in cell diameters of gonocytes between males and females 

(t-test, t = 0.46, df = 14, p = 0.66, Figure 2.1B).  

2.4.1.2 PGCs, gonocytes, oogonia and spermatogonia  

Significant differences in cell diameters between PGCs, gonocytes, oogonia and 

spermatogonia were detected (one-way ANOVA, F (3, 85) = 113.3, p < 0.0005, ƞ2 = 0.8, 

Figure 2.1C). Cell diameter decreased from PGCs (14.25 ± 1.37 µm), to gonocytes 

(11.81 ± 1.14 µm), to oogonia (9.16 ± 0.94 µm), to spermatogonia (8.27 ± 1.5 µm), in 

that order. There were significant decreases in size of germ cells during their 

development (Tukey post hoc analysis). The decrease of cell diameter from PGCs to 

gonocytes (2.43, 95% CI (1.41 to 3.46 µm)) was statistically significant (p < 0.0005) as 

well as the decrease of cell diameters from PGCs to oogonia (5.09, 95% CI (4.23 to 5.95 

µm), p < 0.0005), from PGCs to spermatogonia (5.97, 95% CI (4.97 to 6.98 µm), p < 

0.0005), from gonocytes to oogonia (2.66, 95% CI (1.66 to 3.65 µm), p < 0.0005), from 

gonocytes to spermatogonia (3.54, 95% CI (2.42 to 4.66 µm), p < 0.0005), but no 

significant difference in cell diameters between oogonia and spermatogonia were 

detected (0.88, 95% CI (-0.09 to 1.86 µm), p = 0.09).   
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Figure 2.1: Changes in germ cell diameters (mean ± SE). Graph (A) and (B) showing no 
difference in cell diameters of primordial germ cells (PGC) and gonocytes respectively, 
between males and females. Graph (C) indicates differences in cell diameters between 
PGC, gonocytes, oogonia and spermatogonia. Means with different superscripts are 
statistically different (p < 0.05).    
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2.4.2 PGCs and germ cells in embryonic stages 

2.4.2.1 Embryos from mid- to late-segmentation 

Several migrating PGC, located slightly lateral and dorsal to the intestinal tube and just 

below the developing kidneys, were clearly distinguished from the somatic cells in the 

somatic layer at mid-segmentation (n = 3 embryos) before being found to migrate and 

form a mass of cell in the dorsal mesenteric root between the two pronephric ducts (n 

= 2 embryos) (Figure 2.2). However, they were not yet coalesced into a nest. 

Characteristically, the PGC (14.3 ± 1.37 µm in diameter) had a large nucleus, a distinct 

round outline, a less stained cytoplasm and a single, clear nucleolus.  

At late-segmentation, the lateral-ventral body walls were formed by the elevation of 

the embryos on the yolk and the gonadal primordia developed and became 

undifferentiated gonads. These gonads included two distinct clusters of gonial germ 

cells attached to epithelial swim bladder via connective tissue and located ventrally 

from the pronephric ducts and just above the gut (Figure 2.2D-F), showing first sign of 

homing at the putative gonadal ridge (anlage). These clustered gonial germ cells had 

the same characteristics as PGC but were smaller (p < 0.005) in cell diameter (11.8 ± 

1.14 µm).  
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Figure 2.2: Photomicrographs of transverse sections at mid-, and late-segmentation 
embryos showing PGC and gonial germ cells, respectively. (A) is a low magnification 
(10x) cross section through early mid-segmentation embryo (stage 20), whereas (B) 
and (C) are magnified views corresponding to broken-line frames in (A) and (B), 
respectively showing PGC. (D) is a low magnification (10x) cross section through late 
mid-segmentation embryo (stage 22), whereas (E) and (F) are magnified views 
corresponding to broken-line frames in (D) and (E), respectively showing a group of 
PGC included in the dorsal mesenteric root between the two pronephric ducts. (G) is a 
low magnification (4x) cross section through embryo at late-segmentation, while (H) 
and (I) are magnified views corresponding to broken-line frames in (G) and (H), 
respectively showing paired and laterally connected clusters and close-up of gonial 
germ cells (H) respectively. Gu: gut; Wd: Wolffian duct; PGC: primordial germ cells.  

2.4.2.2 Embryos at pharyngula and parturition 

The two distinct gonadal clusters formed in late-segmentation, remained separate in 

pharyngula (Figure 2.3A-B) until early-parturition, when these clusters moved closely 

to each other before gathering into a single median aggregation (Figure 2.3D). 
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In some early-pharyngula, female embryos (n = 10), first signs of ovarian 

differentiation could be noticed by the presence of mitotic oogonia (Figure 2.3B) as 

well as chromatin-nucleolus oocytes (stage 1 primary oocytes, PO1). PO1 had an 

average diameter of 15.9 ± 0.64 µm and had a centrally located large nucleus and a 

nucleolus. During parturition, oocytes in the chromatin-nucleolus stage (PO1) 

proliferated and formed stage 2 primary oocytes (PO2) with an increased diameter of 

50.3 ± 1.24 µm, formed by increasing the amount of cytoplasm. Mitosis of oogonia 

also commonly took place in pharyngula in female embryos providing a continuous 

supply of cells for replacement of oogonia that developed to oocytes in the chromatin-

nucleolus stage (Figure 2.3B). Therefore, there was an increase in the number of germ 

cells in female gonads. As cell proliferation continued, the first blood vessels appeared 

within the gonadal tissue at late-pharyngula (Figure 2.3D). 
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Figure 2.3: Microphotographs of transverse sections at early-pharyngula (A-B) and 
late-parturition (C-D) of female embryos. Gonads (broken-line frames) of early-
pharyngula (A) and late-parturition (C) embryos can be seen ventrally to the air 
bladder in the coelom. (B) and (D) are magnified views of the areas framed in (A) and 
(C), respectively showing that paired ovaries located dorsolateral to the gut moved 
closely. BV: blood vessel, Cn: oocytes in chromatin-nucleolus stage, Gu: gut, M: 
oogonia in mitosis, P: pancreas.  
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2.4.3 Gonadal cell development in neonates and juveniles  

2.4.3.1 Total lengths of neonates and juveniles 

Newly born eastern mosquitofish were 10.2 ± 0.13 mm in total length (Figure 2.4). 

There was a significant and strong positive correlation between the ages of G. 

holbrooki and its total lengths, rs (145) = 0.93, p < 0.0005 (Figure 2.4). Total length of fish 

increased significantly (F (12, 29.3) = 634, p < 0.0005) from birth (10 ± 0.5 mm) to 150 

DAP (24.8 ± 0.8 mm). However, no difference in total length between males and 

females was found from birth to 150 DAP. 

 

Figure 2.4: Changes in total length of G. holbrooki from birth to 150 DAP. Figures in 
parentheses indicate the number of fish measured (for males above and females 
below the growth line). *Significant different from each other (p < 0.005).    
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2.4.3.2 Gambusia holbrooki gonads at 0 to 30 DAP  

The gonads of newly born juveniles (1 DAP) were suspended in the coelom between 

the pronephric ducts and the gut in the posterior trunk region (Figure 2.5A).  

In males, the gonads of newly born juveniles were sexually indifferent, and that 

morphological differentiation became apparent only in 10 DAP juveniles (12.5 ± 0.22 

mm in total length). At 1 DAP, the two gonadal clusters were close to each other and 

located near the pronephric ducts and above the intestine (Figure 2.5A-C). From 5 

DAP, they fused into a single cluster, located ventrally to the air bladder (Figure 2.5D-

F). From 0 to 5 DAP, the gonads consisted of gonial cells (GC) i.e., diploid stem cells 

proliferating by mitotic divisions were enclosed by Sertoli precursor cells and were 

surrounded by peritubular cells. The GC, 11.8 ± 0.29 µm in diameter, contained light 

granular cytoplasm and spherical nucleus presenting delicate granular diploid 

chromatin and a nucleolus. However, neither the GC nor the somatic cells showed any 

of the morphological characteristics of sex differentiation by 5 DAP. By 10 DAP, 

spermatogonia (Sg), 8.3 ± 0.36 µm in diameter, appeared in clusters of more than 4 

cells enclosed by Sertoli precursor cells (Figure 2.6A-C). In addition, stromal cell 

aggregations, developing later into sperm ducts and testicular interstitial 

compartments were first seen in the gonads at this stage. By 15 DAP, Sg appeared in 

clusters of more than 8-16 cells in a clone (Figure 2.6D-F) and a slit-like space was 

found inside the central region of the stromal cell aggregations (Figure 2.6F). By 20 

DAP, the male gonads contained mostly clusters of Sg. At this stage, spermatogenesis 

also had commenced, with several cysts of primary spermatocytes (spherical nested 

cells, 4.1 ± 0.07 µm in diameter) observed and sperm ducts were formed (Figure 2.6G-

I). 
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Figure 2.5: Photomicrographs of abdominal transverse sections (caudal to cranial) of 1 
(A-C) and 5 (D-F) DAP male G. holbrooki showing gonads (broken-line frames) located 
dorsally to gut (Gu) and below the pronephric ducts (black arrow). (B) and (C) are 
magnified views of areas framed in (A) and (B), respectively indicated the two testes 
were very close together with the presence of gonial cells, a gonial cell at prophase of 
mitosis (Pr) and stromal cells found in the testes. (E) and (F) are magnified views of 
areas framed in (D) and (E), respectively showing two lobes fused into a single testis 
with the presence of gonial cells, stromal cells. GC: gonial cells, Gu: gut, P: pancreas, 
SC: stromal cells. 
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Figure 2.6: Photomicrographs of abdominal transverse section (caudal to cranial) of 10 
(A-C), 15 (D-F) and 20 (G-I) DAP of male G. holbrooki showing gonads (broken-line 
frames) suspended in the coelom and located laterally on the left to the gut. (B) and 
(C) are magnified views of areas framed in (A) and (B) respectively showing 
aggregations of stromal cells (black arrows) and the presence of spermatogonia (Sg) in 
group of five enclosed by pre-Sertoli cells (PS). (E) and (F) are magnified views of areas 
framed in (D) and (E), respectively showing the formation of sperm ducts (black 
arrows) and acinar structures (blue dash line) containing spermatogonia in a group 
wrapped by pre-Sertoli cells, spermatogonia at prophase mitosis (blue arrowhead) and 
at anaphase (black arrowhead). (H) and (I) are magnified views of areas framed in (G) 
and (H) showing sperm ducts (black arrows) and the formation of testicular lobules 
(blue dash line) contained acinar structures (A) formed by cysts of spermatogonia 
remained at the blind termini of the lobule and cysts of primary spermatocytes (1 SC). 
Gu: gut, P: pancreas.  
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In females, gonads of newly born juveniles were sexually differentiated, containing 

oocytes in the chromatin-nucleolus stage as was already evident at early-pharyngula. 

However, the elongations of somatic tissue initiating the formations of ovarian cavities 

were first evident in the gonads of 15 DAP juveniles (Figure 2.7A-B) and complete 

ovarian cavities were seen in the gonads at 30 DAP (Figure 2.7C-D). 

 

Figure 2.7: Photomicrographs showing abdominal transverse sections (caudal to 
cranial) of 15 (A-B) and 30 (C-D) DAP female G. holbrooki. Gonads (broken-line frames) 
of 15 (A) and 30 (C) DAP juveniles can be seen suspended ventral to the air bladder in 
the coeloms. (B) and (D) are magnified views of areas framed in (A) and (C), 
respectively, showing that the gonads are located dorsolateral to the gut and dorsally 
tethered to the mesovarium (black arrow heads). Oocytes in chromatin-nucleolus 
stage (blue arrows) were found in the gonads. There were elongations of stromal cells 
(black arrows) and shaping of the ovarian cavity (asterisk ⁎) indicate the sides at which 
the ovarian cavities were forming; BV: blood vessel, P: pancreas, Gu: gut.    
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2.4.3.3 Gambusia holbrooki gonads at 30 DAP to 120 DAP 

From 30 to 120 DAP, in male gonads, testicular lobules and the entire testis increased 

in length and width due to the formation of a larger number of cysts. At 30 DAP, the 

male gonads contained mainly cysts of spermatogonia, while at 120 DAP there were 

mainly cysts of primary spermatocytes (Figure 2.8A-B).  

In female gonads, from parturition embryos to 120 DAP, oocytes in the chromatin-

nucleolus stage continued to grow by increasing the amount of cytoplasm and 

increase in size of nucleus, but oogenesis were arrested in the diplotene stage of 

prophase I of miosis I. Therefore, the cell characteristics remained unchanged until 

120 DAP in that they had a round-oval nucleus with one nucleus per section and were 

surrounded by accompanying follicle cells (Figure 2.8C-D). 
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Figure 2.8: Photomicrographs of abdominal transverse sections (caudal to cranial) of 
male (A-B) and female (C-D) G. holbrooki at 120 DAP showing gonads (broken-line 
frames) suspended in the coelom. (B) is magnified view of area framed in (A) 
indicating spermatogonia located at the periphery and spermatocytes dominated the 
testis. (D) is magnified view of area framed in (C) showing the ovary with the presence 
of chromatin-nucleolus oocytes. Cn: chromatin-nucleolus oocytes, DU: sperm duct, 
Gu: gut, 1 SC: primary spermatocytes, Sg: spermatogonia, OC: ovarian cavity.     

2.4.3.4 Gambusia holbrooki gonads at 150 DAP 

By 150 DAP, males completely developed gonopodia. Inside, their gonads were well-

developed as that of adult males (as presented in Chapter 5) with a single elongated 

testis. In comparison with 120 DAP males, testes of 150 DAP males increased 

dramatically in size. The testicular lobules elongated due to the increasing number of 

cysts containing spermatids and spermatocytes. The production of spermatozoa began 
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as spermatozoa packaged in spermatozeugmata occupied the lumen of the sperm 

duct (Figure 2.9A-B).  

Gambusia holbrooki females possessed an ovary of cystovarian type as a single and 

saccular structure with a central lumen. By 150 DAP, ovaries slightly increase in size 

compared to those of 120 DAP females due to the growth of chromatin-nucleolus 

oocytes into previtellogenic follicles. Well-developed ovarian cavities presented in the 

dorsal side of the ovaries. The ovaries contained numerous oocytes in the chromatin-

nucleolus stage and several previtellogenic follicles containing oocytes at different 

size; smallest with dense and basophilic ooplasm, larger with abundant oil droplets in 

the ooplasm (Figure 2.9C-D). Vitellogenic follicles were not found in the ovaries at this 

stage.  
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Figure 2.9: Microphotographs of abdominal transverse sections (caudal to cranial) of 
male (A & B) and female (C & D) G. holbrooki at 150 DAP showing gonads (broken-line 
frames) hung in the coelom. (B) is magnified view of area framed in (A) showing 
spermatogenesis occurred at the periphery (large arrow) within a cystic structure 
before migrating toward the efferent duct network as germ cells mature inside the 
cysts. Spermatozoa packaged in bundles (spermatozeugmata) were released into the 
testis ducts. (D) is magnified view of area framed in (C) indicating the ovary with 
ovarian cavity and oocytes in several stages of oogenesis. Cn: chromatin-nucleolus 
oocytes, DU: sperm duct, lSt: late spermatid, OC: ovarian cavity, Pf: previtellogenic 
follicle, 1 SC: primary spermatocytes, Sz: spermatozeugmata.  
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2.4.4 Formation of single lobed gonad in Gambusia holbrooki 

Adult Gambusia holbrooki  possesses a single lobed gonad. The processes of single 

lobed formation in male and female G. holbrooki occuring early during development 

are schematically summarized in Figure 2.10 and Figure 2.11, respectively. 

2.4.4.1 Testis formation 

The paired testes at late-segmentation hung from the basal part of mesentery by 

mesorchium (Figure 2.10A), but then the testes drew very close together just after 

birth (Figure 2.10B) and finally fused with each other at the hilar region before germ 

cells of the right testis migrated to the left testis and proliferated to form a triangular 

prism-shaped testis by 5 DAP (Figure 2.10C). By 10 DAP, as the testis was growing, two 

clusters of stromal cells aggregated in the central of testis (Figure 2.10D). These 

stromal cell aggregations then formed two testis ducts medially, around 20 DAP 

(Figure 2.10E). By 150 DAP, the testis obtained its adult size where a network of 

efferent ducts surrounded by secretory testicular tissue, located predominantly on the 

right side of the abdomen next to intestine (Figure 2.10F). 

2.4.4.2 Ovary formation 

The paired ovaries at late-segmentation suspended from the basal part of the 

mesentery by mesovarium (Figure 2.11A), but then these ovaries drew closer together 

just after birth (Figure 2.11B) and finally fused with each other at the hilar region 

before germ cells of the right ovary migrated to the left ovary and proliferated to form 

a triangular prism-shaped ovary on 5 DAP (Figure 2.11C). By 15 DAP, in the dorsal side 

of the fused ovary, there was the appearance of a slit surrounded by stromal cells 

(Figure 2.11D) and the lateral side of these dorsal stromal elongated upward along the 

coelomic wall to form an ovarian cavity on 30 DAP (Figure 2.11E). The formation of the 

ovarian cavity found in this study began in the anterior region of the ovary and 

proceeded in a caudal direction. After completing the fusion of paired ovaries, oviduct 
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formed at around 70 DAP as the fused ovary elongated to a caudal direction. By 150 

DAP, there was a W-like shaped ovarian cavity presenting at the dorsal of the ovary on 

150 DAP. 
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Figure 2.10: Schematic diagrams, showing the formation of a single lobed testis in G. 
holbrooki (caudal to cranial view). (A) Paired testes suspended from the dorsal 
coelomic wall by mesorchium at late-segmentation stage. (B) Separate testes grew 
very close together just after birth. (C) Separate testes fused at hilar region before 
germ cells migrated from the right to the left side and proliferated to form a triangular 
prism-shape testis on 5 DAP. (D) Stromal cells (SC) aggregated to central of the fused 
testis on 10 DAP. (E) Efferent ducts (gray areas) formed inside the fused testis on 20 
DAP. (F) Testis with central efferent ducts located beside gut in the coelom by 150 
DAP. DU: efferent ducts, G: gut, P: pancreas, SB: swim bladder, SC: stromal cells, LR: 
left testis, RT: right testis, T: testis.  
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Figure 2.11: Schematic diagrams, showing the formation of a single ovary in G. 
holbrooki (caudal to cranial view). (A) Paired ovaries suspended from dorsal coelomic 
wall by mesovarium at late-segmentation stage. (B) Separate ovaries drew very close 
just after birth. (C) Separate ovaries fused at hilar region before germ cells migrated 
from the right to the left side and proliferated to form a triangular prism-shape ovary 
on 5 DAP. (D) Lateral side of dorsal stroma elongates upward along the coelomic wall 
on 15 DAP. (E) Elongated lateral sides of dorsal stroma fuse forming ovarian cavity on 
30 DAP. (F) Well-developed ovarian cavity presents at the top of the ovary on 150 
DAP. G: gut, O: ovary, OC: ovarian cavity, P: pancreas, SB: swim bladder, SC: somatic 
cell cluster.  
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2.5 Discussion 

Gonads of G. holbrooki differentiated directly into ovary or testis. Therefore, it has a 

direct gonochoristic development with ovarian differentiation preceding testicular 

discernment, similar to what occurs in Japanese medaka fish Oryzias latipes (Satoh 

and Egami, 1972).  

2.5.1 Gonadal sex differentiation 

Size and morphology of germ cells 

In undetermined gonads (testes and ovaries), PGC are similar in both sexes and they 

remain undifferentiated (i.e., no characteristics of any nuclear or cytoplasmic 

differentiation) and undetermined until exposed to hormonal and other influences 

from the developing gonad, which transforms them into spermatogonia or oogonia 

(reviewed by Devlin and Nagahama, 2002). Similar observation was found in this 

present study and the identical cytological features between both sexes remained 

until PGC became gonocytes. G. hobrooki males had germ cell morphology 

comparable to those found by Fraile et al. (1992).  

PGC migration and colonization 

In Gambusia holbrooki, PGCs are distinguishable for the first time at the early-

gastrulation (stage 16), in the posterior half of the blastoderm, among the cells of the 

embryonic node (Pala, 1970). Comparable early stages of development were not 

sampled in this study as the objective was primarily to determine the window of sex 

differentiation in this species. However, the observation of PGC mostly localized in the 

somatic layer at early mid-segmentation (stage 20) and subsequent formation of a 

single mass in the dorsal mesenteric root between the two pronephric ducts at later 

mid-segmentation (stage 22) in this study, is similar to those reported by Pala (1970), 

albeit at slightly later stages of  25 and 27, respectively. The difference in stages can 
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be attributed to the different developmental keys used for embryonic staging. 

Specifically, Pala (1970) used the developmental staging guide of Armstrong and Child 

(1965) for Atlantic Killifish Fundulus heteroclitus, an egg-laying species. In contrast, this 

study used the developmental keys developed for Gambusia sp. (Chambolle et al., 

1970) that were further customized for G. holbrooki (Norazmi-Lokman et al., 2016), 

therefore, the findings of this study are likely more reliable. 

Like in other vertebrates, primordial germ cells (PGC) in fish form outside the gonadal 

development site and migrate to colonize the genital crests (Sandra and Norma, 

2010). The similar trend was found in this study that, PGC were first migrated to the 

gonadal ridges and coalesced into two clusters of gonial cells suspending from the 

dorsal wall of the coelom at late-segmentation (stage 23-24). This is known to occur in 

other species, for example, in G. affinis several PGC and somatic cells formed a pair of 

gonadal primordia hanging from the dorsal wall of the coelom on day 10 before birth 

(Koya et al., 2003). The formation of two lobes of gonadal primordia in G. affinis 

seems to occur much later compared to G. holbooki in the present study. 

Sex differentiation 

In fish, a wide range of sex differentiation mechanisms has been reported including 

hermaphroditic species (i.e., functional gonadal features of multiple sexes present in 

one organism) and gonochoristic species (i.e., distinct sexes, only ovarian or testicular 

tissue present in one organism) (for review see Devlin and Nagahama, 2002). In 

gonochorists, there are two pathways for gonadal development: primary i.e., gonadal 

development straightforwardly follows the classic pathways of genetic sex 

determination (Pandian, 2012) and; secondary i.e., juvenile hermaphroditism where 

gonadal development initiates with a hermaphroditic phase but subsequently 

differentiates into only function ovaries or testes (Yamamoto, 1969, Devlin and 

Nagahama, 2002). The result from this study showed that G. holbrooki is a primary 

gonochoristic species where sexual differentiation occurred earlier in females than 

males. In female G. holbrooki, ovarian differentiation was first seen at early-
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pharyngula before parturition by the presence of mitotic oogonia and oocytes in 

chromatin-nucleolus stage, while in males this process was delayed until 10 days after 

parturition when the onset of testicular differentiation was recorded by the 

proliferation and aggregation of  two cluster of stromal cells in the medial regions of 

the developing testis. The results of this study are similar to the observations in 

various gonochoristic teleosts that morphological differentiation of the ovary emerges 

first from the sexually indifferent state, evidently preceded by that of the testis 

(Nakamura and Takahashi, 1973). For example, in a cichlid Tilapia aurea, the female 

gonads begin to differentiate about 30 days after hatching by forming the ovarian 

cavity and develop auxocyte 3 to 4 weeks later, whereas male gonads remained 

quiescent in morphologically undifferentiated state for a period of two months 

(Eckstein and Spira, 1965). However, it is different from its sister species, G. affinis 

which was classified as juvenile hermaphroditic species in that all gonadal primordia 

differentiated first to an ovary i.e., containing oocytes at 2 days before birth, but then 

re-differentiated to the ovary and testis just after birth (Koya et al., 2003). One 

possible explanation for the observed discrepancies between the species is that all the 

observed embryos in the G. affinis study were females as the study lacked the benefit 

of genetically sexing embryos. However, this appears unlikely as the inferences of G. 

affinis study were based on a relatively large sample size (n = 32). Regardless, a 

verification by applying the benefit of now available genetic sex markers for G. affinis 

(Lamatsch et al., 2015) could verify this. By using a sex marker to independently 

identify the sex of embryos, this study was able to provide a more reliable inference 

on timing of male and female sex differentiation. Overall, the germ cell maturation in 

female gonads occurred prior to parturition well in advance of males in G. holbrooki. 

This study is the first to provide evidence that the window of sex reversal in this 

species during feminization is different to that during masculinization. This finding is of 

great value to design hormonal sex-reversal experiments on this species. For example, 

there is now no need to attempt the feminization of this species during the embryonic 

stages, as males are not differentiated prior to birth and hence are still susceptible to 

feminization after birth. This is in part supported by the successful feminization of 
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neonates fed Estradiol, that also resulted in better survival, compared to those treated 

at the embryonic stage (Norazmi-Lokman, 2016). In contrast,  masculinizing hormones 

need to be applied at the embryonic stage as females differentiate before birth.   

Interestingly, the findings of this study revealed that although female sexual 

differentiation was preceded the male testicular differentiation, the differentiation of 

gonadal stroma into efferent ducts occurred earlier than the formation of the ovarian 

cavity. Also, the morphological differentiation of gonadal stroma occurred earlier than 

the morphological differentiation of germ cells. This trend is similar to other teleost 

species, for example, in tilapia (Oreochromis niloticus), masu salmon (Oncorhynchus 

masou) and chum salmon (Oncorhynchus keta) (as reviewed by Nakamura et al., 

1998). By contrast, the ovarian cavity of this species was not formed until germ cells 

had well progressed into oogenesis that have been reported to occur in other teleosts 

such as Lebistes reticulatus and Carassius auratus (as reviewed by Nakamura et al., 

1998). In this species, males were mature earlier than females which explains the early 

differentiation of efferent ducts i.e., to facilitate ejaculation of sperm packets. 

2.5.2 Single lobed gonadal formation in Gambusia holbrooki 

Teleost fish typically possess paired gonads, but adult poeciliids have a single lobed 

gonad although they all are known to develop from the paired structures of gonadal 

primordia which should give rise to paired gonads (Mazzoni et al., 2014). In this study, 

the single lobed organ of G. holbrooki was formed by the fusion of the gonadal 

primordia at 5 days after birth. Similar results have been reported for other 

liverbearers including Poecilia reticulata (Mazzoni et al., 2014), G. affinis (Koya et al., 

2003) and G. affinis holbrooki (Fraile et al., 1992). The results of this present study 

showed that the two lobes fused to one another occurring at the same time for both 

sexes which was after ovarian differentiation but prior to testicular differentiation. As 

the two lobes grew very close together, the merging started by the combination of the 

movement of the right lobe towards the left lobe and the migration of germ cells from 

the right to left lobe to form a single asymmetric gonad in both males and females. 
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Eventually, single lobed gonads with no groove were formed in both sexes. This differs 

from the findings of Koya et al. (2003) who reported that in females the merging 

initiated as both ovaries grew closer and fused with each other at the hilar region to 

form a symmetrical ovary with no migration of germ cells from one lobe to another 

while in males, paired testes fused only at the basal part of each testis and a deep 

groove remained between each testicular lobe was visible in adult males. The single 

lobed gonads are likely one of evolutionary traits to adapt to internal fertilization and 

giving birth to young. In females, a single ovary equipped with a sole ovarian cavity 

possibly allows this species to optimise the capacity of the ovary to accommodate 

more embryos in each clutch to maximise reproductive output. In the case of males, 

the formation of a single lobed testis may make the fish more efficient in producing 

sperm packets. 

2.5.3 Sexual dimorphism in body size of Gambusia holbrooki  

Females grow larger than males in most viviparous poeciliid fish and the different 

growth patterns begin after the maturation of males owing to the growth having to 

share the energy with sexual maturation (Koya et al., 2003). In the guppies Poecilia 

reticulata, females grew slightly larger than males from 9 weeks after birth, however 

no significant difference was observed between the males and females in the mean 

body lengths (Arisaka and Hamai, 1975). Similarly, in this current study, the total 

lengths of G. holbrooki increased significantly and as expected from parturition to 150 

DAP, but there was no difference in the total lengths between males and females 

within this period. It indicated that G. holbrooki males and females likely had similar 

growth rate during this time. This is in line with the report of Meffe and Snelson 

(1989) that in poeciliids, juvenile growth rates of both sexes are similar over a various 

experimental conditions. It is likely that the differences in length between males and 

females occur from 150 DAP onwards as females continue to grow to maximise their 

reproductive output whereas males stop growing or grow only very little shortly after 

reaching sexual maturity (Krumholz, 1948) to retain the advantage of smaller sizes in 
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efficiently achieving matings (Vondracek et al., 1988, Bisazza and Marin, 1995). 

Unfortunately, no weight or length data beyond 150 days were collected, to infer the 

timing of body size differentiation, that is known to occur in this species. 

In general, the rate of larval or juvenile development in fish, is known to be 

significantly influenced by temperature, i.e., accelerated with increasing temperature 

within an optimal range (for review see Rombough, 1997). This seems to parallel the 

situation found in this study where G. holbrooki males and females reared at 21oC 

were mature later than its sister species G. affinis raised at 25oC (for review see Koya 

et al., 2003).  

Gambusia holbrooki males and females might not be distinguished from external 

appearances during their immature period, but they show sexual dimorphism at 

maturity (Howell et al., 1980, Zulian et al., 1995). As was also observed in this study, 

male maturation was marked by the presence of a fully developed gonopodium, a 

modified anal fin serving as a hold-fast device for copulation and well-developed testis 

with progressive spermatogenesis. On the other hand, the dark pigmented spots 

known as gravid spots located one on each side of the abdomen, lateral and cranial to 

the genital pore have been known to be a sign of maturity in female Gambusia 

(Kristensen et al., 2007) as they only appear on female abdomens when they reach 

maturity. These spots are consistently pale in those individuals with only unfertilized 

eggs (Norazmi-Lokman et al., 2016). This study did not observe these spots on female 

abdomens during the study period. Internally, vitellogenic oocytes has not appeared 

on the ovaries at 150 DAP. Taken together, these again confirms that females raised 

under 21oC in this study have not reached maturity on day 150 after parturition. 

2.6 Conclusion 

This study demonstrated timing of sex differentiation and gonadal development in 

male and female G. holbrooki which can be used to facilitate better design and 
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observation of downstream experiments. In females, ovarian differentiation occurred 

before birth at early-pharyngula, so masculinization can be effectively achieved if MT 

treatment are administered to embryos via gravid females. However, testicular 

differentiation in males became apparent about 10 DAP, therefore, feminization can 

be successfully achieved by feeding new-born juveniles with feminizing hormones. 
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Chapter 3 - Masculinization of Adult Gambusia 
holbrooki Using 17α-Methyltestosterone: 

Recapitulation of Protogyny in a Gonochorist 

3.1 Abstract 

17α-Methyltestosterone (MT) is an endocrine disrupting compound (EDC) that has 

been widely used in the aquaculture industry for the masculinization of various fish 

species. This study investigated the efficacy of this synthetic androgen in the 

masculinization of the eastern mosquitofish (Gambusia holbrooki) at the adult stage. 

The concentrations of MT tested at adult stages (re-maturing and maiden females) 

ranged between 50 to 200 mg MT/kg feed. Two control groups were set for the 

experiment of re-maturing females: (C1) normal feed (no chemical exposure) and (C2) 

feed mixed with 70% ethanol (vehicle control). One control (normal feed) was set for 

the experiment of maiden females. The treated females were fed control or respective 

MT incorporated feed for 50 days. Effects of the hormone on external sexual 

morphology (gonopodial development), internal gonad morphology, expression of the 

Anti-Müllerian Hormone (amh) gene and sexual behaviours of the treated re-maturing 

and maiden females were observed. Specifically, the treated females were 

anesthetized, and their anal fins photographed every seven days (from 0 to 50 days of 

the treatment period) for observing the effects of MT on the development of 

gonopodia. At the end of the 50-day treatment period, the maiden females in the 50 

mg MT/kg diet group showing the most advanced gonopodial development were used 

to observe MT effects on sexual behaviour and the remaining females were 

euthanized to determine MT effects on gonad morphology and expression of the amh. 

The results indicated that MT at the dose of 50 mg/kg feed stimulated sexual 

character development, upregulated expression of amh, formation of testicular tissue 

and a change in the behaviour of the treated maiden females. Post-treatment 

observations indicated that the masculinized females reverted back to their original 
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sex and gave birth to young as per their typical sexual function. Although MT induced 

transient masculinizing effects, the alterations in the treated females showed that the 

sexual phenotype of this species appears to be highly plastic that brings the potential 

to sex-reverse the fish at any life stages (e.g., juveniles and neonates as described in 

chapter 4).  
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3.2 Introduction 

Teleosts exhibit a wide range of sexual patterns: (i) gonochorism (male and female 

reproductive function is discretely expressed in different individuals), (ii) unisexualism 

(all-female species) and (iii) hermaphroditism (the expression of both male and female 

reproductive function in a single individual) (Todd et al., 2016). 

In gonochoristic fish, two major pathways exist: primary and secondary gonochores 

(Yamamoto, 1969). In the primary gonochores, the differentiation process follows 

classical pathways of genetic sex determination (Pandian, 2012). However, the 

secondary gonochores exhibit a non-functional intersexual phase leading to delayed 

differentiation (Yamamoto, 1969) and juvenile hermaphroditism is a well-known type 

of secondary gonochorism (Takahashi, 1977). Secondary gonochorists remain in the 

intersex phase until a biotic or abiotic cue directs development down one pathway 

(Pandian, 2013).  

In contrast to gonochores, the male and female reproductive function in 

hermaphrodites is expressed within a single individual during its lifetime. 

Hermaphroditism is widespread among invertebrates, but it only accounts for 1% of 

vertebrate species and almost all of them are fish (Avise, 2011; Ashman et al., 2014; 

both cited by Kuwamura et al., 2020). Functional hermaphroditism has been 

confirmed in more than 450 species in 41 families of 17 teleost orders (Kuwamura et 

al., 2020). Among hermaphroditic fish, three major types of hermaphroditism are 

recorded: simultaneous hermaphroditism (both mature eggs and sperm are produced 

at the same time), sequential hermaphroditism (sex changes naturally once) and serial 

hermaphroditism (sex changes naturally many times) (Pandian, 2012). The sequential 

hermaphrodites are divided into two types: protandry (male to female sex change) 

and protogyny (female to male sex change). The sex change occurs naturally in 
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hermaphrodites; however, it is absent in gonochorists in which all individuals 

reproduce exclusively as either male or female during their lives.  

Among fish species, the live-bearing family Poeciliidae consists of 293 species and 

reproductive strategies consist of gonochorism and sequential hermaphroditism 

(Rocha et al., 2008). Hermaphroditism was proposed in the genus Xiphophorus 

(swordtails), but it is not found in any other poeciliid groups (reviewed in de 

Mitcheson and Liu, 2008).  

Masculinization (i.e. conversion of genetic females to functional males) in 

gonochoristic fish can be achieved by exposure to androgens (in the water or via feed) 

or by blocking aromatase activity during early larval development (Orlando et al., 

2002). The synthetic androgen, 17α-Methyltestosterone (MT), is the most widely used 

hormone for masculinization and has been examined in over 33 fish species (Pandian 

and Sheela, 1995, Beardmore et al., 2001). 

In viviparous fish (e.g., Poeciliidae), males are preferred over females due to larger fins 

and more pigmented bodies (Piferrer and Lim, 1997). Therefore, sex-reversal 

technology has been developed to obtain all-male population and the direct 

treatment of androgens e.g., MT is one of the methods (Piferrer and Lim, 1997). In the 

literature review, in poeciliids, no studies have demonstrated MT treatment to 

embryonic stages via gravid females except for the German report of Dzwillo, 1966 as 

cited in Takahashi (1974). In contrast, MT has been used for masculinizing newly born 

fry of the guppy, black molly, and swordtails to examine the MT efficacy of producing 

all-male populations. Across this family, MT oral administration at doses (5-300 mg/kg 

diet) to newly born fry resulted in partially masculinized populations (Low et al., 1994, 

Chakraborty et al., 2012, Mousavi-Sabet and Ghasemnezhad, 2013, George and 

Pandian, 1998, Takahashi, 1974). Moreover, MT dietary administration (20-240) was 

applied to adult females to stimulate the development of male secondary sexual 

characteristics, e.g., the growth of the sword extension (Yanong et al., 2006, Amiri-
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Moghaddam et al., 2010); the development of secondary male sexual coloration 

(Ramee et al., 2020). With those results in mind, most efforts have targeted 

masculinizing sexually undifferentiated individuals during early larval development 

(i.e., prior to sexual differentiation), with the exception of eco-toxicological studies 

which investigated the effects of endocrine disruptors (EDC’s) on adults and the 

resultant masculine secondary sexual characters (e.g., Steinbach et al., 2019). 

Related to EDC’s, G. affinis, a sister species of G. holbrooki, is one of poeciliid species 

was studied to determine the effects of exposing to androgenic compounds e.g. 11-

ketotestosterone (Angus et al., 2001); ethinyl testosterone (Turner, 1941a) to induce 

the development of gonopodium-like structures to mimic what happens in the wild. 

However, the above studies did not examine the hormonal effects on gonadal 

morphology and did not examine if the females changed to males. 

In teleosts, most gonochoristic fish display either male or female gonads some fish 

may also display intersex characteristics, a possibility when exposing fish to hormones. 

Intersex is often viewed as a signature effect of exposure to endocrine disrupting 

compounds and the intersex condition has been increasingly used as an indicator of 

exposure to natural or synthetic steroid hormones (or chemicals that mimic such 

hormones) (Bahamonde et al., 2013). Occurrence of intersex fish i.e. animals with the 

simultaneous presence of male and female reproductive tissue in the same gonad of a 

gonochoristic species (Antuofermo et al., 2017), has been reported in three species of 

euryhaline mullet (Chelon labrosus, Liza aurata and Mugil cephalus) living in polluted 

waters containing numerous contaminants (the so-called EDC) (Antuofermo et al., 

2017), and in Steindachneridition parahybae, a freshwater catfish inhabiting the 

Paraíba do Sul River, Brazil (Honji et al., 2016). Interestingly, the most common 

condition found in intersex fish is that females oocytes in male testes called testicular 

oocytes (reviewed by Abdel‐moneim et al., 2015). Such a condition was first 

observed in the histopathology of male roach (Rutilus rutilus) collected downstream of 

sewage treatment plants and this was followed in the literature by many studies in 
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wild fish collected downstream of sewage discharges in the UK, Europe and the United 

States of America (Tetreault et al., 2011). In contrast, the intersex condition where 

male tissue (e.g., spermatocytes) is present in mature ovaries called ovotestis was a 

less commonly reported type of intersex which seems to be caused by androgenic or 

anti-estrogenic exposure (Abdel‐moneim et al., 2015). This condition has been 

reported in female Japanese medaka (Oryzias latipes) exposed to 5 ng/L of the potent 

synthetic androgen 17β-trenbolone at larvae (15 dpf) (Abdel-Moneim et al., 2015) and 

exposed to bromodichloromethane (10 mg/L) at seven-day-old (Getsfrid et al., 2004); 

in female guppies, Poecilia reticulata, exposed to MT above 30 mg/kg at newly born 

juveniles (Takahashi, 1974). It appeared that no studies reported this condition in 

adult fish treated with androgens. 

Increasingly, responses of genes involved in sex differentiation e.g., Anti-Müllerian 

Hormone (amh) gene are assisting to monitor the effects of hormone treatments on 

treated fish at molecular levels. The amh gene is preferable among the candidate 

genes with a role in sex differentiation and determination, owing to its diverse role in 

male sex differentiation (Kwan and Patil, 2019). The amh gene encodes a glycoprotein 

known as Müllerian inhibiting substance (MIS), a member of the transforming growth 

factor β superfamily of growth and differentiation factors (Cate et al., 1986). In 

mammals, amh produced by Sertoli cells in fetal testes causes the regression of the 

Müllerian ducts, which in females differentiate into the Fallopian tubes and uterus; 

and inhibits the expression of aromatase (Cyp19a1), the enzyme that converts 

androgens to estrogens (Rodríguez-Marí et al., 2005). In teleost fish, although 

Müllerian ducts are absent, the expression of amh occurs predominantly in Sertoli 

cells surrounding the spermatogonia and is more diverse in patterns than higher 

vertebrates (Pfennig et al., 2015).  

There does not appear to be any documented study that demonstrates 

masculinisation in G. holbrooki, with the exception of the masculinizing effects of 

environmental pollutants (similar to examples of other species above) in which 
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females living in effluent waters were masculinized, displaying physical secondary sex 

characters e.g., gonopodium-like structures (Parks et al., 2001, Leusch et al., 2006, 

Howell et al., 1980, Brockmeier et al., 2013) and the paradoxical masculinization 

caused by DES, a feminizing hormone (Patil et al., 2020). Such changes to sexual 

characteristics were thought to be caused by androgenic stimulation of the effluent 

water rather than the alteration of aromatase activities in the fish (Orlando et al., 

2002).  

As applying the findings (in chapter 2) that female sex differentiation occurred before 

birth and the segmentation of embryonic stages was the best time for demonstrating 

masculinizing hormone, a preliminary experiment was conducted to deliver MT to 

embryos via gravid females (for details see Tran, 2016). However, this caused fetal 

resorption (the treated females aborted embryos at various stages), and the treated 

females appeared to be masculinized by the hormone treatment. Based on these 

observations and susceptibility of fish in general to exogenous androgens we 

hypothesized that a ‘gonochorist’ such as G. holbrooki could retain an ability to 

recapitulate protogyny (like in sequential hermaphrodites) in adulthood or that these 

effects are restricted to transient reproductive disruptions. To test these possibilities, 

this chapter investigated the effects of oral delivery of MT on gonopodial 

development, gonadal morphology, behaviour and amh gene expression of re-

maturing and maiden females. 

3.3 Materials and methods 

3.3.1 Wild specimens 

Ten mature males (Gambusia holbrooki) collected from the Tamar Island Wetland 

Reserve (TIWR) in 2016 were used to characterise the morphology of mature male 

gonopodia and gonads. Specifically, fish (n = 5) were anesthetized, and their anal fins 
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photographed. For histological observation, 5 separate males were euthanized and 

fixed in neutral buffered formalin (10%). 

3.3.2 Experimental fish and rearing conditions 

Masculinization of two groups of females were tested: laboratory reared gravid 

females (repeat spawners, > 38 mm in total length) here in referred to as ‘re-maturing 

females’ and wild females (< 36 mm in total length) just entering breeding season 

(maiden gravid females) were conducted in 2016 and 2017, respectively. The re-

maturing females were collected from the wild in 2013 and maintained under 

laboratory conditions. They had a prior history of parturition between 2013 and their 

testing in 2016. The maiden females i.e., small sized females (> 25 mm) not undergone 

parturition were collected in 2017 and held in 50 L tanks to acclimatize to laboratory 

conditions for a week before allocating to the experiment. Typically, early in the 

breeding season, the overwintering and re-maturing large females ( > 30 mm) can be 

easily distinguished from young maiden females by their relative size. The females 

were chosen randomly from acclimatization tanks for the study. Each female was 

anesthetized to measure weight, length and their anal fin photographed before being 

transferred to and individually held in a 2 L static tank (0 ppt, 25oC, 16 L: 8 D- light 

turned on at 06.00 h). Gentle aeration was supplied to all the tanks.  

MT was incorporated into commercial fish pellets (TetraMin® tropical granules, 

Germany) and its effects tested on laboratory reared and wild caught fish. MT 

enriched feed was prepared according to Norazmi-Lokman (2016). Briefly, the 

required quantity of MT for each dose was dissolved in 25 mL of 70% ethanol before 

thoroughly mixing with 25 g of the feed which was then spread over aluminum foil 

lined trays and allowed to dry in a fume hood for 24 hours at room temperature. The 

MT enriched feed was kept in a sealed container and stored at ± 4oC until delivered to 

the fish. 
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In experiment 1, re-maturing females were fed one of two control diets (C1: normal 

feed with no chemical exposure or C2: normal feed mixed with 70% ethanol as vehicle 

control) or one of five treatments of MT enriched feed at the doses of 50, 75, 100, 150 

and 200 mg/kg diet (5 females per treatment). In experiment 2, maiden females were 

used with identical experimental design as experiment 1, except 12 females per 

treatment were used and control C2 was excluded as it had no effect on 

morphological masculinization of the treated females in experiment 1 as well as in an 

independent study (Norazmi-Lokman, 2016). The exclusion of carrier control (ethanol) 

in experiment 2 was to increase replicates of experiment 2. 

Every seven days, the treated females were anesthetized, and their anal fins 

photographed. Based on a preliminary observation, the treatments lasted for 50 days 

when the surviving fish were counted, anesthetized, and their total length and weight 

measured. Water quality of the tanks was maintained at an optimum range by batch 

exchanging water every three days using temperature acclimated and conditioned 

freshwater. To avoid cross contamination of MT between tanks, a battery of static 

tanks dedicated to treatment was employed and water exchanges progressed in order 

of controls to lowest-highest MT concentrations. 

3.3.3 Condition factor 

Condition factor (K) was calculated as an indicator of the general ‘well-being’ of the 

fish (e.g. Hagenaars et al., 2008). The females in each treatment group were measured 

for weight and length before and after the treatments occurred. The Fulton’s K factor 

of each female before and after treatments was calculated as described in (Rätz and 

Lloret, 2003). 

K = 100 (
𝑊

𝐿3
)  
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Where W is the weight (g) and L total length (cm). The mean condition factor for each 

treatment group was determined from the average K.  

3.3.4 Photography and image analysis 

The male gonopodia and treated female anal fins were measured following the 

protocol described by Angus et al. (2001). Prior to measuring, all images were 

calibrated from pixels to micron using a stage micrometer at the respective 

magnifications. The calibrated images were used to measure lengths of anal fin rays 4 

& 6 and widths of anal fin rays 3 & 4, using Fiji software (Schindelin et al., 2012). Since 

anal fin ray 6 does not elongate during formation of the gonopodium, the ratio of 

lengths of anal fin rays 4 & 6 was calculated and used as an index of elongation. 

Normally, anal fin rays 3 and 4 are approximately the same thickness in immature fish 

and females but not in males. Therefore, the ratio of widths of anal fin rays 3 & 4 were 

calculated and used as the degree of thickening of anal fin ray 3. The number of serrae 

and hooks were counted, and mean numbers calculated in treated females and 

normal males. 

3.3.5 Gonadal histology 

As the primary objective was to test functional masculinization by mating with an 

untreated virgin female, only one female per treatment (including controls) was 

randomly sampled for histological examination. In addition, five control males were 

sampled to serve as controls. 

The sampled fish were euthanized using an overdose of AQUI-S (around 400 mg/L) 

followed by decapitation. The caudal fin of each fish was trimmed in preparation for 

histological processing. The trimmed abdominal sections were fixed in neutral 

buffered formalin (10%). The histological techniques of sectioning and staining for all 

samples were according to Turan et al. (2006). After fixing, the samples were further 
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trimmed and placed in cassettes for processing. The cassettes were processed through 

a graded ethanol series for dehydration, cleared with xylene, embedded in paraffin 

before being longitudinally sectioned (3 or 5 µm). To standardize for gonadal area 

measurements, the sample in each paraffin block was trimmed until the fish spine was 

seen before the sections were collected and mounted on glass slides. After being 

stained with haematoxylin and eosin, the slides were observed under a compound 

microscope and micro-photographed. From the micro-photographs, the gonadal area 

of each treated female was measured by using Fiji software (Schindelin et al., 2012). 

When testicular tissue was present in the gonads of treated females, the area was 

measured, and percentage of testicular tissue area were calculated. In addition, the 

gonadal histology of the treated females, control females and males were compared 

descriptively.  

3.3.6 Gene expression 

The effects of MT treatments on the expression of amh were observed using 

quantitative PCR (qPCR). Immediately after termination of the treatments, treated fish 

were euthanized by using an overdose of AQUI-S. In experiment 1 (MT treated re-

maturing females), 18 treated females (n = 3 fish per treatment and the two control), 

while in experiment 2 (MT treated maiden females) 15 treated females (n = 3 fish per 

treatment and the control) were sampled. The sampled fish were dissected, and 

gonads were individually collected and stored in RNA later solution and placed in 

freezers at minus 20oC until analysis. 

3.3.6.1 Total RNA extraction, gDNA removal and reverse transcription 

Total RNA extraction, gDNA removal and reverse transcription were conducted as 

described previously (Kwan and Patil, 2019). Total RNA was extracted from the gonads 

using the RNeasy Plus Mini Kit (Qiagen, Chadstone Centre, Australia). Tissues were 

lysed by repetitive aspirations through a sterile 19 and 25-gauge needle connected to 
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a 3 ml sterile syringe, to produce a homogenised lysate. Removal of gDNA using the 

column based DNase treatment, and subsequent purification followed those as 

described in the manufacturer’s protocols. RNA integrity was examined for the 18 and 

28 S rRNA bands using gel electrophoresis through a 1% agarose in Tris-acetate-EDTA 

(TAE) buffer. The concentration of total RNA was determined using Qubit RNA HS 

Assay Kit (Life Technologies, Compark Circuit, Australia). A total of 60 ng (or whatever 

amount applicable) of total RNA was used for reverse transcription using the Tetro 

Reverse Transcriptase and Ribosafe RNase inhibitor (Bioline, Eveleigh, Australia) as per 

manufacturer’s protocols. The cDNA was stored in -20°C and used without dilution in 

quantitative PCR. 

3.3.6.2 Gene expression analysis 

Quantitative PCR was performed using a CFX96 Touch real time PCR detection system 

(Bio-Rad, Gladesville, Australia). The primers for target amh were: ghAmhF644 5’- 

CCCCTGCAGATGGAGAGCTGGGCGTCATTT-3’ and ghAmhR553 5’- 

AACGTCGTCCCTGAARTGCAAGCAGA -3’ which yielded a PCR amplicon of 88 bp. The 

primers for the reference GAPDH: ghGAPDHF2 5’- AGCCAAGGCTGTTGGCAAGGTCATC-

3’ and ghGAPDHcDNAR2 5’- GTCATCATACTTGGCTGGTTTCTCC-3’ yielded a 153 bp 

amplicon (Kwan and Patil, 2019). The quantitative PCR were carried out in 10 µl 

volume containing 5 µl of 2 × iTaq Universal SYBR Green Supermix (Bio-Rad, 

Gladesville, Australia), each primer at final 0.4 µM, and 1 µl of cDNA. Triplicate tubes 

were used for each sample. Thermal cycling conditions encompassed the initial 

denaturation at 95 °C for 1 min and 40 amplification cycles involving 95 °C for 5 s, 64 

°C for 5 s and 72 °C for 5 s. A melt curve analysis was used which included initial 

denaturation at 95 °C for 10 s, followed by 0.5 °C increment every 5 s from 72 °C to 90 

°C. Melt curve analysis consistently show single peak product corresponding to the 

amh and GAPDH amplicon. Gene expression analysis was carried out using Bio-Rad 

CFX Manager 3.1 using default settings. Briefly, cycle of quantification (Cq) was 
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determined using the mode regression, and Cq was normalised using a double delta 

Cq to show the normalised expression.  

3.3.7 Behavioural interactions 

A behavioural experiment was conducted immediately after the MT treatment 

cesased i.e. within 2 days. Simultaneous recording of all fish was not possible as the 

number of cameras available for the recordings was limited. The females treated with 

50 mg MT/kg diet (Experiment 2; maiden fish), showing the best gonopodial 

development (test fish) were used to observe how these females interact with normal 

mature females (stimulus fish). There were three groups of fish: group 1 (control 

males, n = 5), group 2 (control females, n = 11) and group 3 (50 mg MT/kg treated 

females, n = 11) paired with virgin females. The experimental fish were held 

individually before the experiment was conducted. To avoid aggressive behaviour i.e., 

nipping caused by hunger, the test fish and stimulus fish were fed for 15 minutes 

before being transferred to a test tank (28 x 14 x 10cm) set up with black background 

and an in-front camera (GroPro, version 3) located 6 cm away from the test tank. The 

trial was recorded for 30 minutes, one for each fish. The time frame of 30 minutes was 

chosen based on the studies of Peden (1972), Howell et al. (1980) and Vega-Trejo et 

al. (2014). The recorded footage was analysed on play back to observe behavioural 

interactions of the test fish (i) mating behaviour i.e., the number of mating attempts 

defined as gonopodial thrusts made after being initially positioned below and slightly 

behind females (Vega-Trejo et al., 2014) and (ii) aggressive behaviour i.e., the number 

of nips after quickly approaching. These behavioural observations set the foundation 

for the behavioural interactions of neo-males and virgin females (as described in 

chapter 6). 
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3.3.8 Statistical analysis 

The data were analysed using IBM SPSS Statistic software (version 24). Normality 

(Shapiro-Wilk test) and homogeneity of variances (Levene’s test) were examined prior 

to applying ANOVA analyses. One-way ANOVA analysis followed by Tukey HSD or 

Games-Howell post hoc test (where applicable) was used to observe differences in 

condition factors of the females in treatment groups before and after feeding MT 

enriched diet and determine statistical significance of amh expression changes. Two-

way mixed ANOVA (Laerd Statistics, 2015c) was used to perform mixed effects model 

analysis of the effects of MT treatment doses on length ratios of fin rays 4 & 6 and 

width ratios of fin rays 3 & 4 over 8 time points during a 50-day treatment period. The 

treatment groups and hormone exposure time (with interaction term) were entered 

as fixed effects into the model. Prior to two-way mixed ANOVA, the data were tested 

for outliers, homogeneity of variances, homogeneity of covariances as assessed by 

examination of studentized residuals for values greater than ± 3, Levene’s test of 

homogeneity of variance, Box’s test of equality of covariance matrices, respectively. 

Also, the assumption of sphericity was assessed by Mauchly’s test of sphericity and 

Greenhouse-Geisser correction was used if the assumption of sphericity was violated. 

Kruskal-Wallis H tests (Laerd Statistics, 2015b) were conducted to determine if there 

were differences in numbers of serrae and hooks between treatment and control 

groups at day 50 as well as the numbers of mating attempts between three fish 

groups (control males, control females and MT treated females) paired with virgin 

females. Distributions of numbers of serrae, hooks and mating attempts were 

assessed by visual inspection of a boxplot. Pairwise comparisons were performed 

using Dunn’s (1964) as cited in Laerd Statistics (2015b) procedure with a Bonferroni 

correction for multiple comparisons. Adjusted p-value were presented. In all analyses, 

differences were significant at p < 0.05. 
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3.4 Results  

3.4.1 Survival of MT treated adult females 

The survival of MT-treated adult females at the end of the treatment period (at day 

50) is presented in Table 3.1. Females that died during the treatment were excluded 

from the analyses in sections 3.4.2.1 and 3.4.2.2. 

Table 3.1: Number of MT treated females and their survival post-treatment 

 Number of survival 

MT doses Re-maturing females (n = 5) Maiden females (n = 12) 

Control 1 5 12 
Control 2 5 - 
50 mg/kg 4 12 
75 mg/kg 5 11 
100 mg/kg 4 11 
150 mg/kg 5 12 
200 mg/kg 3 12 

3.4.2 Gonopodial and body morphology of adult females following MT 

treatment 

In females treated with MT, the anal fin rays (except the control females) started to 

elongate, and the gravid spots faded between 9 and 11-days of exposure to MT. At 30-

day exposure, the treated females had not yet fully developed the gonopodium-like 

structures. At the end of the 50-day treatment period, treated females in experiment 

2 (maiden gravid females) developed complete gonopodium-like structures, with the 

exception of treated females in 200 mg MT/kg diet group. Anal fin rays 3 of these 

females were thickened and the anal fin rays 3, 4 and 5 of the same females were 

elongated and formed a gonopodial tip equipped with hooks and serrae (Figure 3.1E-

F). During the treatment period, the treated females also exhibited slender bellies like 

those of normal males (Figure 3.1G-I). One week after termination of the treatment, 
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their bellies began to swell ever so slightly as in the control females, but the 

gonopodia remained and they did not develop a gravid spot.
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Figure 3.1: Shapes of anal fins and body shapes of control and MT treated G. 
holbrooki. (A) the anal fin of a normal female, (B) the gonopodium (modified anal fin) 
of a normal male, (C) the curved short gonopodium-like structures of re-maturing 
females treated with 75 mg MT/kg diet post 50-day treatment period; and (D) the 
gonopodial tip of the treated females (at higher magnification) indicating that fin ray 3 
(green arrow) did not completely elongate to combine with fin rays 4 and 5 to 
generate fully-developed complex terminal structures.(E) the gonopodium-like 
structure of maiden females treated with 75 mg MT/kg diet post 50-day treatment 
period and (F) its tip (at higher magnification) equipped with serrae (blue arrow) and 
hooks (white arrow). Body shapes of a typical female (G), re-maturing female treated 
with 150 mg MT/kg diet post 50-day treatment period (H) and a typical male (I).  
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3.4.2.1 Re-maturing gravid females treated with MT 

At the end of the 50-day treatment period, the re-maturing females treated with MT 

in all treatments (experiment 1) developed short gonopodium-like structures with 

incomplete gonopodial tips, where anal fin ray 3 did not elongate adequately to 

combine with anal fin rays 4 and 5 to form fully developed complex terminal 

structures (Figure 3.1C-D) in any treated females.  

There was a significant difference in the mean final condition factors between re-

maturing females fed on control diets and MT enriched feed (one-way ANOVA, F (6, 24) 

= 7.43, p < 0.0005), although the mean initial condition factors of these females were 

not significantly different (one-way ANOVA, F (6, 9.9) = 1.22, p = 0.37). Specifically, the 

mean final condition factors of the treatment groups of 50, 100 and 200 mg MT/kg 

diet were significantly smaller than those of the control groups (Figure 3.2A). 
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Figure 3.2: Condition factors of re-maturing females and maiden females post 50-day 
MT treatment period. (A) mean final condition factors (± SE, n = 5) of re-maturing 
females and (B) mean final condition (± SE, n = 12) of maiden females. Means with a 
different letter are significantly different from one another. Control 1 and control 
groups received feed without any hormone, while control 2 group received feed 
incorporated with 70% ethanol as vehicle control.   
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There was evidence of an interaction effect between the hormone treatment doses 

and exposure duration on the ratio of the lengths of fin rays 4 & 6, F (31.1, 124.3) = 8.05, p 

< 0.0005, ƞ2 = 0.67 (Figure 3.3A). There was also a statistically significant effect of time 

on the ratio of the lengths of fin rays 4 & 6 for 50 mg/kg group (F (7, 21) = 16.78, p < 

0.0005, ƞ2 = 0.85) and 75 mg/kg group (F (7, 28) = 28.55, p < 0.0005, ƞ2 = 0.88). The 

results of pairwise comparisons showed that the ratio of the lengths of fin rays 4 & 6 

of the females exposed to 75 and 50 mg MT/kg rose significantly and reached a peak 

at 14- and 21-day exposure respectively before remaining stable during the rest of the 

50-day treatment period, while there was no statistically significant increase in the 

ratios of the lengths of fin rays 4 & 6 of the females in the 100, 150, 200 mg MT/kg 

diet and control groups through the treatment period. At 21-day exposure, there was 

a statistically significant difference in the ratio of the lengths of fin rays 4 & 6 between 

MT exposed groups, F (7, 28) = 332.24, p < 0.0005, ƞ2 = 0.99. The length ratio was 

significantly greater in the 50 mg/kg group (1.34 ± 0.03) compared to those of females 

in control 1 (1.05 ± 0.03, p < 0.0005), control 2 (1.08 ± 0.03, p < 0.0005), 200 mg/kg 

(1.1 ± 0.04, p < 0.0005), 150 mg/kg (1.12 ± 0.03, p < 0.0005), 100 mg/kg (1.22 ± 0.03, p 

= 0.001) and 75 mg/kg (1.26 ± 0.03, p = 0.03) group, but significantly smaller than that 

of control male group (2.32 ± 0.03, p < 0.0005). 

There was a statistically significant interaction between MT treatment doses and time 

on the ratio of the widths of fin rays 3 & 4, F (16.4, 196) = 6.4, p < 0.0005, ƞ2 = 0.62 (Figure 

3.3B). There was a statistically significant effect of time on the ratio of the widths of 

fin rays 3 & 4 for 75 mg/kg group (F (7, 28) = 16.25, p < 0.0005, ƞ2 = 0.8) and 100 mg/kg 

group (F (7, 21) = 26.94, p < 0.0005, ƞ2 = 0.9). The results of pairwise comparisons 

indicated that the ratio of the widths of fin rays 3 & 4 of the females exposed to 75 

and 100 mg MT/kg diet increased and peaked at 28-day exposure before remaining 

stable during the rest of the 50-day treatment period, while there was no significant 

increase in the ratios of the widths of fin rays 3 & 4 of the females in the 50, 150, 200 

and control groups during the treatment period. At 28-day exposure, there was a 
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statistically significant difference in the ratio of the widths of fin rays 3 & 4 between 

MT exposed and control groups, F (7, 28) = 34.6, p < 0.0005, ƞ2 = 0.9. The ratio of the 

widths of fin rays 3 & 4 of 75 mg/kg group (1.5 ± 0.13) was significantly greater than 

those of the control 2 group (1.0 ± 0.12, p = 0.001), and the control 1 group (1.01 ± 

0.12, p = 0.001), but significantly smaller than that of the control male group (2.73 ± 

0.13, p < 0.0005). This width ratio was not significantly different from those of 50 

mg/kg (1.36 ± 0.14, p = 0.32), 150 mg/kg (1.44 ± 0.13, p = 0.66), 100 mg/kg (1.48 ± 

0.14, p = 0.91) and 200 mg/kg (1.5 ± 0.15, p = 1.0) groups.  
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Figure 3.3: Temporal changes in (A) the ratios of the lengths of anal fin rays 4 & 6 and 
(B) the ratios of the widths of anal fins 3 & 4 of re-maturing females treated with 
different concentrations of MT in their diet (n = 5). Lines with different letters (colour 
coded to match those of the lines) are significantly different from one another.  

Although all re-maturing females treated with MT showed signs of anal fin elongation 

at the end of the 50-day treatment period, none of them completely developed 
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complex terminal structures such as serrae and hooks. Fin ray 3 did not elongate 

adequately to combine with fin rays 4 and 5 to form a gonopodial tip.   

3.4.2.2 Maiden gravid females treated with MT 

At the end of the 50-day treatment period, maiden females treated with MT showed 

better gonopodial development than the re-maturing females. In fact, most of the 

females developed longer gonopodium-like structures with complete gonopodial tips 

equipped with serrae and hooks (Figure 3.1E-F). 

In terms of condition factor, the mean initial condition factors of the maiden females 

were not significant different (F (5, 64) = 0.85, p = 0.52), but there was a significant 

difference in the mean final condition factors of the females in treatment and control 

groups (F (5, 64) = 15.09, p < 0.0005). Follow-up Tukey HSD tests showed that the 

females in the control group gained the largest mean condition factor which was 

significantly different from those of the treatment groups (Figure 3.2B). 

There was a statistically significant interaction between the MT treatment doses and 

time on the ratio of the lengths of fin rays 4 & 6, F (28.9, 337.7) = 42.21, p < 0.0005, ƞ2 = 

0.78 (Figure 3.4A). There was a statistically significant effect of time on the ratio of the 

lengths of fin rays 4 & 6 for 50 mg/kg group (F (7, 70) = 123.95, p < 0.0005, ƞ2 = 0.93), 75 

mg/kg group (F (7, 70) = 166.98, p < 0.0005, ƞ2 = 0.94), 100 mg/kg group (F (7, 70) = 100.59, 

p < 0.0005, ƞ2 = 0.91), 150 mg/kg group (F (7, 70) = 109.9, p < 0.0005, ƞ2 = 0.92), 200 

mg/kg (F (7, 70) = 59.53, p < 0.0005, ƞ2 = 0.86). The results of pairwise comparisons 

showed that the ratio of the lengths of fin rays 4 & 6 of the females exposed to MT 

rose significantly after 7-day exposure to MT and peaked at 14-day exposure (except 

the 50 mg/kg group gaining a peak at 21-day exposure) before remaining stable during 

the rest of the 50-day treatment period, while those of the controls remained 

unchanged for the whole period (Figure 3.4A). At 21-day exposure, there was a 

statistically significant difference in the ratio of the lengths of fin rays 4 & 6 between 
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MT exposed groups, F (6, 70) = 136.42, p < 0.0005, ƞ2 = 0.92. The length ratio was 

statistically significantly greater in the 50 mg/kg group (1.82 ± 0.38) compared to 

those of females in control group (1.33 ± 0.38, p < 0.0005), 150 mg/kg group (1.70 ± 

0.38, p = 0.23) and 200 mg/kg group (1.64 ± 0.38, p < 0.0005), but significantly smaller 

than that of male control group (2.37 ± 0.38, p < 0.0005). The length ratios of fin rays 4 

& 6 of the 75 mg/kg group (1.78 ± 0.38, p < 0.0005) and the 100 mg/kg group (1.77 ± 

0.38, p < 0.0005 were statistically significantly greater than that of the female control 

group, although these ratios were not significantly different from those of 50, 150 and 

200 mg/kg groups.  

There was statistically significant interaction between MT treatment doses and time 

on the ratio of the widths of fin ray 3 & 4, F (24, 490) = 7.23, p < 0.0005, ƞ2 = 0.38 (Figure 

3.4B). There was a statistically significant effect of time on the ratio of the widths of 

fin ray 3 & 4 for 50 mg/kg group (F (3,30) = 15.52, p < 0.0005, ƞ2 = 0.61), 75 mg/kg group 

(F (7, 70) = 20.38, p < 0.0005, ƞ2 = 0.67), 100 mg/kg group (F (2.2, 22) = 20.32, p < 0.0005, ƞ2 

= 0.67), 150 mg/kg group (F (2.8, 27.8) = 34.61, p < 0.0005, ƞ2 = 0.78) and 200 mg/kg 

group (F (2.7, 27) = 44.3, p < 0.0005, ƞ2 = 0.81). The results of pairwise comparisons 

indicated that the ratio of the widths of fin rays 3 & 4 of the females exposed to 50, 

75, 100, 150 and 200 mg MT/kg diet increased significantly and gained peaks at 28-day 

exposure before remaining stable during the rest of the 50-day treatment period, 

whereas that ratio of the females in control groups remained unchanged during the 

treatment period. At 28-day exposure, there was a statistically significant difference in 

the ratio of the widths of fin rays 3 & 4 between treatment groups, F (6, 70) = 23.9, p < 

0.0005, ƞ2 = 0.67. The ratio of the widths of fin rays 3 & 4 of 75 mg/kg group (2.09 ± 

0.08) was greater than that of the control female group (1.65 ± 0.08, p < 0.0005), but 

was significantly smaller than that of the control male group (2.6 ± 0.08, p < 0.0005). 

This ratio was not significantly different from those of 50 mg/kg group (2.02 ± 0.08, p = 

0.97), 200 mg/kg group (2.02 ± 0.08, p = 0.98), 100 mg/kg group (2.08 ± 0.08, p = 1.0) 

and 150 mg/kg group (2.09 ± 0.08, p = 1.0). 
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Figure 3.4: Temporal changes in (A) the ratios of the lengths of anal fin rays 4 & 6 and 
(B) the ratios of the widths of anal fin 3 & 4 of maiden females treated with different 
concentrations of MT in their diet (n = 11). Lines with different letters (colour coded to 
match those of the lines) are significantly different from one another.  
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In contrast to the results of re-maturing females treated with MT, most of the maiden 

females treated with MT elongated their anal fins and completely developed 

gonopodium-like structures with gonopodial tips equipped with serrae and hooks, 

while the females in the control group maintained their round shapes of anal fins. The 

serrae and hooks were seen from day 21 of the treatment period. 

Median numbers of serrae were statistically significantly different between treatment 

groups (Kruskal-Wallis H test, χ2
(6)

 = 54.07, p < 0.0005, n = 11 for each group). Pairwise 

comparisons analysis revealed that there was no statistically significant difference in 

median numbers of serrae between 50 mg/kg group (5 serrae, p = 0.66), 100 mg/kg 

group (5 serrae) (p = 0.06) and control male group (7 serrae), but these median 

numbers were significantly different from control female group (0 serrae) with p < 

0.0005 and p = 0.002, respectively. There was no significant difference in median 

numbers of serrae among MT exposed groups.  

There were significant differences in median numbers of hooks between treatment 

groups (Kruskal-Wallis H test, χ2
(6)

 = 69.18, p < 0.0005, n = 11 for each group). Pairwise 

comparisons indicated that all MT exposed groups attained 2 hooks which was 

significantly different from control female group (no hook, p < 0.0005), but not 

significantly different from control male group (2 hooks, p = 1.0). There was no 

significant difference in the median numbers of hooks among MT exposed groups. 
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3.4.3 MT effects on gonadal morphology 

3.4.3.1 Re-maturing gravid females treated with MT  

Table 3.2: Measurement of total gonadal areas and testicular tissue areas of re-

maturing females treated with MT for a 50-day period (n = 1 fish/treatment). 

MT treatment doses 
(mg/kg diet) 

Total gonadal area 
(mm2) 

Testicular tissue 
areas (mm2) 

Testicular tissue  
percentage (%) 

Control 1 8.5 0 0 
Control 2 25.4  0 0 
50  13.4  0.002 0.015 
75 0.93  0.0016 0.17 
100  1.7  0 0 
150  4.8  0.001 0.02 
200 2.8  0.088 3.14 

After a 50-day exposure to MT, the gonads of the re-maturing females in treatment 

groups were shrunken (Table 3.2), except the females in the 50 mg MT/kg diet since 

there was follicular atresia in the gonad of this treated female. Primary spermatocytes 

(S1) were observed in the ovaries of most treated females (Figure 3.5 and Figure 

3.6A), except the female in 100 mg MT/kg group. The female of the 200 mg MT/kg 

group possessed the largest area of testicular tissue (3.14%) where there were several 

stages of spermatocyte development throughout the ovary including primary 

spermatocytes (S1), secondary spermatocytes (S2), early (S3) and late (S4) stages of 

spermatids (Figure 3.6).  
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Figure 3.5: Longitudinal sections of the gonads of MT treated re-maturing females 
showed the presence of primary spermatocytes in the ovary of MT treated females. 
(A) the gonad of the female fed with 50 mg MT/kg diet and (E) its spermatocyte cyst at 
higher magnification; (B) gonad of the female fed with 75 mg MT/kg diet and (F) its 
spermatocyte cyst at higher magnification; (C) gonad of the female fed with 150 mg 
MT/kg diet and (G) its spermatocyte cyst at higher magnification; and (D), (H) gonads 
of control females with vitellogenic oocytes. O1: primary oocytes, O2: cortical alveoli 
oocytes, Vf: vitellogenic oocytes, S1: primary spermatocytes.   
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Figure 3.6: Longitudinal sections through the gonad of a re-maturing female fed with 
200 mg MT/kg diet. (A) the gonad presented several stages of follicular development 
from primary oocytes (O1) to cortical alveoli oocytes (O2) and various stages of 
spermatogenesis from primary spermatocytes (S1), secondary spermatocytes (S2) to 
early (S3) and late (S4) stages of spermatid. (B), (C), (D) and (E) the structures of S1, S2, 
S3, S4 at higher magnification, respectively.  
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3.4.3.2 Maiden gravid females treated with MT  

Table 3.3: Measurement of total gonadal areas and testicular tissue areas in maiden 
females treated with MT for a 50-day period (n = 1 fish/treatment). 

MT treatment doses  
(mg/kg diet) 

Total gonadal area 
 (mm2) 

Testicular tissue 
areas (mm2) 

Testicular tissue 
percentage (%) 

Control 14.77 0 0 
50  7.26 0.83 11.4 
75 2.49 0 0 
100  6.53 0 0 
150  4.68 0 0 
200 8.7 0 0 

After a 50-day exposure to MT, the gonads of the maiden females in treatment groups 

were shrunken (Table 3.3). In contrast to the results of re-maturing females treated 

with MT, there was no testicular tissue found in the ovaries of maiden females treated 

with MT at the doses 75, 100, 150 and 200 mg/kg. However, the maiden female in the 

treatment group of 50 mg/kg was stimulated to develop spermatogenic tissue (11.4 % 

of the total gonadal area) with several stages of spermatocyte development (Figure 

3.7). Additionally, Sertoli cells were observed in the gonad of maiden females treated 

with 50 mg MT/kg diet (Figure 3.8). 
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Figure 3.7: Longitudinal sections of the gonad of the female treated with 50 mg MT/kg 
diet. (A) Testicular tissue (inset framed by black broken rectangle) located next to an 
embryo (E) and primary oocytes (O1) observed inside the ovarian sac of the treated 
female. (B) The testicular tissue at higher magnification showed various stages of 
spermatogenesis such as primary spermatocytes (S1), secondary spermatocytes (S2), 
early (S3) and late (S4) spermatids as well as spermatozoa in spermatozeugmata (SP).    
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Figure 3.8: Longitudinal sections of the gonad of the maiden female treated with 50 
mg MT/kg diet at higher magnification: (A) primary spermatocytes (S1), (B) early stage 
of spermatids (S3), (C) late stage of spermatids (S4), (D) spermatozeugmata (SP) with 
the nuclei of the spermatozoa (Sz) oriented toward Sertoli cells (yellow arrows), (E) 
secondary spermatocytes (S2) and early spermatozeugmata (SP), (F) spermatogonia 
(black arrowheads).  
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3.4.4 Expression of amh in ovaries of treated fish 

The gonads of females fed with 50 mg MT/kg diet showed a significant up regulation 

of amh gene expression (mean of 14.3-fold increase, SE ± 5.7, p < 0.0005, see Figure 

3.9) compared to control fish. However, higher doses of MT from 100 to 200 mg/kg at 

50 mg interval did not elicit a response; instead, they were comparable (p > 0.05) to 

those of the control. There was also no notable decrease in the expression with an 

increase in the dosage of MT. 

 

Figure 3.9: Normalised amh gene expression (∆∆Cq) in gonads of G. holbrooki treated 
with MT (0 to 200 mg/kg). The data presented are the mean ± standard error (n = 6 
per treatment, except n = 3 for the treatment of 50 mg/kg). Means with different 
letters are significantly different from one another.  

3.4.5 Behavioural interactions 

Median numbers of mating attempts were significantly different between fish groups 

(Kruskal-Wallis H test, χ2
(2) = 9.14, p = 0.01). Post-hoc test revealed statistically 

significant differences in median numbers of mating attempts between the MT 

treated female group (10 mating attempts) and control female group (0 mating 
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attempt, p = 0.029); control male group (23 mating attempts) and control female 

group (0 mating attempt, p = 0.016), but not between MT treated female group and 

control male group (p = 1.0). No aggressive behaviour between treated females and 

virgin females was recorded during a 30-minute period. 

3.5 Discussion 

MT was found to elicit multiple masculinizing effects on the treated females including 

secondary sexual characters (anal fin and body morphology), gonadal morphology, 

expression of amh gene and behaviour traits. Collectively, the MT exposure appears to 

trigger sex change process from females to males in the gonochorist G. holbrooki as it 

happens naturally in hermaphroditic fish (protogyny) e.g., in the Red Sea fish, Anthiasa 

squamipinnis females changed to males when there was a lack of males in the 

population (Fishelson, 1970), suggesting the sex can be plastic even in adulthood is 

this gonochoristic fish.  

3.5.1 MT exposure has a masculinizing effect on anal fin, body shape and 

gonadal morphology 

MT dietary administration of all concentrations in the present study stimulated the 

development of gonopodial-like structures in the anal fins of all maiden females 

exposed to MT, but these hormonal induced characters did not completely mimic 

those of normal males. This is similar to the observations of Angus et al. (2001), Turner 

(1942a) and Turner (1942b) on G. affinis a closely related species to G. holbrooki. 

However, MT treatment on re-maturing females only stimulated the elongations of 

anal fin ray 4 and thickenings of anal fin ray 3 but did not induce the complete 

formation of any gonopodial tips in all treatment doses. In addition, the treated 

maiden females gained higher levels of elongation of anal fin ray 4 and higher degrees 

of thickening of anal fin ray 3 than those of treated re-maturing females. It is possible 
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that the degree of the secondary sexual character masculinization is associated with 

the age of the females since re-maturing females were more than three years old, 

while maiden females were predicted to be less than one year old as G. holbrooki 

rarely live longer than a year in the wild at the study location (Nguyen et al., 2021, 

Nguyen, 2018). The older age may cause the decline in hormonal receptors and 

metabolic activity (Margolisnunno et al., 1986), conceivably making the animals less 

responsive to the exogenous hormone treatment. Hence, if required treatment at 

adult stage, the younger the females are the higher the hormone efficiency is. 

A 50-day exposure of fish to MT has a significant effect on the condition of the fish. 

After 50 days, the condition factors dropped significantly in all fish exposed to MT. The 

loss in condition is attributed to the shrinking of ovaries in readiness for re-modelling 

to testis and assuming a male body shape, that are generally slender and lighter than 

females in this species. Indeed, the treated females showed slender bellies which is 

consistent with the results of gross examination that the gonads of the treated 

females had shrunk. It is comparable to observations of Sridevi et al. (2015) and 

Norazmi-Lokman (2016) that hormone ingestions caused gonadal atrophy. 

Alternatively, this could reflect the ‘well-being’ of fish, as a decrease in fish condition 

factor is generally attributed to a decline in energetic reserves of fish (Hagenaars et 

al., 2008). The decline in fish condition factors can be caused by reduced food intake 

and increasing metabolic expenditure for detoxification and maintenance of the 

normal body functions (Hagenaars et al., 2008). Although, food intake and the toxicity 

of MT were not systematically monitored, these are less likely to be contributing 

factors in this circumstances. 

Besides the transformation of the anal fin of the treated females into an intromittent 

organ, the gonopodium, there were parallel changes of the gonad of the treated 

females. Histological examination indicated that MT treated females in both 

experiments showed a sign of shrunken gonads, suggesting ovarian atrophy in the 

treated females. Furthermore, evidence of testicular tissue was found among ovarian 



Chapter 3 - Masculinization of Adult Gambusia holbrooki Using 17α-Methyltestosterone: 

Recapitulation of Protogyny in a Gonochorist 

 

94 

 

tissue of the treated females’ gonads, suggesting bipotentiality of the gonads and 

implying the masculinization of the ovaries. The age of the treated females plays an 

important role since the low dose of MT could stimulate the gonadal masculinization 

of the maiden female, but the higher dose was required when the re-maturing 

females were exposed to MT. This agrees with the results of the secondary sexual 

character development in treated maiden females that the two lowest doses 

stimulated the best gonopodial development with complete gonopodial tips whereas 

even with the highest MT concentration, no exposed re-maturing females formed 

complete gonopodial tips. The formation of testicular tissue was confirmed by the 

presence Sertoli cells in these gonads. Sertoli cells are known to contribute to the 

formation of spermatozeugmata and synthesis of steroid hormones (Meffe and 

Snelson, 1989). Also, Sertoli cells may phagocytize residual bodies cast off by 

developing spermatids and nourish germ cells via micropinocytosis (Grier, 1981, 

Billard, 1986, Hoar and Randall, 1972, Vaupel, 1929). Although the development of 

secondary sexual characters has been reported in adult female mosquitofish exposed 

to androgens (Leusch et al., 2006, Angus et al., 2001, Ogino et al., 2004), this is the 

first report showing spermatocyte development inside the ovaries (i.e., ovotestis) of 

the female mosquitofish treated with MT during adult stage. A similar observation was 

reported in female Japanese medaka (Oryzias latipes) exposed to 5 ng/L of the potent 

synthetic androgen 17β-trenbolone (Abdel-Moneim et al., 2015) but during sex 

differentiation (from 15-25 dpf) rather than adult stage as in this study. Typically, in 

sex reversal studies, hormone treatment is applied immediately post-hatching and/or 

juvenile stages (these stages will form the basis of experiments in chapter 4) to 

masculinize fish (Pandian and Sheela, 1995). In contrast, this study demonstrates a 

masculinizing effect of MT on adult fish where MT played a role of a cue triggering sex-

reversal in G. holbrooki as it naturally occurs in hermaphrodites (protogyny).  

It must be noted that there were limited samples available for histological 

examinations, and consequently that may have precluded the ability to observe 
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differences in the response of individual fish, within the same treatment group. This is 

likely as individual variations between fish among treatments was evident in 

gonopodial development. These differences in response to MT treatment among 

treated females are attributed to intraspecific variation in metabolic rate in this 

species (Metcalfe et al., 2016). With this in mind, the results should be viewed 

cautiously though the appearance of male gonadal tissue is a positive sign for the 

effect of MT treatment on adult female fish. This finding brings about the potential to 

speed up the production of sex-reversed fish for the determination of gamity in this 

species. 

It is always a good practice to include as many controls as possible. However, 

unlike G. affinis (Senior, 2013), in Gambusia holbrooki the sex ratio of carrier 

(ethanol) controls in both treatment groups of embryos and neonates were not 

altered in an independent study (Norazmi-Lokman, 2016). Therefore, the 

exclusion of carrier control (ethanol) in experiment 2 to increase replicates of 

experiment 2 (n = 12 rather than n = 5 in experiment 1) was deemed more 

appropriate. However, there may be a missed opportunity to test/recheck the 

effect in maiden fish. 

3.5.2 Effects of MT exposure on the expression of amh gene 

Amh is known to have a diverse role in males sex differentiation (Kwan and Patil, 

2019). There was a vast increase in expression of amh gene in the treated females at 

50 mg MT/kg diet, while its expressions in control females and treated females at the 

dosage of over 50 mg MT/kg were relatively low. This indicated there are changes in 

cellular level inside the gonads of the females treated with 50 mg MT/kg diet. Amh is 

known to be produced by immature Sertoli cells and granulosa cells (to a lesser 

degree) from birth to the end of reproductive life (Josso et al., 1998). It is likely that 

the ovaries of treated females (50 mg MT/kg diet) developed immature Sertoli cells, 
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producing the up regulation of the amh gene. This hypothesis is also supported by 

histological results in that Sertoli cells presented in the ovaries of 50 mg MT/kg 

treated maiden female and 200 mg MT/kg treated re-maturing female. Sertoli cells 

provide nutrients and permeability barrier during spermatogenesis (Grier, 1993).  

3.5.3 Effects of MT exposure on the behaviours of the treated females 

Male sexual behaviour can be induced in female fish by exposure to androgens (Toft 

and Guillette, 2005). In the present study, maiden females treated with 50 mg MT/kg 

diet showed mating behaviour in a similar manner as normal males. This finding seems 

to parallel the observation of Howell et al. (1980) that placing into an aquarium with 

normal, control females, the paper-mill effluent masculinized females exhibited only 

behaviour patterns of typical males. This alteration of reproductive behaviour was also 

reported in the study of Frankel et al. (2016) that control, normal male reproductive 

behaviour was diminished when paired with females exposed to 100 ng/L 

levonorgestrel, a human contraceptive progestin because treated females showed 

alternative behaviour rather than the typical behaviour of a normal female preventing 

the mating success. It is likely that the male sexual behaviour in the treated females 

was driving by the hormone treatment rather than they were functional. 

Post-treatment observations of their reproductive fitness indicated that they 

continued to reproduce as normal females which gave birth to live young after short 

delay in parturition e.g., one treated female parturated at 38- and 57-day post-

treatment cessation, respectively. It was concluded that the MT treated females 

displaying the male sexual characteristics reversed back to their original sex when the 

effects of the androgen diminished. The transient masculinizing effects of MT 

ascertained that adults are not a suitable stage to obtain permanent sex reversal in 

this species.  
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3.6 Conclusion 

MT at the lowest concentration (50 mg/kg diet) was able to stimulate male sexual 

characteristics, upregulated expression of amh gene, the formation of testicular tissue 

as well as alteration of normal behaviour of MT treated maiden females (i.e., showing 

mating behaviour). The hormone appeared to play a role as a trigger to switch sex 

from females to males as what happens naturally in protogyny. However, these effects 

were temporary as the treated females reverted to their original sex. Although this 

study failed to permanently sex reverse adult females to males, it indicated that MT at 

the doses of over 50 mg/kg diet were not optimal and MT treatment on mature 

females was not ideal. However, it provided evidence for plasticity of sex (even in 

adult hood) suggesting the MT treatment before the onset of maturity i.e., on 

juveniles and neonates (described in Chapter 4) is possible. The behavioural 

observation framework established as part of this chapter provided a basic for 

observing the behaviour of sex-reversed males (in Chapter 6).
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Chapter 4 - Hormonal Masculinization in Juvenile and 
Neonate Gambusia holbrooki 

4.1 Abstract 

 Although adult females exposed to MT showed signs of masculinization (e.g., 

developments of gonopodia and testicular tissue, expression of amh, alteration of 

normal female behaviours; as detailed in chapter 3), the sex-reversal at this stage was 

not functional because the treated females reverted back to their original sex and 

gave birth to young as per their normal sexual function. Despite this, such results 

provided evidence for plasticity of sex even in adult hood. With the hypothesis that 

there is a potential to sex-reverse the fish at any stage during their life, this study 

observed the potential to sex-reverse this species at juvenile and neonate stages. 

Like adult females, MT enriched feed at concentrations ranging from 5 to 40 mg/kg 

diet was administered directly to two different life stages: 30-day old juveniles and 

neonates. The experiment of 30-day old juveniles included one control and four MT 

treatment doses (10, 20, 30, 40 mg/kg diet). At 150 DAP, there was no significant 

difference in survival rates of juveniles fed on MT treatment and control diets 

(Kruskal-Wallis H test, F = 3.05, df = 4, 20, p = 0.55). When these fish were grown to 

maturity, control females possessed round anal fins while 100% MT treated fish in all 

treatment groups were stimulated to develop elongated anal fins. The gonadal sex 

ratio in the control group was not significantly different from the expected 50: 50 sex 

ratio (Chi-square goodness of fit, 2 = 3.26, df = 1, p = 0.07), although the gonadal sex 

ratios of the treatment groups of 10, 20, 30 and 40 mg/kg diet deviated from that of 

the control. The results of the sex ratio based on gonadal morphology in conjunction 

with genetic sexing indicated that in the control group, there were only normal males 

and females, but MT treatments produced neo-males, intersex males, and intersex 

females along with normal males and females. The percentages of neo-males were 

significantly different between MT treatment groups (Kruskal-Wallis H test, 2 = 10.44, 
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df = 4, p = 0.034). Post hoc tests revealed statistically significant differences in the 

median percentages of neo-males between control group (0 %) and 10 mg MT/kg diet 

group (40 %, p = 0.04), but not between any other group combinations. Therefore, of 

the dosages tested, the lowest MT dose (10 mg/kg diet) was the best dose rate for MT 

treatment on 30-day old juveniles. However, a paradoxical effect i.e., intersex males 

(male genotype and intersex phenotype) observed in this experiment demonstrated 

that the treatment doses were relatively high and needed to be reduced. Therefore, in 

the experiment of MT treatment on neonates, the doses of MT were reduced and 

included one control and three MT treatment doses (5, 10, 20 mg/kg diet). Clutches of 

neonates were fed respective MT enriched or control spirulina. At 150 DAP, there was 

no significant difference in survival rates of neonates fed on MT treatment and control 

diets (Kruskal-Wallis H test, F = 5.7, df = 3, p = 0.13). At maturity, the females in 

control, 5 and 10 mg/kg diet groups had round anal fins, while the males in these 

groups developed gonopodia. However, like 30-day juveniles treated with MT, 100 % 

treated neonates in the 20 mg/kg diet group were stimulated to develop elongate anal 

fins. The body morphology sex ratio in the control groups was not significantly 

different from the expected 50: 50 sex ratio (Chi-square goodness of fit, 2 = 0.23, df = 

1, p = 0.63). There was no significant difference in the sex ratios based on body 

morphology between the treatment and control groups. Intersex females were found 

in the 20 mg MT/kg diet group, whereas no testicular tissue was seen on the gonads of 

fish in the other treatments (5 and 10 mg MT/kg diet) or control groups. The 

percentages of neo-males out of phenotypic males were significantly different 

between various MT treatment groups (One-way ANOVA, F = 5.1, df = 3, 14, p = 0.014, 

ƞ2 = 0.52). Tukey post hoc analysis revealed that the percentages of neo-males in the 5 

mg MT/kg group (45.9 ± 22.2 %) and 10 mg MT/kg group (51.1 ± 26.6 %) were 

significantly higher than the control (0 %) (p = 0.28 and p = 0.14, respectively), but no 

other group differences were statistically significant.  
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4.2 Introduction  

Hormonal sex reversal has been used as a valuable tool to produce monosex 

populations, to understand the process of sex differentiation (Pandian and Sheela, 

1995) and to verify gamity of a species. Both feminization and masculinization can be 

used independently but also in combination with selective breeding to assist the 

determination of gamity in fish. Typically, in species with XX/XY and ZW/ZZ sex 

determining mechanisms, feminization and masculinization respectively take the least 

number of steps to achieve the goal of determining gamity. 

In Gambusia holbrooki, there has been a debate about the mechanism of sex 

determination. It has been suggested that the fish possesses an XX/XY sex determining 

mechanism based on the absence of heteromorphic female chromosomes (Volff and 

Schartl, 2001, Angus, 1989a, Angus, 1989b, Horth, 2006, Horth et al., 2013). In 

contrast, others (e.g.Thresher et al., 2013) have inferred that it has a WZ/ZZ sex 

determination system similar to G. affinis. Although the mechanism for sex 

determination of this species has been recently confirmed to be XX/XY (Kottler et al., 

2020), at the beginning of this present study there was uncertainty about the gamity 

of this species. Sex-reversal in combination with selective breeding can serve as one of 

the reliable methods to determine the gamity of this species (Devlin and Nagahama, 

2002). With the hypothesis that the species has a similar sex determination 

mechanism (ZW/ZZ) as its sister species, G. affinis, this study, therefore, took the 

masculinization approach as it would be the shortest way to ascertain the gamity of 

this species. 

17α-Methyltestosterone (MT), a synthetic androgen, is the most widely used hormone 

for masculinization and has been examined in over 33 species belonging to 

Salmonidae, Cyprinidae, Poeciliidae, Cichlidae, Cyprinodontidae and Anbantidae 

(Pandian and Sheela, 1995, Beardmore et al., 2001). Among Poeciliidae, MT has been 

used for masculinization in the guppy, black molly, and sword tails to examine the MT 
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efficacy on producing all-male populations. Generally across this family, MT oral 

administration at doses (5-300 mg/kg diet) to newly born fry resulted in partially 

masculinized populations (Low et al., 1994, Chakraborty et al., 2012, Mousavi-Sabet 

and Ghasemnezhad, 2013, George and Pandian, 1998, Takahashi, 1974). Moreover, 

MT was applied to stimulate the development of male secondary sexual 

characteristics, e.g., the growth of the sword extension (Yanong et al., 2006, Amiri-

Moghaddam et al., 2010).  

While most gonochoristic fish display either male or female gonads some fish may also 

display intersex characteristics, a possibility when exposing fish to hormones. Intersex 

is defined as a gonadal abnormality where there is a simultaneous presence of male 

and female reproductive stages in the same gonad of a gonochoristic species 

(Antuofermo et al., 2017). The term “intersex” is used to denote hermaphrodite 

individuals of a gonochoristic species that are exposed to endocrine disrupting 

compounds in the wild or experimentally produced in laboratories. This condition is 

divided into three types: (i) testicular oocytes, (ii) ovotestis or (iii) mixed gonadal 

tissue (Abdel‐moneim et al., 2015). Firstly, testicular oocytes (TO) are testes 

containing oocytes that have an intact nucleus, nucleoli and a surrounding squamous 

epithelial layer (Coady et al., 2004, 2005 as cited in Abdel‐moneim et al., 2015). 

Ovotestis is known as a mature ovary that has the presence of scattered testicular 

tissue or spermatogenic nests (Getsfrid et al., 2004; Körner et al., 2005 as cited in 

Abdel‐moneim et al., 2015). Finally, the term mixed gonadal tissue describes the gross 

morphological occurrence of testicular and ovarian tissue masses (Kinnison et al., 2000 

as cited in Abdel‐moneim et al., 2015). 

In aquatic animals, intersex is often viewed as a signature effect of exposure to 

endocrine disrupting compounds and the intersex condition has been increasingly 

used as an indicator of exposure to natural or synthetic steroid hormones (or 

chemicals that mimic such hormones) (Bahamonde et al., 2013). Testicular oocytes 

was the most commonly reported form of gonadal intersex in fish caused by exposure 
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to estrogenic chemicals in sewage effluent (Abdel‐moneim et al., 2015). This was first 

observed in the histopathology of male roach (Rutilus rutilus) collected downstream of 

sewage treatment plants and followed many studies in wild fish collected downstream 

of sewage discharges in the UK, Europe and the United States of America (Tetreault et 

al., 2011). In contrast, ovotestis was the least commonly reported type of intersex 

which seems to be caused by androgenic or anti-estrogenic exposure (Abdel‐moneim 

et al., 2015). This condition was reported in female Japanese medaka (Oryzias latipes) 

exposed to 5 ng/L of the potent synthetic androgen 17β-trenbolone during sex 

differentiation (Abdel-Moneim et al., 2015) 

Treatment of some aromatizable androgens can produce opposite outcomes called 

paradoxical feminization when administered at high concentrations or for extended 

periods (Hackmann, 1971 as cited by Piferrer, 2001). Paradoxical feminization is not 

uncommon and it has been reported in fish, amphibians and reptiles (Piferrer, 2001). 

In channel catfish (Ictalurus punctatus), for example, paradoxical feminization was 

found when the fish were exposed to 17α-ethylnyltestosterone at the dose of 6 mg/kg 

at 10 days after fertilization (Goudie et al., 1983).  

In Gambusia holbrooki, most of the studies are limited to juveniles and/or adults 

exposed to environmental pollutants containing endocrine disrupting chemicals in 

that it has been used as an indicator for pollution (Howell et al., 1980, Leusch et al., 

2006, Orlando et al., 2002, Parks et al., 2001, Rawson et al., 2008, Frankel et al., 2016). 

For masculinization, there is no study demonstrating successful/complete hormonal 

masculinization in this species with the exception of masculinizing effects of 

environmental pollutants (Rawson et al., 2008) and paradoxical masculinizing effects 

of Diethylstilbestrol administration (Patil et al., 2020).  

This present study, therefore, is designed to contribute to and assist with the 

determination of the gamity of this species through the application of hormonal 
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masculinization and selective breeding techniques. As a step towards achieving this 

goal, this present chapter determined:  

1. The effects of MT oral administration on survival rates, anal fin morphology 

and sex ratios of G. holbrooki juveniles and neonates; 

2. The effects of MT oral administration on production of neo-males; 

3. The efficacy of MT oral administration in masculinizing G. holbrooki. 

4.3 Materials and methods 

4.3.1 Fish 

The experiment of MT treatment via feed on juveniles from 31 to 60 DAP was carried 

out in 2018, while the experiment of MT oral administration on neonates from 1 to 30 

DAP was conducted in 2019. Gravid females, containing embryos at late development 

stages and with a gravid spot intensity value from 28 to 38 (Norazmi-Lokman et al., 

2016) were collected from the Tamar Island Wetland Reserve (TWIR) in January 2018 

and 2019 and transported to the Aquaculture Center (Institute of Marine and 

Antarctic Studies (IMAS)), University of Tasmania, Newnham Campus. These females 

were allocated individually to a 2.5 L static tank (0 ppt, 21 ± 0.5 o C, 16 L: 8 D-lights 

turned on at 05.00 h) with a breeding trap to assist in protecting the new-born 

juveniles from being eaten by their mother. The tanks were set up with gentle 

aeration. After parturition, the parturated females were transferred to other tanks, 

while each clutch of juveniles was raised separately in a 2 L static tank. These clutches 

of juveniles were directly allocated to the experiment of MT oral treatment on 

neonates from 1 to 30 DAP. Otherwise, they were raised until 30 days after parturition 

(DAP) for the experiment of MT oral treatment on juveniles from 31 to 60 DAP by 

feeding artemia twice a day to satiation for the first 20 DAP before weaning to 

commercial trout micro pellets (Nutra XP 0.5, Skretting, France) for the next ten days. 

Water quality of the tanks was maintained at an optimum range by batch exchanging 

water every three days using temperature acclimated and conditioned freshwater. To 
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avoid cross contamination of MT between tanks, a battery of static tanks dedicated to 

treatment was employed and water exchanges progressed in order of controls to 

lowest-highest MT concentrations. 

4.3.2 Hormonal feed preparation 

Oral administration of 17α-Methyltestosterone (MT) via feed was adopted for these 

experiments. The hormone was dissolved in ethanol at appropriate concentrations 

and separately mixed with Spirulina (Bioglan, Australia) for neonates or trout 

commercial micro pellets (Nutra XP 0.5, Skretting, France) for juveniles. Hormonally 

enriched Spirulina/pellets were prepared according to Norazmi-Lokman (2016). 

Briefly, the required quantity of MT for each dose was dissolved in 25 ml of 70 % 

ethanol before thoroughly mixing with 25 g of Spirulina/pellets. The wet hormone-

enriched Spirulina/pellets were spread over aluminium foil lined trays and allowed to 

dry in a fume hood for 24 hours at room temperature. The hormone-enriched 

Spirulina/pellets was stored in a sealed container at 4 ± 0.5oC until delivered to the 

fish. 

4.3.3 Oral delivery of MT to juveniles from 31 to 60 DAP 

According to preliminary observations, neonates were more sensitive to hormonal 

treatment than adults and the dose of over 50 mg MT/kg feed caused stunted growth, 

morphological deformities (i.e., spinal curvature) and incomplete development of 

gonopodium. Consequently, lower doses of MT oral administration were firstly tested 

on juveniles (30 DAP) before demonstrating on neonates (1 DAP) at a later date. In 

addition, at 30 DAP, external sexual morphology had not differentiated so this 

experiment was designed to observe the possibility of sex reversal of juveniles from 31 

to 60 days old. 
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In general, 25 clutches of 30-day-old juveniles were used for this experiment (5 

clutches per treatment). Clutches were treated at staggered times on the basis of 

when they were born. Each clutch of 30-day-old juveniles (clutch size ranged from 10-

34) was distributed to a 2 L static tank (0 ppt, 21 ± 0.5oC, 14 L: 10 D- light turned on at 

05.00 h) with gentle aeration. The experiment included one control and four MT 

treatment doses (10, 20, 30, 40 mg/kg diet). These clutches of juveniles were fed 

designated MT enriched or control commercial micro pellets (Figure 4.1). The 

hormonal treatments started at 31 DAP and lasted for 30 days during which the 

juveniles were fed twice daily (09.00-10.00 and 16.00-17.00h) to satiation. After the 

30-day treatment period, the juveniles were switched to control micro pellets and 

Artemia. At 150 DAP, survival rates and sex ratios of the treated fish were examined 

and recorded using anal fin and body morphology (see section 4.3.5). Then, the fish 

were euthanized by using an overdose of AQUI-S (7-10 drops per 1 L of water) and 

dissected for gonadal observation (see section 4.3.6) and their carcasses were then 

stored in 100% ethanol for later screening of genetic sex. Caudal fins of these 

preserved fish were clipped for testing genetic sex of the fish by using a sex marker 

(see section 4.3.8). 
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Figure 4.1: Experimental design and workflow of MT treatment on 30-day old juveniles  

4.3.4 Oral delivery of MT to neonates from 1 to 30 DAP 

Based on the results of the MT treatment on 30 DAP juveniles, the two lowest doses 

(10 and 20 mg MT/kg diet) produced more neo-males than the two highest doses (30 

and 40 mg MT/kg diet) and all neo-males failed to complete gonopodial development. 

Moreover, the percentages of neo-males out of phenotypic males for all treatments 

were relatively small (see section 3.4.1.6). Therefore, this experiment was designed to 
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focus on the lower MT doses and apply the treatments to an earlier life stage to 

evaluate if this approach (lower doses and earlier stage fish) produces a higher 

proportion of neo-males.  

Overall, 20 clutches of neonates (newborn juveniles) were used for this experiment (5 

clutches per treatment). Clutches were treated at staggered times on the basis on 

when they were born. Each clutch of neonates (clutch size ranged from 10-34) was 

allocated to a 2 L static tank (0 ppt, 21 ± 0.5oC, 14 L: 10 D- light turned on at 05.00 h) 

set up with gentle aeration. Water quality of the tanks was maintained by water 

exchanging every 3 days. The experiment included one control and three MT 

treatment doses (5, 10, and 20 mg/kg diet) (Figure 4.2). These clutches of neonates 

were fed one of the respective MT-enriched or control Spirulina (Bioglan, Australia) 

diets to satiation. The hormonal treatments started at 1 DAP and lasted for 30 days 

during which the neonates were fed twice daily (09.00- 10.00 and 16.00- 17.00 h). 

After the 30-day treatment period, the treated fish were fed Artemia and trout 

commercial micro pellets. At 150 DAP, survival rates and sex ratios of the treated fish 

were examined and recorded using anal fin and body morphology (see section 4.3.5). 

If they were phenotypic females, they were euthanized by an overdose of AQUI-S (7-

10 drops per 1 L of water) and sampled for gonadal histology (see section 4.3.7). If 

they were  phenotypic males, the fish were individually housed, and their caudal fins 

were clipped to test their genetic sex using a sex marker (see section 4.3.8). Once 

identified the neo-males (male phenotype and female genotype) were used in other 

experiments to observe their sexual morphology (Chapter 5) and their behaviour and 

reproductive fitness (Chapter 6). The remaining normal males (genetic and phenotypic 

males) were euthanized and discarded to reduce the workload of tank maintenance. 

No gonadal observations were conducted on these males due to the restricted 

laboratory access during the COVID 19 crisis. 
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Figure 4.2: Experimental design and workflow of MT treatment on 1 DAP neonates  

4.3.5 Anal fin and body morphology 

At 150 DAP, all treated fish in both experiments were anesthetized and their anal fins 

and bodies observed under a dissecting microscope to determine sex ratios. Regarding 

anal fin morphology, fish with a round anal fin were determined as females, while fish 

with an elongated anal fin were defined as males. In terms of body morphology, 

mature fish with a large belly and  a larger overall body size  (> 25 mm in total body 
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length based on the study of Keane and Neira (2004)) were defined as females, 

whereas fish with a slender belly and a shorter body size (< 25 mm in total body 

length) were determined as males. 

4.3.6 Gonadal wet-squash preparations 

After observing anal and body morphology, the fish were dissected, and their 

individual gonads were removed using fine forceps and placed on a slide. Then the 

gonadal tissue was covered with a few drops of aceto-carmine and squashed with a 

cover slip. The prepared slide was examined under a compound microscope (with 

magnifications of x100 and x400) to determine the sex of the fish using the presence 

of spermatozeugmata and oocytes as indicators of male and female material, 

respectively. If a gonad had only male material (e.g., spermatozeugmata and 

spermatocytes), it was defined as a male gonad based on gonadal observation. If a 

gonad had female material (e.g., oocytes), it was determined as a female gonad. If a 

gonad exhibited both male and female material (e.g., spermatozeugmata and 

oocytes), it was considered intersex. 

4.3.7 Gonadal histology 

Phenotypic females and control males and females (produced from the MT treatment 

on neonates from 1 to 30 DAP, n = 3 fish  per replicate) were euthanized using an 

overdose of AQUI-S (7-10 drops per 1 L of water) followed by decapitation. The caudal 

fin of each fish was trimmed in preparation for histological processing. The trimmed 

abdominal sections were fixed in neutral buffered formalin (10%). The histological 

techniques of sectioning and staining for all samples were according to Turan et al. 

(2006). After fixing, the samples were further trimmed and placed in cassettes for 

processing. The cassettes were processed through a graded ethanol series for 

dehydration, cleared with xylene, embedded in paraffin before being longitudinally 

sectioned (3 or 5 µm). To standardize, the sample in each paraffin block was trimmed 
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until the fish spine was seen before the sections were collected and mounted on glass 

slides. After being stained with haematoxylin and eosin, the slides were observed 

under a compound microscope and micro-photographed. From the digital micro-

photographs, the gonadal area of each treated female was measured by using Fiji 

software (Schindelin et al., 2012). When testicular tissue was present in the gonads of 

treated females, the area was measured and percentage of testicular tissue area out 

of the total gonadal area was calculated. In addition, the gonadal histology of the 

treated females, control females and males were compared descriptively. 

4.3.8 Genetic sexing of adult males and females 

Genetic sex of all treated fish (for the MT treatment of juveniles) and adult phenotypic 

males (for the MT treatment of neonates) was determined using a PCR assay 

developed by Kwan and Patil (2019). Briefly, the genomic DNA of the treated fish or 

adult phenotypic males was extracted from a tail fin clip using a QIAamp DNA FFPE 

Tissue Kit (QIAGEN, CA, USA). The PCR mix (10 μL) comprised of 1 × MyTaq HS Red mix 

(Bioline), 1.0 μM of each primer and 50 ng of genomic DNA template. Thermal cycling 

(Bio-Rad T100, Bio-Rad, NSW, Australia) consisted of 95 °C for 1 min, followed by 30 

cycles of 95 °C for 5 s, 60 °C for 5 s and 72 °C for 20 s. Female and male specific 

amplicons were separated using gel electrophoresis and the genetic sex of the 

embryos determined. 

Genetic sexing in combination with gonadal observation was used to determine the 

sex of the treated fish and adult phenotypic males. If the fish possessed a male genetic 

sex and a male gonad, it was defined as a normal male. If the fish had a female genetic 

sex and a female gonad, it was defined as a normal female. If the fish possessed a 

female genetic sex and a male gonad, it was defined as a neo-male. If the fish had a 

female genetic sex and an intersex gonad, it was considered as an intersex female. If 

the fish possessed a male genetic sex and an intersex gonad, it was defined as intersex 

males. 
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4.3.9 Statistical analysis 

Data were analyzed using IBM SPSS Statistic software (version 24) and Microsoft Excel. 

Data was presented as mean ± standard deviation unless otherwise stated. The data 

were tested for normality (Shapiro-Wilk normality test) and homogeneity of variances 

(Levene’s test). If the data were normally distributed for each group, a one-way 

ANOVA or Welch’s ANOVA (for unequal sample size) was used to analyze differences 

in survival rates and percentages of neo-males out of total phenotype males between 

the treatment and control groups followed by Tukey or Tukey Kramer (for unequal 

sample size) post-hoc test where applicable. If the data violated the assumption of 

normality, a Kruskal-Wallis H test (Laerd Statistics, 2015b) was run to determine if 

there are differences in survival rates and percentages of neo-males out of total 

phenotype males (median values) between MT treatment groups followed by pairwise 

comparisons using Dunn’s (1964) procedure as cited in Laerd Statistics (2015b). A chi-

square (2) goodness of fit test (Laerd Statistics, 2015a) and chi-square (2) test of 

independence (Laerd statistics, 2016) were applied to analyze the sex ratio of the 

treatment and control groups. In all analyses, differences were considered statistically 

significant at p < 0.05. 

4.4 Results 

4.4.1 MT treatments of juveniles from 31 to 60 DAP 

4.4.1.1 Effects of MT on survival rates of Gambusia holbrooki juveniles 

There were no significant differences in survival rates of juveniles fed on MT 

treatment and control diets (Kruskal-Wallis H test, F = 3.05, df = 4, 20, p = 0.55), 

although median survival rates increased from control group (85.7 %) to 30 mg/kg 

group (86.7 %), to 40 mg/kg group (95.2 %), to 20 mg/kg group (100 %) and 10 mg/kg 

(100 %). 
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4.4.1.2 Effects of MT on anal fin morphology 

The observations of anal fins of MT treated and control fish indicated that MT had 

effects on anal fin morphology. At maturity, control females possessed a round anal 

fin and control males had a gonopodium whereas 100 % MT treated fish in all 

treatment groups developed an elongated anal fin, but no gonopodial tip with no 

serrae and hooks formed (Figure 4.3). 

 

Figure 4.3: Anal fin morphology of a control male (A), control female (B) and treated 
fish (C).  

4.4.1.3 Sex ratio of MT treated fish based on body morphology 

There were gross body morphological differences between males and females in 

control and treatment groups. Normally, mature males had a slender belly and total 

body length of less than 25 mm, while adult females possessed a large belly and total 

body length of more than 25 mm. Consequently, the sex ratio based on body 

morphology was determined based on those features. 

The body morphology sex ratio in the control group was not significantly different 

from the expected 50:50 sex ratio (Chi-square goodness of fit, 2 = 3.26, df = 1, p = 

0.07). There was no significant difference in the sex ratios based on body morphology 

between the treatment and control groups (Table 4.1).  
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Table 4.1: Sex ratio of MT treated fish based on body morphology 

MT doses 
(mg/kg diet) 

Sex ratio (%) 
Male: Female 

2 

0 39 : 61 - 
10 65 : 35 0.28  

20 49 : 51 2.17 

30 46 : 54 2.59 

40 49 : 51 2.17 

Note. 2 values are for comparisons of sex ratios with the control. 

4.4.1.4 Sex ratio of MT treated fish based on gonadal observations 

Testes and ovaries of untreated control fish were morphologically distinct and well 

developed. There were no differences in gross morphology of whole gonads between 

normal testes and testicular oocytes as well as normal ovaries and ovotestes in 

hormonally treated groups. As a result, differentiation was based on microscopic 

examination of all treated fish. The squash method using aceto-carmine was effective 

in determining whether a gonad was composed of ovarian or testicular tissue or both.  

The gonadal sex ratio in the control group was not significantly different from the 

expected 50:50 sex ratio (Chi-square goodness of fit, 2 = 3.26, df = 1, p = 0.07). 

However, the gonadal sex ratios of the treatment groups of 10, 20, 30 and 40 mg 

MT/kg diet were statistically different from that of the control (Table 4.2). In fact, only 

normal males and females were presented in the control group whereas in the 

treatment groups there were the appearance of intersex fish aside from normal males 

and females.  
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Table 4.2: Gonadal sex distribution and sex ratio of MT treated fish 

MT doses 
(mg/kg diet) 

Sex ratio (%) 
Male: Female: Intersex 

2 

0 39 : 61 : 00 - 
10 31 : 44 : 25 19.85 ⁎⁎⁎ 

20 50 : 24 : 26 31.20 ⁎⁎⁎ 

30 57 : 19 : 24 31.61 ⁎⁎⁎ 

40 49 : 31 : 20 21.18 ⁎⁎⁎ 

Note. 2 values are for comparisons of sex ratios with the control (⁎p < 0.05; ⁎⁎p < 0.01; ⁎⁎⁎p < 0.001). 

There was no significant association between MT treatment concentrations and 

gonadal sex types of treated fish (Chi-square test of independence, 2 = 12.2, df = 6, p 

= 0.057). The result of the statistical analysis under the test conditions was only 

marginally non-significant (p = 0.057). If it was significant, the sex ratios of treated fish 

were dependent on the MT treatment dosage in that when MT treatment dosage 

increased, the percentages of males and intersex individuals increased while the 

percentage of females decreased. 

4.4.1.5 Sex ratio of MT treated fish based on gonadal observations and genetic 

sexing 

Percentages of each type of gonadal and genetic sexes of the control and MT 

treatment groups are presented in Table 4.3. As expected in the control group, there 

were only normal males and females, however the MT treatments produced neo-

males, intersex males, and intersex females aside from normal males and females.   
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Table 4.3: Gonadal and genetic sex ratio of MT treated fish 

MT doses 
(mg/kg diet) 

Normal 
males (%) 

Normal 
females (%) 

Neo-males 
(%) 

Intersex 
males (%) 

Intersex 
females (%) 

0 39 61 ⁻⁻ ⁻⁻ ⁻⁻ 
10 20 43 11 4 22 
20 41 24 9 5 21 
30 54 18 4 ⁻⁻ 24 
40 47 32 1 4 16 
Notes.  
Normal males: fish with a male genetic sex and male gonad 
Normal females: fish with a female genetic sex and female 
gonad 

Neo-males: fish with a female genetic sex and male gonad 
Intersex males: fish with a male genetic sex and intersex 
gonad 
Intersex females: fish with a female genetic sex and 
intersex gonad 

4.4.1.6 Proportion of neo-males within the group of phenotypic males 

The percentages of neo-males out of phenotypic males were significantly different 

between MT treatment groups (Kruskal-Wallis H test, 2 = 10.44, df = 4, p = 0.034). 

Subsequently, pairwise comparisons were performed using Dunn’s (1964) procedure 

as cited in Laerd Statistics (2015b) with a Bonferroni correction for multiple 

comparisons. This post-hoc test revealed statistically significant differences in the 

median percentages of neo-males between control group (0 %) and 10 mg MT/kg diet 

group (40 %, p = 0.04), but not between any other group combinations. 

4.4.2 MT oral treatments of juveniles from 1 to 30 DAP 

4.4.2.1 Effects of MT on survival rates of Gambusia holbrooki neonates  

There was no significant difference in the generally high survival rates of neonates fed 

on MT treatment and control diets (Kruskal-Wallis H test, F = 5.7, df = 3, p = 0.13), 

although median survival rates increased from 10 mg/kg group (85.7 %), to control 

group (90.9 %), to 20 mg/kg group (95.5 %), to 5 mg/kg group (100 %). 
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4.4.2.2 Effects of MT on anal fin morphology 

MT exposure resulted in effects on anal fin morphology. At maturity, the females in 

control, 5 and 10 mg MT/kg diet groups had round anal fins, while males in these 

groups developed gonopodia, modified anal fins used as intromittent organs to 

transfer sperm to females for internal fertilization. However, 100 % treated fish (males 

and females) in the 20 mg MT/kg diet group developed abnormal elongated anal fins 

(Figure 4.4). 

 

Figure 4.4: Anal fin morphologies of fish treated with 5 and 20 mg MT/kg diet. (A) 
male and (B) female anal fins of fish treated with 5 mg/kg diet. (C) male and (D) female 
anal fins of fish treated with 20 mg/kg diet. 
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4.4.2.3 Sex ratio based on body morphology 

The sex ratio based on body morphology in the control group was not significantly 

different from the expected 50:50 sex ratio (Chi-square goodness of fit, 2 = 0.23, df = 

1, p = 0.63). There was no significant difference in the sex ratios based on the body 

morphology between the treatment and control groups (Table 4.4).  

Table 4.4: Sex ratio of MT treated fish based on body morphology 

MT doses 
(mg/kg diet) 

Sex ratio (%) 
Male: Female 

2 

0 53 : 47 - 
5 49 : 51 0.49 

10 42 : 58 1.50 

20 63 : 37 1.18 

Note. 2 values are for comparisons of sex ratios with the control  

4.4.2.4 Gonadal histology of phenotypic females 

There was no significant difference in gonadal areas in the histological sections 

between treatment and control groups (Welch’s ANOVA, F = 0.15, df = 3, 37, p = 0.93). 

Mean gonadal areas ± standard deviation of the control and treatment groups are 

presented in Table 4.5.  

Table 4.5: Measurement of total gonadal areas and testicular tissue areas in MT 
treated fish (mean ± standard deviation) 

MT treatment doses 
(mg/kg diet) 

Total gonadal areas 
(µm2) 

Testicular tissue 
areas 
(µm2) 

Testicular tissue 
percentage (%) 

0 (n = 5) 42274.8 ± 6188.5 0 0 
5 (n = 15) 47658.4 ± 20150.2 0 0 
10 (n = 13) 42763.8 ± 19770.4 0 0 
20 (n = 8) 44054.4 ± 30718.3 150.7 ± 107.1 0.26 ± 0.23 

Testicular tissue found in the gonads of treated phenotypic fish in the group of 20 mg 

MT/kg diet accounted for 0.26 ± 0.23% of the total gonadal areas, while no testicular 
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tissue was seen in the gonad of fish in the treatment (5 and 10 mg MT/kg diet) and 

control groups. 

4.4.2.5 Proportion of neo-males within the group of phenotypic males 

The percentages of neo-males within the respective groups of phenotypic males were 

statistically different between different MT treatment groups (One-way ANOVA, F = 

5.1, df = 3, 14, p = 0.014, ƞ2 = 0.52). The percentage of neo-males increased from 

control group (0%) to 20 mg/kg group (40.7 ± 22.2%), to 5 mg/kg group (45.9 ± 22.2%), 

to 10 mg/kg group (51.1 ± 26.6%). Tukey post hoc analysis revealed that the 

percentages of neo-males in the 5 mg/kg and 10 mg/kg groups were significantly 

different to that of the control (p = 0.28 and p = 0.14, respectively), but no other group 

differences were statistically significant.  

4.5 Discussion 

In Poecilidae, MT has been used for sex-reversal to produce all male populations in 

black molly Poecilia sphenops (George and Pandian, 1998), guppies (Takahashi, 1974, 

Low et al., 1994, Turan et al., 2006, Chakraborty et al., 2012) and sword tail 

Xiphophorus helleri (Yanong et al., 2006, Amiri-Moghaddam et al., 2010, Mousavi-

Sabet and Ghasemnezhad, 2013). However, this is the first study that utilizes MT to 

masculinize G. holbrooki. The present study demonstrated that not only was it 

possible to masculinize female fish thus altering the sex ratios of G. holbrooki in MT 

treated groups but that intersex conditions also emerged in the gonads of fish treated 

with higher concentrations of MT. 
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4.5.1 Effect of MT on survival rates and anal fin morphology of 

Gambusia holbrooki 

The survival of the MT treated fish was comparatively high across the treatment doses 

(5-40 mg/kg) for both experiments. The survival rates of the two experiments (over 

85%) were higher than those reported for hormonal masculinization in black molly, 

Poecilia sphenops (best survival 80%; George and Pandian, 1998) and in the guppies, 

Poecilia reticulata (about 70%; Chakraborty et al., 2012). This is in line with the 

observations in swordtails, Xiphophorus helleri where the dose rates of 5 to 40 mg 

MT/kg of feed showed survival rates of over 85% (Mousavi-Sabet and Ghasemnezhad, 

2013). Thus, the MT treatment doses used in this current study tend to be suitable 

and can be used for sex-reversal in G. holbrooki because they seem to show no 

negative impacts on the survival of treated fish as compared to the control fish. 

Anal fin morphology of treated fish was influenced by different MT doses. At maturity, 

abnormal gonopodia (elongated anal fins) developed in both males and females 

treated with MT (10-40 mg/kg for juveniles and 20 mg/kg for neonates) whereas 

completely developed gonopodia were found in males treated with MT (5 and 10 mg 

MT/kg diet) at the neonate stage. The abnormal gonopodial development was 

explained by the fact that treated fish received a relatively high and constant 

concentration of the androgen, rather than a concentration that started low and 

increased over time as in the normal maturation progress of male testis (Turner, 

1942a, Turner, 1942b). The females in the treatment groups of 5 and 10 mg MT/kg 

diet delivered to neonates showed normal anal fins like those of control females 

indicating that at the low doses from 5 to 10 mg/kg diet, MT appears to demonstrate 

no effects on stimulating the development of gonopodia as found in those fish 

exposed to the higher dose (20 mg MT/kg diet). When considering the same dose of 

10 mg MT/kg diet but delivered to either neonates or juvenile stage, there was a 

difference in anal fin morphology of fish based on developmental stage. In neonate 

treatments, males developed a complete gonopodium while those from juvenile 
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treatments had an incomplete or abnormal gonopodium. It is possible this may be due 

to the difference in the quantity of hormone ingestion by individual fish and may be 

associated with size. Because treated fish were fed to satiation, neonates (being 

smaller) may have had a lower food intake (in terms of quantity not %BW/d) than 

juveniles, hence causing lower intake of the hormone and variations in responses i.e. 

stimulating complete gonopodial development in some and not others. Future studies 

could focus on quantifying the amount of food ingested by each fish, providing a more 

accurate measure of ingested hormone. 

4.5.2 Efficacy and suitability of MT treatment doses  for masculinization 

MT has proven effective in the masculinization of genetically female fish in 

approximately 35 species (Pandian and Sheela, 1995, Beardmore et al., 2001). For 

example, this androgen can produce in all-male populations in rainbow trout and 

salmon when orally administrated MT at a concentration of 3 mg/kg diet for the 

period 0-90 days after the first feeding (Johnstone et al., 1978, de Castro and Patil, 

2019). In this current study, MT (for all tested doses) induced moderate success in 

masculinization of the genetic female G. holbrooki treated as neonates and 30-DAP 

juveniles and resulted in partially masculinized populations. Similar observations have 

been reported in black molly exposed to MT at the dosage of 50 mg/kg for a period of 

30 days resulting in the production of a maximum of 58-59% males (George and 

Pandian, 1998); in guppies subjected to MT (60 mg/kg) leading to 81.9% males 

(Chakraborty et al., 2012). In addition, MT only showed transient masculinizing effects 

(e.g., loss of colour in the caudal fins when the treatment was terminated) on the 

guppies treated with 20, 40, or 80 mg/kg diet for 2 or 4 weeks at three-day-old fry 

(Low et al., 1994). Therefore, the low efficacy and failure to obtain permanent sex 

reversal to males in these studies may be attributed to dose or species-specific effects, 

or the physiological status of individual fish. 
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Regarding the cause of dose dependency, compared to other studies, the dosage of 

MT used in this study (5-40 mg/kg diet) was considerably low. For instance, the dosage 

of MT used in the masculinization of live-bearing poeciliids is between 15-300 mg/kg 

diet in new born juveniles of guppies (Takahashi, 1974), and 10-300 mg/kg diet in 

newly born juveniles of black molly (George and Pandian, 1998). However, preliminary 

observations by the author (Tran, 2016) indicated that using MT at 50-75 mg/kg of 

diet on G. holbrooki neonates showed detrimental effects where abnormal gonopodia 

formed in all treated fish and lordosis, an abnormal ventral curvature of the vertebral 

column was observed in the treated fish at 75 mg MT/kg diet. For welfare reasons, the 

dose rate was limited, and 40 mg MT/kg diet was chosen as the maximum dose for 

this present study. Moreover, in this study MT was tested for a range of dosage (5, 10, 

20, 30, 40 mg/kg diet), but all-male populations were not fully (but partially) achieved. 

Hence, dose dependency may not be the cause of the low masculinizing outcomes in 

this species. Although doses below 5 mg MT/kg diet are as yet untested. 

Alternatively, species-specific causes may explain the low sex-reversal (to males) rates 

observed. In fact, it has been reported that sex differentiation was initiated at some 

period during the prenatal life for G. holbrooki (Chapter 2) and guppies (Dildine, 1936 

as cited in Piferrer and Lim, 1997), while the gonads of rainbow trout remained 

undifferentiated for 4 weeks post-hatching at 10-11oC (Lebrun et al., 1982 as cited in 

Billard, 1992). Therefore, the time of treatment initiation is critical for masculinization 

to be efficient. Yamamoto (1969) and Budd et al. (2015) have reported that the 

optimal time for hormonal sex-reversal is from labile periods (i.e., sensitive windows 

when the gonads are undifferentiated and more responsive to exogenous steroids) 

until after the occurrence of normal sex differentiation. In G. holbrooki, female sex 

differentiation initiated before birth (as described in chapter 2), therefore MT may be 

able to induce sex-reversal in some individuals in which sex differentiation occurred 

later. As a result, a proportion of the female populations possessing late sex 

differentiation were sex-reversed to males. In contrast, Norazmi-Lokman (2016) has 

successfully demonstrated 100% female populations for embryonic and neonate 
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stages. These results are comparatively reasonable with the findings that the 

occurrence of male sex differentiation appeared after birth (Chapter 2). 

4.5.3 MT caused intersex condition and paradoxical feminization 

Production of intersex fish may be expected when the hormone dosage or treatment 

periods were inadequate or in surplus (Al-Ablani and Phelps, 2002). For example, 

intersex fish were detected when yellow drum (Nibea albiflora) exposed to high 

concentrations of MT (2, 10 and 50 µg/L) showed abnormal gonads and intersex 

characters (ovotestes). Xu et al. (2018). In the current study, in the MT treatment on 

30-DAP juveniles, the results of gonadal observations and genetic testing showed the 

presence of intersex females (female genotype and intersex gonad) among treated 

fish, while no intersex females were found in the control group. This indicated that the 

dose rates (from 10 to 40 mg MT/kg diet) or the treatment period (30 days) might not 

be optimal. Therefore, in MT treatment of neonates, the dose rates were reduced to 

between 5 and 20 mg MT/kg of feed. The results of the latter experiment revealed 

that with the same treatment period (30 days) there was no intersex females in ≤ 10 

mg MT receiving treatments, but the intersex females were found in the 20 mg MT/kg 

feed treatment group. This determined that the high MT dose rates (≥ 20 mg MT/kg 

diet) were likely the reason for the appearance of intersex females. 

Unexpectedly, the androgen produced paradoxical feminization where genetic males 

were stimulated to develop oocytes concurrent with testicular tissue i.e., testicular 

oocytes. Indeed, some aromatizable androgens when administered at high 

concentrations or for extended periods produce what has been called “paradoxical 

feminization” (Hackmann, 1971 as cited in Piferrer, 2001). The paradoxical effect of 

steroid administration is not uncommon and has been reported not only in fish but 

also in amphibians and reptiles (Piferrer, 2001). For example, the occurrence of 

paradoxical feminization was reported in channel catfish (Ictalurus punctatus) exposed 

to 17α-ethylnyltestosterone at the dose of 6 mg/kg at 10 days after fertilization 



Chapter 4 - Hormonal Masculinization in Juveniles and Neonate Gambusia holbrooki 

 

123 

 

(Goudie et al., 1983). MT is an aromatizable androgen, therefore it can induce 

paradoxical feminization when administered at high concentrations. Negative 

feedback loops are likely the mechanisms that can explain this type of feminization. 

When the concentration of MT is higher than a threshold, it is converted to estrogenic 

compounds, resulting in feminizing effects i.e., paradoxical effects. Goudie et al. 

(1983) hypothesized that this type of feminization may be the result of aromatase 

enzymes, which convert MT to compounds with estrogenic bases.  

Similarly, in this study, the intersex-males (genotypic males with intersex gonads) 

caused by paradoxical feminization were found in all treatment groups of 30-DAP 

juveniles, but unfortunately no data was recorded to evaluate the occurrence of this 

condition in the treatment on neonates due to the unexpected constraints imposed by 

the University of Tasmania resulting in restricted laboratory access during the COVID 

19 crisis. Therefore, further studies are recommended to explore the effects of MT on 

paradoxical feminization of G. holbrooki.  

4.5.4 Neo-male production 

MT treatment at all doses was able to produce neo-males (phenotypic males with 

female genotype), although only a portion of genotypic females was induced to 

develop as phenotypic males. In the treatment on 30-DAP juveniles, all neo-males 

having an elongated anal fin were euthanized for gonadal observation and genetic 

sexing. In the treatment on neonates, the neo-males were divided into two groups 

based on their anal fin morphology including (i) neo-males with abnormal gonopodia 

(produced from 20 mg MT/kg diet group) and (ii) neo-males with completely 

developed gonopodia (produced from 5 and 10 mg MT/kg diet groups). These neo-

males were used to observe their sexual morphology in chapter 5.  Implications of the 

partial sex reversal found in this chapter in relation to field applications together with 

comparisons with results obtained of MT applications on females will be discussed in 

chapter 7.  
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4.6 Conclusion 

This chapter demonstrated that oral application of MT to neonates and juvenile G. 

holbrooki was successful in producing neo-males. Neonate was a better life stage for 

masculinization with 5 and 10 and 20 mg MT/kg diet producing comparable 

masculinization efficiency and survival. As neo-male production is a useful contributor 

to observing the gamity of this species by the method of combining androgen 

treatment and progeny testing, live neo-males were of most interest as an outcome. 

Therefore, all neo-males generated (5, 10 and 20 mg MT/kg diet fed groups) were 

raised to quantify sexual morphology (Chapter 5) and behaviour and reproductive 

fitness (Chapter 6) to evaluate the efficacy of MT treatment on functional 

masculinization.      
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Chapter 5  Sexual Morphology of Neo-male 
Gambusia holbrooki 

5.1 Abstract 

With the aim of assisting with the assessment of reproductive fitness of G. holbrooki 

neo-males, this study comparatively evaluated the morphology of gonopodia and 

testes between normal males (genotypic and phenotypic males) and neo-males 

(phenotypic males with female genotype). Thirty wild males, five control males  and 

15 neo-males were anesthetized and their gonopodia were photographed for 

morphometric measurements. Nine wild males and ten neo-males were euthanized 

for histological observation and 3D gonopodium and testis reconstructions. The 

results showed that neo-males in the 20 mg MT/kg diet group possessed an under-

developed gonopodium with no serrae and hooks, while neo-males in the two lowest 

doses (5 and 10 mg MT/kg diet) were stimulated to develop complete gonopodia with 

gonopodial tips equipped with serrae and hooks. There was no difference in the 

length ratio of fin rays 4 & 6 between neo-males of the two MT treatment groups (5 

and 10 mg/kg diet), control male and wild male groups (one-way Welch ANOVA, F (3, 

10.8) = 2.48, p = 0.12). However, there were significant differences in the width ratio of 

fin rays 3 & 4 between neo-male groups, control males and wild males (Welch ANOVA, 

F (3, 9.4) = 14.4, p = 0.001) in which the width ratios in control males (2.54 ± 0.13) and 

wild males (2.76 ± 0.14) were significantly larger than those of neo-males of 5 and 10 

mg MT/kg diet (2.2 ± 0.11 and 2.15 ± 0.09, respectively). There were no significant 

differences in the median number of serrae (Kruskal-Wallis H test, χ2
(3) = 6.95, p = 

0.07) and hooks (Kruskal-Wallis H test, χ2
(3) = 0, p = 1) between the neo-male groups, 

control males and wild males. The 3D simulation of the basal gonopodium was novel 

and shed light on the mechanism of transferring sperm packages from males to 

females in poeciliids. The results of the histological observations and 3D 

reconstruction of testes determined that neo-males in the lowest dose group (5 mg 

MT/kg diet) developed a funnel-shaped testis similar to that found in normal males. 
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The structures of testicular lobes were comparable to those of normal males where a 

central network of efferent ducts was surrounded by secretory testicular tissue at the 

distal part of testis lobes. However, neo-males in the 10 and 20 mg MT/kg groups 

formed an oval-shaped testis. In addition, at the dose of 10 mg/kg diet, MT seemed to 

stimulate the abnormal development of testicular tissue where the efferent ducts 

enlarged, and secretory testicular tissue reduced in area. These observations 

demonstrated that the treatment of MT at the dose of 5 mg/kg diet on neonates was 

effective in producing neo-males which displayed complete development of 

gonopodia and testes as normal males.  
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5.2 Introduction 

Generally, males of the family Poeciliidae display a fascinating suite of reproductive 

adaptations for internal fertilization through the development of a bony intromittent 

organ modified from the anal fin called the gonopodium (Meffe and Snelson, 1989). It 

is formed at maturation when the third, fourth and fifth anal fin rays elongate and 

thicken and is used to transfer sperm packets into the female genitalium (Howell et 

al., 1980). Internally, the genital tract of male poeciliids includes a single duct 

connecting the central lumen of the testis with a genital papilla in that the paired 

testes are fused into a single, median tubular organ (Meffe and Snelson, 1989). 

The production of sperm packets, or spermatozeugmata, within an active testis of 

poeciliids was described by (Meffe and Snelson, 1989). It starts at the apex of the 

tubules where nests of spermatogonia proliferate from resting germ cells before the 

number of Sertoli cells surrounding the cysts increases. Germ cells within the cysts 

undergo various stages of maturation (e.g., mitotic proliferation of spermatogonia, 

reduction division of spermatocytes) and are sequentially arranged from the periphery 

to the centre of the testis. By the time spermatogenesis, or gamete formation, is 

complete, cysts are near the efferent duct system and spermiation, the detachment of 

sperm from Sertoli cells, begins when spermatozeugmata are released into sperm duct 

system and ready for transfer to females. Spermatozeugmata are 0.1 to 0.2 mm in 

diameter and contain 4,000 to 5,500 sperm cells;  sperm heads are arranged in the 

outer gelatinous matrix of spermatozeugmata, and tails extend into the lumen.  

Eastern mosquitofish Gambusia holbrooki Girard 1859 is a live-bearing, freshwater fish 

(approx. 1 to 4 cm in total body length) that belongs to the family of Poeciliidae. It is a 

gonochorist, where only one distinct sex (male or female) is present in any one 

individual. Fertilization occurs internally via gonopodia and young develop inside the 

mother until they are born as small free-swimming fish (reviewed by Pyke, 2005). 
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Like other poeciliids, G. holbrooki testis, the shape (fused) and hence is referred as 

testis rather than testes, is relatively small and cannot easily be observed by the naked 

eye. Harvesting the testis to observe under a dissecting microscope may change the 

morphology of testis. Therefore, a less invasive method to determine the structure 

and morphology of the testis whilst it is still inside the body cavity may be achieved 

using histology. By using serial sections with the support of image analysis in Fiji 

(Schindelin et al., 2012), the 3D structure of the testes can be reconstructed for 

observing their morphology, in situ. 

Research on the morphology of the sexual organs (testes and gonopodia) of G. 

holbrooki males is limited. In this limited range of studies, Frankel et al. (2016) 

described the changes to gonopodia exposed to a human contraceptive progestin, 

Levonorgestrel (LNG) on reproductive development and behaviour of G. holbrooki. 

Regarding gonopodial morphology, the study of Angus et al. (2001) is considered   

pioneering research that used computer image analysis techniques to quantify the 

morphological changes on the anal fins of normal male and female G. affinis, a closely 

related species of G. hobrooki, during growth and development as well as the changes 

occurring in females exposed to an androgen, 11-ketotestosterone. The techniques 

described by Angus et al. (2001) were applied to measure lengths of anal fin rays 4 and 

5 of the gonopodia of male G. affinis exposed to different concentrations of 17α-

ethynyl estradiol (EE2) in the diet during the period of sexual maturation to 

demonstrate deleterious effects of EE2 exposure on sexual maturation and several 

indirect measures of reproductive fitness (Angus et al., 2005). In both studies, 

gonopodial morphology was used as a biomarker for quantifying the effects of 

androgen or estrogen exposure and endocrine disruption in mosquitofish.  

In relation to the testes, the annual testicular cycle and spermatogenesis in G. 

holbrooki were studied by Fraile et al. (1992) and Edwards et al. (2013). However, in 

these studies, males were dissected, and testes harvested, therefore, this invasive 

method may cause changes in the structure and morphology of the testis. With the 

advanced development of a computer image analysis software (Fiji), the 
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microphotographs of serial sections of testes can be used to reconstruct the 3D 

structure of the testes for elucidating their morphology without the need of 

harvesting the testes. 

Therefore, this study applied the morphometric techniques of Angus et al. (2001) and 

histology with the support of serial sections and Fiji to describe and compare sexual 

organ morphology of control males and neo-males to determine if the sexual organs 

of neo-male were similar to those of normal males. It complements the work on 

behaviour in the next chapter (i.e., posing the questions: Is the testis of a neo-male 

normal? Is the gonopodium of a neo-male normal?). Overall, this study was designed 

to observe and describe the:  

1. external sexual organ morphology of normal males and neo-males; 

2. internal sexual organ morphology of normal males and neo-males and;  

3. efficacy of MT oral administration in influencing sexual organ morphology of 

neo-males. 

5.3 Materials and methods 

5.3.1 Fish 

Wild male Gambusia holbrooki were collected from the Tamar Island Wetland Reserve 

(TWIR), Launceston, Tasmania, Australia in January 2018. Fish were collected using dip 

nets, then transferred to a holding tank containing freshwater (set up with adequate 

aeration) and transported to the Aquaculture Centre (Institute of Marine and Antarctic 

Studies, University of Tasmania, Newnham Campus). The day after their capture, wild 

males (n = 30) were anesthetized using AQUI-S (1-2 drops per litre of water). The 

anesthetized fish were measured for fish total length using a ruler and their gonopodia 

photographed to measure gonopodial length and describe morphometrics (as 

described in section 5.3.2). Nine wild males were euthanized for histological 

examination and 3D reconstruction of the testis and gonopodia. 
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Fifteen neo-males and five control males produced from experimental Chapter 4 (5 

fish/group) in 2019 were anesthetized, and their gonopodia photographed for 

morphometrics (as described in section 5.3.2). Ten neo-males (3, 2 and 5 fish for the 5, 

10 and 20 mg MT/kg diet groups, respectively) euthanized by using an overdose of 

AQUI-S were used for histological observation and 3D testis reconstruction.  

All the procedures of collection, handling and transportation of this species were 

conducted as stipulated by the permit of the Inland Fisheries Service Tasmania (IFS 

Permit number 2017-53) and were also reviewed and approved by the University of 

Tasmania Animal Ethics Committee (Permit No. A0015354 and A0017759). 

5.3.2 Morphometrics 

Fish total length of each wild male or control male or neo-male were measured using a 

rule and recorded before their anal fin (gonopodia) was photographed by using a 

digital camera (AmScope MU1803) connected to a dissecting microscope (Leica MZ95, 

China).  

Prior to measuring, all images were calibrated from pixels to micron using an image of 

a stage micrometer at the respective magnifications. From the calibrated images, the 

gonopodial length, the widths of anal fin rays 3 & 4 and the lengths of anal fin rays 4 & 

6 were measured for individual fish using Fiji software (Schindelin et al., 2012). These 

measurement were used to calculate ratios of the widths of anal fin rays three and 

four and ratios of the lengths of anal fin rays four and six. The numbers of serrae and 

hooks on each gonopodial tip were counted and recorded. 

5.3.3 Histology for reconstruction of gonopodia and testes 

In preparation for histology, sampled fish were decapitated, their tails trimmed and 

their bodies  (including gonopodia) cassetted before being fixed in neutral buffered 
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formalin (10%). The fixed samples were processed using standard histology techniques 

as described in chapter 2.  

5.3.3.1 Wild normal males 

Normal male gonopodia (n = 3) were collected and embedded in a paraffin block for 

transverse sectioning. The block was sectioned to produce a set of serial sections of 

the gonopodia to reconstruct their 3D shapes. Similarly, to reconstruct testis 

structure, in situ, five fish samples for sagittal and transverse sectioning were 

embedded (one abdominal section per paraffin block). From each block, serial sections 

(3 µm in thickness) were sliced and mounted on glass slides. Best sets of sections from 

the blocks (one in the transverse plane and one for the sagittal plane) were chosen. 

The sections were stained with Mayer’s hematoxylin-eosin and mounted in DPX 

before being observed and microphotographed. All whole section images were 

captured under 2x objective using a digital camera connected to a light microscope 

(Leica DM500, China).  

The selections of images for 3D simulations were as follows. For gonopodia, a set of 18 

transverse sections was chosen to re-construct a 3D features of the basal part of the 

gonopodium. For testes, in the transverse plane, a total of 722 images were captured 

and named as per numbers following the order of sectioning. From the 722 transverse 

images, 121 images were then selected by choosing the first image and removing the 

next five images before selecting the next image and so on until the end of the series. 

The selected images were used to construct a 3D transverse structure of the male 

gonad. 

Selection of the sagittal testis section images followed a similar process to the 

transverse section images. From the set of sections in the sagittal plane, 498 images 

were captured and named as per numbers following the order of sectioning. From the 

498 sagittal images, 90 images were then selected by choosing the first image and 

removing the next five images before selecting the next image and so on until the end 
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of the series. The selected images were used   to construct a 3D sagittal structure of 

the male gonad.  

5.3.3.2 Neo-males 

Nine samples of neo-males were embedded for sagittal sections (one abdominal 

section per paraffin block) and one slide per sample were sectioned for observing 

testicular tissue structure. Only one of the neo-males in the best treatment group (5 

mg MT/kg diet) was sliced for serial sections (5 µm in thickness) for reconstruction of 

3D structure of neo-males to compare with those of wild males due to the unexpected 

constraints imposed by the University of Tasmania resulting in restricted laboratory 

access during COVID 19 crisis. The sections were mounted on glass slides and stained 

with Mayer’s hematoxylin-eosin and mounted in DPX before being observed and 

microphotographed. All images of serial sections were captured under 2x objective by 

using a digital camera connected to a light microscope (Leica DM500, China).  

From the set of sections in the sagittal plane, a total of 278 images were captured and 

named as per numbers following the order of sectioning. From the 278 sagittal 

images, 139 images were then selected by choosing the first image and removing the 

next image (one) before selecting the next image and so on until the end of the series. 

The selected images were used to construct a 3D sagittal structure of the neo-male 

gonad.  

5.3.4 Alignment of images and extraction of morphology features 

The method for the extraction of the morphological features of G. holbrooki wild 

male/neo-male testis was according to Dang et al. (2019). After calibrating image sizes 

from pixels to microns, an image sequence was imported to Fiji (Schindelin et al., 

2012) to create a stack of images. To align all images in the stack, Linear Stack 

Alignment with SIFT function by aligning (i.e., aligning thousands of similar points on 

the images) was used. The alignment was visually checked to determine whether or 
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not it was proper by using Cartesian Coordinate System before the aligned stack was 

cropped to remove unexpected regions e.g., areas of bones and muscle  by using the 

rectangle ROI (Region of Interest) function. The aligned cropped stack of images 

obtained from cropping the aligned stack were saved and non-target organs were 

removed from the aligned cropped stack of images using Paint (Microsoft Window) to 

produce a testis aligned stack of images that contained only testicular tissue. All 

images in the testis aligned stack were separated by 18 µm for normal males or 10 µm 

for neo-males from each other by choosing Voxel depth. The morphology of the male 

gonad was extracted by applying Filtering and Thresholds functions. The reconstructed 

structure of the G. holbrooki testis was viewed using 3D Viewer plugins (resampling 

factor 1) in Fiji. 

5.3.5 Statistical analysis 

The data were analysed using IBM SPSS Statistic software (version 23). Data were 

tested for normality prior to running any analyses. A Pearson’s product-moment 

correlation (Laerd Statistics, 2018a) was applied to observe the relationship between 

gonopodial lengths and total body lengths of normal males. To compare total body 

lengths, length ratio of fin rays 4 & 6 and width ratio of fin rays 3 & 4 between neo-

males, control males and wild males, one-way ANOVA or Welch ANOVA (for data with 

heterogeneity of variances) was used after the data were tested for normality using 

Shapiro-Wilk Test. A Kruskal-Wallis H test was run to determine if there were 

differences in the number of serrae and hooks in the gonopodia between the neo-

male groups, control males and wild males. All data are presented as mean ± standard 

deviation unless otherwise stated. In all analyses, the significance was set at 95% (p < 

0.05). 

5.4 Results 

The comparative gonopodial and testis morphology of neo-males with those of the 

wild males and/or control males  are presented below. 
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5.4.1 The external sexual organ – gonopodium 

5.4.1.1 Wild males 

Wild Gambusia holbrooki males had a mean body length of 24.8 ± 1.35 mm, while the 

mean length of the gonopodium was 6.33 ± 0.43 mm (Table 5.1) which was about 25% 

of the total body length. The mean ratio of the width of fin rays 3 & 4 was 2.7 ± 0.43 

and that of the length of fin rays 4 & 6 was 2.37 ± 0.11. The number of serrae on a 

gonopodium ranged between 5 to 8, whereas the number of hooks on each 

gonopodial tip was 2 and unchanged between individual males.  

Table 5.1: Mean total (body) and gonopodial length, and key meristic counts 
associated with the gonopodium of wild male G. holbrooki (SD: Standard deviation) 

Traits Means SD Max Min 

Total body length 24.8 1.35 27 22 
Gonopodial length 6.33 0.43 7.24 5.51 
Fin rays 3:4 width ratio 2.7 0.43 3.7 2.08 
Fin rays 4:6 length ratio 2.37 0.11 2.69 2.16 
Number of serrae - - 8 5 
Number of hooks 2 0 2 2 

Preliminary analyses showed that the relationship to be linear with both variables 

normally distributed, as assessed by visual inspection of Normal Q-Q Plots and there 

were no outliers. There was no statistically significant correlation between gonopodial 

length and total body length of G. holbrooki males, r (28) = 0.17, p = 0.38, suggesting 

the gonopodial length is quite consistent in length despite the length of the fish. 

All gonopodia had a distal pointed tip (Figure 5.1A). Without exception, the tip was 

composed of modified anal fin rays 3, 4 and 5 and equipped with hooks, serrae, an 

elbow and spines (Figure 5.1B). There were two hooks, one on each at the end of anal 

fin rays four and five. Anal fin ray four consisted of two branches with serrae in the 

dorsal and an elbow in the ventral branches, respectively. Anal fin ray three was 

equipped with inner and outer spines. 



Chapter 5 - Sexual Morphology of Neo-male Gambusia holbrooki 

135 

 

 

Figure 5.1: The shape of a wild male gonopodium (A) and its tip (B) equipped with 
inner spines (blue arrows), outer spines (yellow arrows), serrae (red arrows), an elbow 
(green arrow) and hook (white arrow). 

5.4.1.2 Neo-males 

There was a significant difference in total body length between wild males, control 

males and neo-males (one-way ANOVA, F (4, 20) = 8.85, p < 0.0005, η2 = 0.64, Figure 

5.2). Tukey post hoc analysis revealed that the mean total body length (mean ± SE) of 

control males (27.4 ± 0.6 mm) was significantly greater than those of wild males (24.6 

± 0.6 mm) and neo-male groups (25.1 ± 0.45, 24.1 ± 0.33 and 23.8 ± 0.34 mm for the 

10, 5 and 20 mg/kg diet groups respectively) and there was not a significant difference 

in the total body lengths between neo-males in three MT treatment groups and wild 

males. 



Chapter 5 - Sexual Morphology of Neo-male Gambusia holbrooki 

136 

 

 

Figure 5.2: Mean total body lengths (± SE, n = 5) of wild males, control males and three 
neo-male groups of 5, 10 and 20 mg MT/kg diet. Means with different letters are 
significantly different from one another. 

In terms of gonopodial morphology, the neo-males in the 20 mg MT/kg diet group 

developed an elongated anal fin but the development was incomplete as forming a 

gonopodium with an incomplete tip (Figure 5.3). Therefore, the neo-males in this 

group were excluded from the comparison of gonopodial morphology of neo-males to 

control male and wild male groups. 
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Figure 5.3: Gonopodial morphology of (A) a control male, (B) a neo-male of the 5 mg 
MT/kg diet group, (C) a neo-male of the 10 mg MT/kg diet group and (D) the 
elongated anal fin of a neo-male in the 20 mg MT/kg diet group showing an 
incomplete tip.  

There was no difference in the length ratio of fin rays 4 & 6 between neo-males of the 

two MT treatment groups (5 and 10 mg/kg diet) and control male and wild male 

groups (one-way Welch ANOVA, F (3, 10.8) = 2.48, p = 0.12). A one-way Welch ANOVA 

was conducted to determine if the length ratio of fin rays 4 & 6 was different for the 

groups of neo-males, control males and wild males. Experimental fish were classified 

into four groups including neo-males (5 mg MT/kg diet, n = 6), neo-males (10 mg 

MT/kg diet, n = 6), control males (n = 6) and wild males (n = 6). Data were normally 

distributed for each group, as assessed by Shapiro-Wilk test (p > 0.05); but there was 

heterogeneity of variances, as assessed by Levene’s test (p < 0.005). 

There were significant differences in the width ratio of fin rays 3 & 4 between neo-

male groups, control males and wild males (Welch ANOVA, F (3, 9.4) = 14.4, p = 0.001) in 
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which the width ratios in control males (2.54 ± 0.13) and wild males (2.76 ± 0.14) were 

significantly larger than those of neo-males of 5 and 10 mg MT/kg diet (2.2 ± 0.11 and 

2.15 ± 0.09, respectively). Specifically, a one-way Welch ANOVA was conducted to 

determine if the width ratio of fin rays 3 & 4 was different for the groups of neo-

males, control males and wild males. Data of all the experimental groups i.e., neo-

males (5 mg MT/kg diet, n = 6), neo-males (10 mg MT/kg diet, n = 6), control males (n 

= 6) and wild males (n = 6) was normally distributed for each group, as assessed by 

Shapiro-Wilk test (p > 0.05); and there was heterogeneity of variances, as assessed by 

Levene’s test (p = 0.028). 

There were no significant differences in the median number of serrae (Kruskal-Wallis 

H test, χ2
(3) = 6.95, p = 0.07) and hooks (Kruskal-Wallis H test, χ2

(3) = 0, p = 1) between 

the neo-male groups, control males and wild males. 

5.4.2 Testicular tissue structure and spermatogenesis of control and 
neo-males 

5.4.2.1 Wild male gonad 

Adult male Gambusia holbrooki possessed a pair of fused testes in which the two 

lobes fused to form a single lobe in the juvenile stage (as detailed in Chapter 2) – 

hereafter referred to as a single lobed testis. The testis was attached dorsally to the 

body wall by connective tissue i.e., mesorchium and covered by a thin connective 

tissue capsule. From sagittal plane, the male gonad possessed a funnel-shaped testis 

which was divided into 2 parts: an anterior glandular part (testis lobe) and a posterior 

vas deferens (Figure 5.4A). The testis lobe could be distinguished into two sections: a 

network of efferent ducts located medially which is surrounded by a lateral layer of 

secretory testicular tissue. As was evident from transverse sections (from cranial to 

caudal end), there was a single lobe of the testis located predominantly on the left 

side of the abdomen next to the liver and surrounded by the intestine (Figure 5.4B). At 

the centre of the testis, there was a large cavity of central efferent ducts where 

spermatozoa were arranged and stored in bundles (i.e., spermatozeugmata). Lobules 
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radiated from the central efferent ducts towards the periphery. Spermatogonia were 

located only in the distal portion of the lobules. The blind end (apex) of these lobules 

was opposed against the capsule.  



Chapter 5 - Sexual Morphology of Neo-male Gambusia holbrooki 

140 

 

 

Figure 5.4: Histological sections through wild G. holbrooki testis. (A) a sagittal section 
of an abdominal section through testis showing a funnel-shaped testis (black broken 
line) with an anterior testis lobe and a posterior vas deferens covered by a testicular 
capsule (located in the black broken line). (B) a transverse section (from cranial to 
caudal end) of an abdominal section through the anterior part of a testis showing a 
single testis lobe covered by a testicular capsule (black broken line). Eff: central 
efferent ducts; P: periphery; Sz: spermatozeugmata. 
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Morphologically, germ cells (e.g., spermatogonia, primary spermatocytes, secondary 

spermatocytes, spermatid, and spermatozeugmata) in the G. hobrooki testis had 

identical cytological features as those of the male testis described in chapter 2. G. 

holbrooki had a restricted and anterior lobular testis where spermatogonia were at 

the testicular periphery and the developing germ cells progressed orderly from the 

periphery of the testis lobules to efferent ducts (Figure 5.5A-B). Spermatogenesis 

occurred at the periphery, within a cystic structure in which all germ cells develop as a 

synchronous clone that was surrounded by Sertoli cells (Figure 5.5C). During 

spermatogenesis, the cysts normally migrate toward the efferent duct network as 

germ cells mature inside the cysts. Spermatozoa are packaged in bundles called 

spermatozeugmata and these packages are usually released into the testis ducts and 

move down to the vas deferens where they are ready for transfer to female genitalia. 

Spermatozeugmata were characterised by the heads of spermatozoa oriented toward 

Sertoli cells (Figure 5.5D).   



Chapter 5 - Sexual Morphology of Neo-male Gambusia holbrooki 

142 

 

 

Figure 5.5: Transverse sections of wild G. holbrooki testis. (A) Spermatocysts with 
synchronous germinal cells at different stages of spermatogenesis were found in the 
lobules. Cysts at the later stages of spermatogenesis were located progressively closer 
(large arrow) to the efferent ducts (Eff) which contained abundant spermatozoa 
organized in naked bundles called spermatozeugmata (Sz). (B) The lobules of testicular 
periphery contained cysts of germ cells during several stages of spermatogenesis such 
as spermatogonia (Sg), restricted at the periphery, primary spermatocytes (1Sc), early 
spermatids (eSt), late spermatids (lSt) and spermatozoa in spermatozeugmata (Sz). (C) 
Sertoli cells (black arrow heads) surrounded a cystic structure of spermatozeugmata. 
(D) The structure of a spermatozeugmata with sperm nuclei formed the surfaces of 
spermatozeugmata and flagella at the central of the cyst. 

5.4.2.2 Neo-male gonads 

In terms of gross testis morphology, the results of sagittal sections for observing 

testicular tissue structure indicated that neo-males in the treatment groups of 10 and 

20 mg MT/kg diet developed oval-shaped testes (Figure 5.6) which could not be 

distinguished into a testis lobe and a vas deferens, while neo-males in the 5 mg MT/kg 
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diet group possessed a funnel-shaped testis including a testis lobe and a vas deferens 

similar to those of wild males (Figure 5.7).   

The observations of testicular tissue structure showed there was abnormal 

development of the testis lobes in the neo-males fed the 10 and 20 mg MT/kg diet 

doses, although there was individual variability in the testicular tissue structure of 

neo-males in these groups. In fact, a neo-male of the 10 mg MT/kg diet group had only 

sperm packets (spermatozeugmata) within the network of efferent ducts and had no 

layer of secretory testicular tissue (Figure 5.6A) and no other stages (e.g., 

spermatogonia, spermatocytes and spermatids) of spermatogenesis appeared in the 

gonad. In addition, another neo-male in this group developed a very thin layer of 

secretory testicular tissue surrounding a huge space of network of efferent ducts. 

However, the observations of testes of neo-males from the 20 mg MT/kg diet group 

indicated that normal structure of testicular tissue was found in all neo-males of this 

group (n = 5) (Figure 5.6B). This structure of testicular tissue was similar to those of 

control males and neo-males treated with MT at 5 mg/kg diet, involving a network of 

efferent ducts located medially and surrounded by a layer of secretory testicular 

tissue. 
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Figure 5.6: Sagittal sections of abdominal sections through the oval-shaped testes 
(encircled by black broken lines) of neo-males in (A) 10 mg MT/kg diet group and (B) 
20 mg MT/kg diet group. 
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Figure 5.7: A sagittal section of an abdominal section through the funnel-shaped testis 
(encircled by black broken lines) of neo-males in 5 mg MT/kg diet group. 

5.4.3 The 3D simulation of gonads 

5.4.3.1 The 3D simulation of a wild male gonopodium and gonad 

As is evident from the 3D simulations (Figure 5.8), the base of the gonopodia appears 

like a tube rather than a groove, in that there were two openings divided by a 

partition resulting from the fusion of fin rays 3 and 4; and 4 and 5, respectively (Figure 

5.9). The heights and widths of the larger and  smaller tubes were 319 x 108 µm and 

232 x 64 µm, respectively. 
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Figure 5.8: The 3D simulations of the base of a gonopodium. (A) a front view (thrust 
forward) showing two tubular channels (one small and one larger) distinguished by 
the partition formed by the fusion of fin ray 3, 4 and 5, respectively and (B) a 
tangential view of the tube-shaped channels. Unit for ruler: µm. Sizes of the base were 
reduced to 25% of the normal size for decreasing the processing load of Fiji. 

 

Figure 5.9: A transverse section of the basal gonopodium showing fin ray 3 on the top, 
fin 4 with two branches at the middle and fin ray 5 at the bottom of the partition. 
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The morphology of a wild male testis was elucidated by using serial histological 

sections allowing the 3D structure of the tissue to be visualized. For a male sectioned 

in the transverse plane, the total fish length of the male was 30 mm. In relation to the 

total length, the testis length was about 2,166 µm in that the testis lobe (Figure 5.10) 

was about 1,539 µm in length (equivalent to 513 slides x 3 µm/slide), the vas deferens 

length was roughly 459 µm (equivalent to 153 slides x 3 µm/slide) and the urogenital 

pore width was 162 µm (equivalent to 55 slides x 3 µm/slide). This male had the testis 

volume of 29.09 mm3.  
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Figure 5.10: The 3D simulations of a testis lobe (A) anterior view; (B) posterior view; 
(C) right lateral view and (D) left lateral view. Unit for ruler: µm. Sizes of the testis lobe 
were reduced to 25% of the normal size for decreasing the processing load of Fiji. 

For a male sectioned in the sagittal plane, the total fish length of the male was 28 mm. 

In relation to the total length, the width of the testis was around 1494 µm (equivalent 

to 489 slides x 3 µm/slide) and the vas deferens was about 447 µm in width 

(equivalent to 149 slides x 3 µm/slide) (Figure 5.11). The testis volume of this male 

was 39.62 mm3. 
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Figure 5.11: The 3D simulations of a testis of a wild male seen from (A) right lateral 
side and (B) caudal to cranial end. Unit for ruler: µm. Sizes of the testis were reduced 
to 25% of the normal size for decreasing the processing load of Fiji.  

The observation of the simulations and the photomicrographs of a number of testes 

showed that a G. holbrooki wild male possesses a single elongated testis located along 

the midline of the body and attached to the dorsal body wall by a mesorchium. The 

testis was covered by a thin connective tissue capsule. The genital tract included a 

single duct, equivalent to the vas deferens, connecting the central deferent duct 

system of the testis to the urogenital pore that is open to the exterior. 

5.4.3.2 The 3D simulation of a neo-male gonad 

Based on the results of the testicular tissue structure, neo-males from a 5 mg MT/kg 

diet treatment group showed the best development. Therefore, a neo-male from that 

treatment group was used for serial sections to observe the 3D structure of the testis. 

The neo-male (23 mm in total length) was sectioned through the sagittal plane. In 

relation to the total length, the width of the testis was around 1425 µm (equivalent 

with 285 slides x 5 µm/slide) (Figure 5.12) and the widest part of the vas deferens was 

about 650 µm (equivalent with 130 slides x 5 µm/slide). The testis volume of the neo-

male was 38.73 mm3.  



Chapter 5 - Sexual Morphology of Neo-male Gambusia holbrooki 

150 

 

 

Figure 5.12: The 3D simulation of a neo-male gonad seen from (A) right lateral view 
and (B) caudal to cranial end view. Unit for ruler: µm. Sizes of the testis were reduced 
to 25% of the normal size for decreasing the processing load of Fiji.  

The observations of simulations and the photomicrographs of the testis of a neo-male 

in the 5 mg MT/kg diet treatment group, showed that the neo-males had a similar 

testis structure to normal males. It had a single elongated testis located along the 

midline of the body, covered by a thin connective tissue capsule, and attached to the 

dorsal body wall by the mesorchium. The genital tract included a single duct 

connecting the central deferent duct system of the testis to the urogenital pore that 

was open to the exterior. 

5.5 Discussion 

In the present study, reproductive organs of G. holbrooki wild and/or control males 

(herein, collectively referred to as normal males) and neo-males, from the secondary 

sexual character (gonopodia) to testis morphology, were compared to understand 

similarities and/or differences as a proxy to elucidate effective MT doses for producing 

advanced neo-males. Generally, the results indicated that neo-males produced at the 

optimal dose (of those doses tested) of 5 mg MT/kg displayed very similar testis 

morphology to normal males as it was evident from both histology and their 3D 

reconstructions. 
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5.5.1 The external sexual organ – gonopodium 

Like other poeciliids, G. holbrooki males possess a gonopodium, a long and slender 

intromittent organ, serving as a holdfast device to transfer sperm packets into the 

female genitalium during copulation (Howell et al., 1980). However, the mechanisms 

of transferring sperm package from males to females are unknown. Surprisingly, the 

results of gonopodial 3D simulation indicated that gonopodia were tubes in shape 

rather than just grooves on blades as they appear whilst observing fresh samples 

under microscopes. This likely due to transparent nature of the fused rays in fresh 

samples. Both the tubular openings were large (108 and 64 µm in width and 319 and 

232 µm in height) enough to accommodate sperm packets (41 ± 1.5 µm), suggesting 

that these tubes play a central role to channel and drive sperm packages to female’s 

urogenital opening during copulations. The observed tubular structure explains a 

more efficient transfer of sperm packets than what was largely thought to be a 

grooved structure before this study. 

Gonopodial morphology of mosquitofish and the development of gonopodia have 

been used as a biomarker for quantifying the effects of steroid exposure and 

endocrine disruption (Angus et al., 2001, Angus et al., 2005, Frankel et al., 2016). This 

is the first study where the morphology of gonopodia was compared to assess the 

impacts of MT treatment, with an aim to generate functionally sex-reversed animals.    

The results of this study indicated that G. holbrooki normal males shared a similar 

shape of gonopodial tip and they had similar anal fin morphological traits (e.g., 3:4 

width ratio, 4:6 length ratio, numbers of serrae and hooks) compared to its sister 

species G. affinis (Angus et al., 2001). In relation to body length, this study found that 

the gonopodium of G. holbrooki was quite consistent in length despite the length of 

the fish. To our knowledge, this is the first study to suggest the gonopodial length is 

not dependent on total body length. However, it is not clear if this holds good 

throughout the life cycle or occurs post maturity/puberty. The latter is likely, as at 

least, at birth, gonopodia is absent, so any development elongation is conceivably 
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corelated to increase in body size. Regardless, the length of gonopodia might be an 

evolutionary feature that enables this species to proactively copulate with females. 

This in part supports the idea that longer gonopodia are evolved in species without 

courtship because they facilitate coercive mating but circumvent female choice 

(Kolluru et al., 2014).  

In general, all neo-males in the treatment group of 20 mg MT/kg diet presented an 

elongated anal fin (an incomplete gonopodium). A gonopodium is a bony intromittent 

organ equipped with hooks and claws that functions to impregnate the female for 

internal fertilization (Itzkowitz, 1971, Meffe and Snelson, 1989). Any neo-males that 

possessed an incomplete gonopodium were likely compromised in their reproductive 

capacity, even if they internally possessed a well-developed testis. This is because they 

may not transfer sperm packages to females. Therefore, this group of neo-males were 

excluded from behavioural and reproductive fitness studies (Chapter 6). By contrast, 

neo-males (from the treatment groups of 5 and 10 mg MT/kg diet) developed a 

complete gonopodium and exhibited a similar shape of gonopodial tip and some 

similar anal fin morphological traits i.e., 4: 6 length ratio, numbers of serrae and hooks 

compared to control males. However, these neo-males had a smaller 3: 4 width ratio 

compared to control males. The difference in thickening of the fin ray 3 (shown by 3: 4 

width ratios) of neo-male gonopodia compared to those of control male may or may 

not affect the reproductive capability of neo-males. Therefore, these neo-males were 

observed further (as described in Chapter 6) to determine how they interact with 

virgin females in comparison with the interactions between control males and virgin 

females. 

5.5.2 The internal sexual organ – testis  

Gross morphology of normal male testis 

Fish of the family Poeciliidae possess a single elongated testis located along the middle 

line of the body (Meffe and Snelson, 1989). However, no study has shown as to, if nor 

when a single lobed develops in poeciliids. This is the first study demonstrates that 
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indeed G. holbrooki has a bilobed testis to begin with like most teleosts, but only fuses 

to form a single lobe at the juvenile stage (Chapter 2). It is possible that the formation 

of the single lobed testis with a unique vas deferens is a result of adaptation to 

effectively facilitate the production of sperm packets or could be a vestige of the fused 

ovaries in females, evolved to maximize the space for the incubation of young. 

Although testicular tissue structure of this species was observed by Fraile et al. (1992), 

to the best of our knowledge, the 3D reconstruction of G. holbrooki testis is the first 

effort to visualize testes of live-bearing fish. The 3D reconstruction of the testis 

allowed the study of testis without dissecting it out of the body cavity, that could 

otherwise distort its shape due to handling artefacts. This approach was useful in 

comparing the effects of MT treatment on the morphological structure of the testis to 

supplement other approaches in this thesis which explored the effect of MT treatment 

on the gonopodial structure and ability to mate successfully with females. 

Testicular histology of normal males 

Normal males had histological characteristics similar to those found by Fraile et al. 

(1992). Germ cell morphology of G. holbrooki is comparable to that reported in other 

species of poeciliids such as guppy (Poecilia reticulata) (Mazzoni et al., 2014), and 

sailfin molly (P. latipinna) (Uribe et al., 2014). Regarding germ cell organization, the 

results of this study indicated that G. holbrooki testis organized morphologically into a 

restricted lobular type as described by Grier et al. (1980). This testis type has been 

reported for other viviparous species of Poeciliidae (reviewed by Parenti and Grier, 

2004, Uribe et al., 2014). The specific arrangement of germ cells for this type of testis 

is that spermatogonia are restricted to the distal termini of lobules rather than being 

distributed along the lobule. The restricted lobular type of testis is diagnostic of 

atherinomorph fish (Parenti and Grier, 2004).  

Interestingly, from observing testicular histology this study provided supporting 

evidence that male G. holbrooki transfer spermatozoa packaged in bundles, 
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spermatozeugmata, to females because these sperm packets were found at the end of 

the genital tract. This agrees with the study of Howell et al. (1980) that in 

mosquitofish, sperm packets (rather than sperm) are transferred into the female 

genitalium via the gonopodium. 

Comparative testis histology of normal males and neo-males 

Neo-males in the 5 mg MT/kg diet group showed advanced development of the testis. 

In terms of gross testis morphology, the result of the 3D reconstruction revealed that 

the neo-male had a funnel-shaped testis which was similar to that of normal males. 

These normal males and neo-males shared similar germ cell morphology, germ cell 

organization and the progress of spermatogenesis from the periphery to centre of the 

testis, suggesting that the neo-males are likely functional. 

Although the volume of the neo-male testis was smaller than those of normal males, 

this likely reflects individual differences in physiological state as such differences 

between two normal male testes were also observed. However, a robust comparison 

was not possible due to the small sample size (two for normal males and one for neo-

males). Regardless, with increased samples and improved the speeds of simulation re-

construction, it would be possible to make relative comparisons and their significance.   

Neo-males in the remaining groups (10 and 20 mg MT/kg diet) developed abnormal 

oval-shaped testis with blind sacs, suggesting that the higher doses were not optimal. 

Also, neo-males of the 10 mg MT/kg diet developed structurally abnormal testicular 

lobes where the efferent ducts enlarged, secretory testicular tissue reduced in area, 

and only spermatozeugmata presented in the testis ducts similar to the condition 

found in normal testis during the quiescent period. However, testes of neo-males in 

the 20 mg MT/kg diet group exhibited a similar cellular architecture as control males, 

albeit with gross oval shaped testis. This dose-dependent cellular changes could be 

attributed to cyclic feed-back mechanisms of steroid bio-syntheses, first reaching 

optimum levels to override genetic sex at 5 mg MT/kg diet, followed by repressive and 
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again activation of testis differentiation at 10 and 20 mg MT/kg diet respectively, 

albeit incompletely at the latter doses. 

The occurrence of ‘blind-sac’ like testis is similar to those reported for Atlantic salmon 

(Salmo salar). For example, the testes of neo-males generated by dietary 

administration of MT (3 mg/kg for 900o days) were irregular in shape with poorly 

formed seminiferous ducts and higher proportions of interstitial tissue (de Castro and 

Patil, 2019). Moreover, such differences affected the quality of semen because the 

gametes of neo-males can only be extracted directly from the anterior of the gonads 

after sacrifice and dissection and the practice of maceration of testis for collection of 

semen reduced the semen quality by contaminating blood and immature cells (de 

Castro and Patil, 2019). In contrast, in yellow drum (Nibea albiflora), neo-males 

produced by immersion with MT at dosage of 0.2 µg/L were able to develop normal 

testes and breed normally (Xu et al., 2018). It is, therefore, possible that the mode of 

administration could have contributed to the abnormal gonadal development, 

particularly at higher doses. Typically, immersion treatment is short compared to oral 

administration, but requires greater time precision. Moreover, immersion treatment 

has been recommended to produce neo-male Atlantic Salmon that can breed normally 

(de Castro and Patil, 2019). It is therefore possible that future immersion treatment 

could yield a more efficient sex reversal outcomes in this species. In this regard, the 

timing of earliest cellular differentiation of males and females (chapter 2) in this 

species could serve as guides for initiating immersion treatment.  However, it must be 

noted that G. holbrooki neo-males paradoxically produced by oral treatment of DES 

can also breed normally (Patil et al., 2020). This in part agrees with the observation in 

this study, where the gonads of the neo-males produced by MT treatment (5mg/kg 

diet) had normal testis morphology and structure. Therefore, there is a potential that 

these neo-males are functional sex-reversal individuals. However, their ability to breed 

normally is as yet untested. 
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5.5.3 Efficacy of MT administration on gonopodial morphology 

As observed, MT doses had varying effects on the development of the gonopodial 

morphology of neo-males. In fact, MT at the dose of 5 mg/kg diet seemed to be the 

best dose rate (of those tested here) to produce advanced neo-males with well-

developed gonopodia and testes as those of normal males. When the MT dose 

increased to 10 mg MT/kg diet, the treated neo-males still generated complete 

gonopodia. However, when the MT dose rose to a 20 mg/kg diet, the development of 

gonopodia was suppressed and failed to complete. Consequently, the neo-males in 

this treatment group presented elongated anal fins with no gonopodial tips.  

No studies have demonstrated the induction of secondary sexual characters (i.e., 

gonopodial development) by exogenous hormones during early life stages in G. 

holbrooki. Instead, most studies have focused on observing the development of 

gonopodia in adult females exposed to androgens as biomarkers of environmental 

androgens (Angus et al., 2001, Turner, 1942b, Turner, 1941a, Turner, 1942a, Howell et 

al., 1980). These adult females were induced to develop gonopodial-like 

characteristics, but the resulting gonopodial-like structures were not the same as 

those of typical males. However, in this study the resultant neo-males of the 5 mg 

MT/kg diet group had well-developed gonopodium as those of typical males, 

suggesting that the hormone administration at an early age can stimulate secondary 

sexual characters. 

5.6 Conclusion 

The 3D simulation of the basal gonopodium is novel and served to elucidate the 

mechanism of sperm packet transfer from males to females in G. holbrooki. 

Importantly, the findings suggested that the neo-males from 5 and 10 mg MT/kg diet 

groups developed a complete gonopodium with a gonopodial tip equipped with serrae 

and hooks. Hence, these formed the basis for behavioural observations (Chapter 6). 

However, the neo-males in 10 mg MT/kg diet treatment were found to possess slightly 
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abnormal gonads when subjected to morphological analysis (i.e., post behavioural 

study). Under-developed gonopodia were found in the neo-males treated with a 

higher dose (20 mg MT/kg diet) and these was not used for behavioural studies. 

Internally, the neo-males of the 5 mg MT/kg diet group each formed a funnel-shaped 

testis similar to that of control males, but the neo-males from both treatment groups 

of 10 and 20 mg MT/kg diet individually showed an oval-shaped testis, but with what 

appeared to be cyclically responding cellular morphology. Collectively, the cyclic 

cellular responses, may be in response to the feedback mechanism associated with 

regulation of steroid hormones as has been recently suggested in this species (Patil et 

al., 2020). More broadly, the outcomes can serve as a baseline for comparative studies 

between Poeciliids, in optimizing doses of hormone treatment and for downstream 

assessment such as behavioural consequences. Consequently, neo-males of the 5 and 

10 mg MT/kg diet groups formed the basis for follow-on experiments observing 

behavioural interactions and reproductive fitness (chapter 6).
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Chapter 6 - Behavioural Interactions and Reproductive 
Fitness of Neo-male Gambusia holbrooki 

6.1 Abstract 

Evaluating behaviours and reproductive fitness of hormone treated individuals and 

their progeny are vital for the improvement of productive efficiencies in the 

aquaculture sector and for inferring EDC polluted impacts in ecotoxicology studies. For 

the application of TSC strategy as a pest fish management, information on the 

behaviours and reproductive fitness of hormone treated fish is critical to determine 

the effectiveness of the TSC strategy in the target species and the potential benefits 

and costs of introducing them as Trojan fish. With this aim, behavioural interactions, 

reproductive fitness assessment and sperm packet expression were conducted on the 

two groups of neo-males (fed on 5 and 10 mg MT/kg diet) and one control group 

(same age as neo-males). Fish from control or neo-male groups (test fish) were 

individually paired with a virgin female (stimulus fish) and their behaviours were 

recorded for 60 minutes using an in-front camera. The footage was analysed to 

observe behavioural interactions of the test fish and stimulus fish. After recording 

behaviour interactions, each pair of a control male/neo-male and a virgin female was 

kept together in an aquarium until the signs of female pregnancy were evident before 

the females were separated to observe reproductive fitness. If the paired females 

showed no sign of pregnancy after six months together, their respective paired control 

males/neo-males were anesthetized to observe whether they could produce 

spermatozeugmata (sperm packets). The results indicated that there were significant 

differences in median numbers of mating attempts between control and neo-male 

groups (Kruskal-Wallis H test, χ2
(2) = 6.6, p = 0.036). Post hoc tests revealed that there 

was a significant difference in median numbers of mating attempts between neo-

males of 5 mg MT/kg diet (42) and neo-males of 10 mg MT/kg diet (17, p = 0.043), but 

no significant difference was found between the neo-male groups and control group 

(p = 0.17 and p = 1.0 respectively for the neo-males of 5 and 10 mg MT/kg diet 
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groups). Within the 60 minutes of behavioural observations, most control males and 

neo-males did not illustrate any aggressive behaviours to virgin females. Only one 

virgin female instigated any significant level of aggression with 44 incidents of 

aggressive behaviours per 60 minutes. The number of aggressive behaviours by the 

virgin females increased over the time. This aggressiveness of virgin females was the 

reason for high mortality rates (40 - 60 %) of control males and neo-males when 

paired with virgin females. In terms of reproductive fitness, 60 % of virgin females 

paired with control males gave birth to young, while only 20 % of virgin females paired 

with the neo-males of 5 mg MT/kg diet group parturated to immature neonates all of 

which died one day later. No virgin females paired with the neo-males of 10 mg MT/kg 

diet group gave birth or showed signs of pregnancy. Like control males, 

spermatozeugmata could be expressed from all neo-males in the 5 mg MT/kg 

treatment, but these sperm packets could be squeezed from only 55.6% of neo-males 

of 10 mg MT/kg diet group. The observations indicated that MT at the dose of 5 mg/kg 

diet effectively sex reversed genetic females to phenotypic males with behaviour 

interactions and production of sperms packets as normal males, but the results for 

their reproductive fitness were inconclusive and variable between individuals. While 

the results indicate the reproductive viability of sex reversed individuals, further 

investigations and quantification  of any reproductive fitness/trade-offs of neo-males 

in this group are warranted. 
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6.2 Introduction 

Behaviour consists of a series of overt, whole-body observable activities which 

operate through the nervous system and assist animals to survive, grow and 

reproduce (Beitinger, 1990). Fish behaviours can be used as biomarkers to assess 

stress in fish and there are seven different types of behaviour in fish (i) avoidance-

attractance, (ii) behavioural response to temperature and oxygen, (iii) behavioural 

response to oxygen, (iv) feeding behaviour, (v) predator-prey interactions, (vi) 

intraspecific social behaviour and (vii) reproductive behaviour (Beitinger, 1990). 

Poeciliids are small, active, and colourful fish that are popular with aquarists e.g., 

guppy and swordtails and they have become a prime tool of behaviourists (Itzkowitz, 

1971). Numerous behavioural studies on this group of fish have been conducted 

including (i) studies in intraspecific social behaviour, e.g., the guppy Poecilia reticulata 

was used as a host to improve our understanding of animal behaviour and disease 

dynamics (Stephenson, 2019); (ii) studies in predator-prey interactions e.g., predatory 

behaviour of female guppies (Deacon et al., 2019); and using the guppies as stimuli to 

assess the foraging efficiency of an endangered goodeid fish (Camacho-Cervantes et 

al., 2019). Several studies have demonstrated reproductive behaviour in poeciliids 

e.g., mating and aggressive behaviour of Brachyrhaphis olomina (Garita-Alvarado et 

al., 2018), mating behaviour and its morphological correlates in two colour morphs of 

Girardinus metallicus (Kolluru et al., 2014). 

Among poeciliids, Gambusia affinis, a sister species of Gambusia holbrooki, has been 

studied thoroughly. For example, social behaviour in heterosexual and unisexual 

groups was studied by Itzkowitz (1971) where the author provided behavioural 

definitions for major male behavioural patterns and the interactions of males – 

females and males – males to explore the feasibility of studying social behaviour of 

larger groups. These studies showed that individual male G. affinis were highly 

aggressive toward each other but were submissive to the usually larger females and 

that aggression between males was significantly reduced in the absence of females. 
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Moreover, several studies have been carried out to observe factors influencing male 

mating behaviour in G. affinis. For example, the effects of female and male body size 

on male mating behaviour were observed by Deaton (2008) who found female body 

size, size of female gravid spot and male testis mass were important predictors of 

male mating behaviour in G. affinis. The effects of density of male and female G. 

affinis on male-male aggression, male harassment towards females and female fitness 

were determined by Smith (2007) showing that male and female density differentially 

affects patterns of male behaviour and female fitness. Hughes (1985) conducted a 

study to observe male size, mating success and mating strategy in the mosquitofish G. 

affinis where he found large size confers an advantage on male G. affinis in 

competition with other males for access to females and receptive females preferred 

larger males, but their preference may not determine mating success. These studies 

may provide a basic knowledge for observing reproductive and aggressive behaviour 

in G. holbrooki as these two species share many similarities in appearance and biology. 

Gambusia holbrooki is a sexually dimorphic livebearer with a coercive mating system, 

where females are rarely receptive to the male approach (Saaristo et al., 2014). G. 

holbrooki males harass females and inseminate them during rapid swim-by copulation 

events, using their modified anal fin, gonopodium, as an intromittent organ (Edwards 

et al., 2013). Females exhibit a startle response when the contact between a male’s 

gonopodium and female’s urogenital opening occurs. 

Although most of the behavioural studies on G. holbrooki have focused on the sexual 

behaviour of fish exposed to endocrine disruptive chemicals in polluted water of their 

habitats (Howell et al., 1980, Toft and Guillette, 2005, Saaristo et al., 2014, Frankel et 

al., 2016), a few studies have described behaviours of normal mosquitofish. 

Researchers have observed the effects of familiarity and mating experience on mate 

choice in  normal captive G. holbrooki in aquaria (Vega-Trejo et al., 2014), and 

described sexual and aggressive behaviour, density and social structure in a natural 

populations of mosquitofish (Martin, 1975). 
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From a review of the literature on live-bearing fish it seems that no study has 

observed reproductive and aggressive behaviour of hormonally treated sex-reversed 

poeciliid fish including G. holbrooki with the exception of paradoxical masculinised G. 

holbrooki (Patil et al., 2020). However, no study so far has explored the behavioural 

consequence of masculinising hormone such as the methyl testosterone. It is 

important to thoroughly study laboratory produced sex-reversed fish to ascertain their 

breeding capability and level of aggression compared to normal fish before they are 

released to the wild for implementing the Trojan Sex Chromosome (TSC) approach, a 

genetic method to eradicate this invasive species (outlined in detail in Chapter 1). This 

chapter builds on preliminary data in Chapter 3 which described mating attempts by 

sex-reversed males compared to normal males. Specifically, this study was designed to 

observe how G. holbrooki neo-males (phenotypic males with female genotype) 

interacted with virgin females as a first step and proxy to ascertain the behaviour and 

reproductive trade-offs of Trojan carriers. 

Overall, the aims of this research were to:   

1. Observe the behavioural interactions of neo-males and virgin females and 

compare the types and frequency of these interactions with those of normal 

males and virgin females (Do neo-males behave in a similar fashion to normal 

males?); 

2. Determine the reproductive fitness of neo-males by assessing their ability to 

fertilise female fish (Are neo-males able to fertilise female fish?) and; 

3. Determine the ability of neo-males to express sperm packets (If the females 

were not fertilised did the neo-males carry sperm packets which had the 

potential to fertilise females?). 
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6.3 Materials and methods 

6.3.1 Fish 

Six-month old normal males (bred males from the control group) and six-month old 

neo-males from the 5 and 10 mg MT/kg diet groups (confirmed by sex marker tests 

from MT treatment on neonates from 1 to 30 DAP in Chapter 5) were used for this 

study. Five fish from each group were individually paired with a six-month old virgin 

female (each had a pale tiny gravid spot indicating the state of maturation) for 

behavioural observations. The virgin females were individually raised in an aquarium 

to provide truly virgin females for the experiment. Specifically, newly born juveniles 

from the same female were separated and reared individually from neonates to six-

month old juveniles. At about three months old under the holding fish room 

conditions (21 ± 0.5oC, 16 L: 8 D-lights turned on at 06.00 h), all males started to show 

elongation of their anal fin to form a gonopodium; potential males were  subsequently 

rejected for the experiment while all virgin females with a round anal fin were 

maintained individually until their use for behavioural observations. 
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6.3.2 Experimental design of behavioural interactions of neo-males 

Overall experimental design and workflow of the experiment is described in Figure 

6.1. 

 

Figure 6.1: Experimental design and workflow of behavioural observation of normal 
males/neo-males to virgin females 
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Specifically, five normal males and 10 neo-males were used for this behaviour 

observation experiment. A male (normal or neo-male) and a virgin female were placed 

in an aquarium (28 x 14 x 10cm) and isolated from each other for 24 h by a clear 

plastic partition for familiarity by visual and olfactory contact before transferring to a 

test tank. The test tank was a 1.2 L clear plastic tank divided into two sections (7.3 x 

6.4 x 13cm for each section) by a clear plastic partition. To avoid aggressive 

behaviours, i.e., nipping caused by hunger, the test fish (normal males/neo-males) and 

stimulus fish (virgin females) were fed for 15 minutes before being transferred to the 

test tank set up with a black background and an in-front camera (GoPro, version 3) 

located 6 cm away from the test tank. The entire setup was enclosed within curtains 

to exclude visual disturbances. 

To avoid behavioural variation caused by time throughout the day, all footage was 

recorded at the same time (10.00 h) in the fish holding room (21 ± 0.5oC, 16 L: 8 D-

lights turned on at 05.00 h). One test tank was used for the recording to reduce 

variation between tanks. Hence only one pair was recorded per day. After being fed, a 

test fish and stimulus fish were released into the test tank (one on each side of the 

tank) to allow time for them to settle. After 15 minutes, the plastic screen was 

removed to let the fish interact freely and trials began to be recorded immediately. 

The time frame of 60 minutes for each recording was chosen based on the studies of 

Peden (1972) and Vega-Trejo et al. (2014) and our preliminary observations (Appendix 

1 and 2) which showed that mating attempts are less persistent after a 60-minute 

period. The order of recording was from control males to neo-males of 5 mg MT/kg 

diet to neo-males of 10 mg MT/kg diet. Each 60-minute recording was divided into 5 

time-blocks of 11 minutes and 38 seconds (based on the recording time segments 

created by the camera). The control fish were filmed in the first block to allow 

observation of ‘normal’ male behaviour as a baseline prior to testing sex-reversed fish.  

The footage was analysed on playback to observe behavioural interactions of the test 

fish: (i) mating behaviour i.e. the number of mating attempts defined as gonopodial 

thrusts made after being initially positioned below and slightly behind females (Vega-
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Trejo et al., 2014) and (ii) aggressive behaviour i.e. the number of nips after quickly 

approaching, for both male aggression towards the female and female aggression 

towards the male. 

After recording the behavioural interactions in the test tank, each pair of a control 

male or neo-male and a female were transferred and kept together in an aquarium 

(28x14x10cm) for at least six months or until  the detection of any signs of female 

pregnancy e.g., larger bellies and enlarged gravid spots, before the females were 

separated to their own tank to monitor if they had mated and would parturate at a 

later date. If the paired females parturated, they were again transferred to other 

aquaria to observe whether they parturated a second time and their gestation 

duration recorded. Also, numbers of offspring were recorded and raised to maturity 

for a further study. If a neo-male died when paired with a virgin female and that 

female showed no signs of pregnancy after a month of holding individually, a new 

neo-male was randomly chosen and released into that female tank to assist with 

reproductive fitness observations. 

If the paired female showed no signs of pregnancy after six months being held as a 

pair, their respective control male/neo-male was removed and anaesthetized 

individually using AQUI-S to test whether or not they could produce 

spermatozeugmata (spherical sperm packets where the sperm is kept) using the 

method described by Toft and Baatrup (2001). The fish was placed on its side in a Petri 

dish with drops of water from the tank. The gonopodium of the fish was swung and a 

tiny metal rod was used to gently stroke its abdomen towards the gonopodium to 

express spermatozeugmata. The expressed fluid was observed under a dissecting 

microscope (with a magnification of x10) and the presence of spermatozeugmata 

recorded. 
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6.3.3 Data analysis 

Kruskal-Wallis H tests were run to determine if there were differences in the number 

of mating attempts between the males/neomales and females in the three groups of 

fish: control males, neo-males of 5 mg MT/kg diet and neo-males of 10 mg MT/kg diet. 

Prior to interpreting the results of the Kruskal-Wallis H tests, the number of mating 

attempts for all groups was checked for similar distributions, as assessed by visual 

inspection of a boxplot. If all groups were similar in distribution, the results of the 

Kruskal-Wallis tests were investigated to observe differences in medians. If the 

Kruskal-Wallis H test was statistically significant, pairwise comparisons were 

performed using Dunn’s (1964) procedure (as cited in Laerd Statistics, 2015b) with a 

Bonferroni correction for multiple comparisons. 

6.4 Results 

The raw data of behavioural observations are presented in Appendix 3, 4 and 5. 

6.4.1 Mating behaviours 

Mating behaviours were manifested through the number of mating attempts defined 

as gonopodial thrusts made after being initially positioned below and slightly behind 

females. Median numbers of mating attempts were significantly different between 

groups (Kruskal-Wallis H test, χ2
(2) = 6.6, p = 0.036). In particular, distributions of 

mating attempts were similar for all groups (n = 5 for each group), as assessed by 

visual inspection of a boxplot (Figure 6.2). Post hoc tests revealed that there was a 

significant difference in median numbers of mating attempts between neo-males of 5 

mg MT/kg diet (42) and neo-males of 10 mg MT/kg diet (17, p = 0.043), but no 

significant difference was found between the neo-male groups and control group (p = 

0.17 and p = 1.0 respectively for the neo-males of 5 and 10 mg MT/kg diet groups). 
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Figure 6.2: A boxplot of the number of mating attempts for control males and neo-
males. Groups with different letter is significant different. 

Specifically, most of the control and neo-males performed mating behaviour by 

thrusting their gonopodia forwards after being initially positioned below and slightly 

behind virgin females. However, one control male and two neo-males in the 10 mg 

MT/kg diet group showed no mating attempts as they were too timid, not interactive 

and kept a distance from the paired virgin females.  

6.4.2 Aggressive behaviours 

Within the 60-minute recordings, most virgin females showed no aggressive behaviour 

to males/neo-males, except one virgin female paired with a control male which 

showed 44  aggressive events, i.e., approaching quickly and nipping the male (0.7 

times per minute on average). Based on the divided time blocks, the number of 

aggressive behaviours of this virgin female increased over time (see Appendix 4). 
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Similarly, most normal males and neo-males showed almost no aggressive behaviour 

toward virgin females, except one control male which showed one nipping event 

towards its paired virgin female per 60 minutes and one neo-male showed two events 

of nipping towards its paired virgin female within the 60-minute sampling period. 

6.4.3 The mortality of normal males/neo-males paired with virgin 

females 

In the control group, two out of five (40%) control males died after one month paired 

with virgin females whereas in the neo-male groups three out of five (60%) neo-males 

for each group died after a month holding with virgin females. All mortality appeared 

to be caused by the attacks of virgin females. 

After the death of neo-males, the remaining females were individually kept for a 

month; they did not show any signs of fertilization and parturition. As outlined in the 

methodology, six neo-males (3 for each group) were randomly chosen from the neo-

male holding tanks and released to the above female tanks to replace the previous 

neo-males which had died to observe reproductive fitness. 

6.4.4 Reproductive fitness 

Three out of five females (60%) paired with control males were internally fertilized 

and gave birth to young fish. In particular, one virgin female paired with a control male 

parturated for the third time. The number of progeny produced across the controls 

ranged from 8 to 12. However, in the neo-male groups, only one female paired with 

the neo-male of 5 mg MT/kg diet group parturated 6 premature neonates; all these 

neonates died one day later. No females paired with neo-males of 10 mg MT/kg diet 

group gave birth to young. 
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6.4.5 Sperm production 

Over the six months being paired, females paired with control males parturated from 

one to three times, while most of females paired with neo-males did not parturate or 

show any signs of pregnancy, except one female paired with a neo-male of 5 mg 

MT/kg which parturated once as mentioned in the section on reproductive fitness. 

After 6 months, these control males, neo-males and the remaining neo-males in 

holding tanks (additional 3 in the 5 mg/kg group and additional 4 in the 10 mg/kg 

group) were tested for spermatozeugmata production by squeezing their abdomens 

with a tiny rod. The results of spermatozeugmata production are summarised in Table 

6.1. Spermatozeugmata were expressed from all control males and neo-males of the 5 

mg MT/kg diet group. However, 5 out of 9 (55.6%) neo-males of the 10 mg MT/kg diet 

group  produced spermatozeugmata.  

Table 6.1: Summary the number of fish in each group that produced and did not 
produce spermatozeugmata 

Treatments Total no. of fish  No. of fish 
produced Sz 

No. of fish did 
not produced Sz 

Control  3 3 0 
Neo-males (5 mg MT/kg diet) 8 8 0 
Neo-males (10 mg MT/kg diet) 9 5 4 

6.5 Discussion 

6.5.1 Behavioural interactions of neo-males and virgin females 

Comparable gonopodial thrusting frequencies of control males and neo-males suggest 

mating behaviour was not compromised. If any, at the right dose, may even enhance 

the thrusting ability as appeared to be the trend at 5 mg MT/kg diet group, albeit not 

significant. This occurrence of similar frequency of gonopodial thrusts is comparable 

to those observed for paradoxically generated G. holbrooki neo-males (Patil et al., 

2020). Collectively, the results suggest that sex reversed males irrespective of the 
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hormone used are capable of displaying control male like mating behaviour. However, 

this may be influenced by the hormone dose used as appears to be the case with the 

increase thrusting frequencies of males directly exposed to EDCs (Saaristo et al., 

2014). Unlike egg layers, gametes are broadcast in open waters, the poeciliids rely on 

active deposition of sperm packets into the female gonopore, via the gonopodium. 

Hence any compromise in this ability will compromise their reproductive ability. In 

fact, most neo-males inseminated or at least attempted to inseminate females is a 

significant finding to advance the implementation of TSC or any other genetic sex 

reversal strategy to control this noxious pest fish. However, more robust orthogonal 

sexual behaviour experiments, in a population setting involving multiple competitors 

is required. 

Regarding aggressiveness, like control males, neo-males did not show any aggressive 

behaviour. These comparatively similar aggressive trait is promising character if the 

neo-males are used as Trojan carriers as they are unlikely to cause negative impacts 

on ecosystems where they are released or result in unforeseen consequences to the 

efficiency of the Trojan biocontrol options, for this species. However, these neo-male 

behaviour should be observed further in large scale simulated experiments to 

elucidate all potential behaviour they may have towards themselves and other 

species, particularly, if they are to be released in the wild as biological control agents 

in non-native ecosystems (Deacon et al., 2019). 

Virgin females, on the other hand, showed aggressive behaviour towards both males 

and neo-males. Although from the recording periods, only one virgin female indicated 

aggressive behaviour to a control male, the mortality of control males and neo-males 

confirmed this female aggression. In addition, the number of aggressive behaviour of 

the female increased throughout the time indicating that the longer females are held 

together with males/neo-males the greater the chance these females will show 

aggressive behaviour towards males/neo-males, even to the point of death to the 

males/neo-males. This aggressive behaviour may be considered a response to the 

harassment and insemination of females by males/neo-males during their rapid swim-
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by copulation events. Similar hypothesis has been stated by Martin (1975) that 

aggressiveness (i.e., dominance and territoriality) in laboratory females may all act 

together to combat the sexual harassment of males.  Nonetheless while it would be 

interesting to record female aggression over a longer period of time, the focus of this 

study was to detect any major differences between males and neo-males. In regard to 

both mating attempts and mortality over 6 months there was no apparent significant 

differences.   

6.5.2 Reproductive fitness of neo-males and expression of 

spermatozeugmata 

Reproductive fitness, i.e., the ability of individuals to produce offspring, some virgin 

females paired with control males parturated several times, but others did not 

parturate at all. This trend was similar to neo-males of both groups, except one neo-

male in the 5 mg MT/kg diet group which fertilized a female which gave birth to 

immature neonates. All the new-born juveniles died due to early parturition. This 

premature birth may have been induced by stress during the transfer of the pregnant 

female to a tank with a breeding trap to reduce the risk of cannibalism by the mother. 

Premature births with the subsequent death of young are known to occur in this 

species, albeit less frequently (personal observations). Alternatively, it is possible that 

the quality of the neonates was affected by the quality of sperm produced by the neo-

male. This requires further investigation.  

Two possible reasons could have caused the lack of parturition of females paired with 

control males/neo-males: the immaturity of virgin females and the mating abilities of 

control males/neo-males. The maturity of virgin females played an important role for 

reproductive success because if virgin females are immature, they are not ready for 

reproduction. However, it is less likely because all virgin females used for this study 

were at the same age and the time that they were held with control males/neo-males 

was significant (6 months) for them to mature, even if they were immature at the time 
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of pairing. However, the physiological readiness of the paired females, other than age 

of maturity cannot be completely ruled out. 

There could be a number of possible explanations for the absence of parturition in 

paired females in relation to the abilities of control males/neo-males: (i) the 

males/neo-males may not have developed complete gonopodia to use as a tool for 

supporting the transfer of sperm packets, (ii) they may be too timid to inseminate 

females, (iii) they may not produce spermatozeugmata, or (iv) they may produce 

spermatozeugmata, but the sperm may not be viable. Regarding incomplete 

gonopodial development, this cause can be excluded because the neo-males were 

carefully observed for their gonopodial structures (see Chapter 5) and only the control 

males and neo-males which developed complete gonopodia with enough serrae and 

hooks were chosen for this experiment. As for neo-males, a smaller 3: 4 width ratio 

compared to normal males (Chapter 5), may be an additional reason for unsuccessful 

mating/offspring production. Specifically, slightly smaller openings on the gonopodia 

may have precluded or have been inefficient in transfer of sperm packets. However, 

this needs further examination. 

Related to timidity, a few control males and neo-males in the 10 mg MT/kg diet group 

were too timid and did not interact with virgin females (as indicated by the low 

number of mating attempts). Therefore, virgin females paired with these control 

males/neo-males were not impregnated nor gave birth. From a population 

perspective, such individual differences in both control and neo-male groups may not 

have a significant impact. Nonetheless, a detailed quantification would be prudent, 

particularly for implementing large scale field programs such as the TSC. 

In terms of sperm production, spermatozeugmata were expressed from all control 

males and neo-males in the 5 mg MT/kg diet group, and about 50 % of neo-males in 

the 10 mg MT/kg diet group. This means that around 50 % of neo-males in the 10 mg 

MT/kg diet group could not produce sperm packets which may be the reason for a lack 

of parturition in the females paired with neo-males from this group. 
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Finally, it is also possible that the sperms of both control males and neo-males that 

failed to produce offspring were unviable. However, this aspect, unfortunately, could 

not be assessed due to time constraints.   

While the results obtained in this chapter are very encouraging there were few 

challenges that limited the scope of the study. Specifically, there was a shortage of 

virgin females to increase the sample size in the pairings with males and neo-males 

and replications of reproductive fitness due to unexpected events (i.e., COVID 19 

pandemic crisis) and the long lead time required to isolate and grow virgin female to 

maturity from birth. Further research should focus on the sperm quality of these neo-

males and verify the reproductive fitness of the founders as well as their progeny. 

6.6 Conclusion  

The findings presented here demonstrate that the 5 mg MT/kg diet was the best MT 

treatment dose (of the two tested) that produced neo-males with the sexual 

behaviour, sperm production and reproductive fitness close to typical males. 

However, the reproductive fitness of the neo-males as well as their behaviours in large 

scales simulated experiments, over multi-generations need to be observed. This 

present study provides preliminary data indicating that the sex reversed individuals in 

this species can be reproductively comparable to normal males, albeit with 

generational effects that may be influenced by the treatment dose of the founders. 

Regardless, the study provides an experimental framework to design and conduct 

robust verification and follow up multi-generational effects that will be essential to 

evaluate the feasibility and the efficiency of a Trojan or any sex reversal genetic pest 

fish control options to control and eradicate this invasive species.
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Chapter 7 - General Discussion 

The manipulation of sex to produce monosex populations using sex hormones has 

been established for over 8 decades, since the 1930s (Hunter and Donaldson, 1983). 

Administration of exogenous steroids is an effective method to control sexual 

development and this technique has been successfully demonstrated in a number of 

fish families (Al-Ablani and Phelps, 2002), to control unwanted reproduction and to 

take advantage of sex-linked differences in, for example, growth rates in the 

economically important edible fish or price-related colour in aquarium fish. Tilapia and 

salmonids are two examples of commercially important fish species that have been 

intensively studied and commercially applied in terms of sex manipulation (Pandian 

and Sheela, 1995, Piferrer, 2001, Pandian and Kirankumar, 2003, Budd et al., 2015). 

Hormonal sex-reversal combined with selective breeding techniques is also a powerful 

tool to verify the gamity (XX/XY or ZW/ZZ) of fish species (Devlin and Nagahama, 

2002). 

More recently, in Gambusia holbrooki, the hormonal sex-reversal approach has been 

suggested as a key component of Trojan Y, a genetic strategy to manage pest fish 

populations  (Gutierrez and Teem, 2006, Senior et al., 2013). For this to be successful, 

the gamity of the target species must be known. As a step to address the feasibility of 

masculinization as well as verify the gamity of G. holbrooki, a notorious pest fish, this 

study investigated the application of MT. In G. holbrooki, hormonal feminization 

(Norazmi-Lokman, 2016, Norazmi-Lokman et al., 2021) and paradoxical 

masculinization i.e., using an estrogen (Patil et al., 2020) have been recently 

demonstrated. However, an ability to masculinize using an androgen has remained 

untested. Therefore, the main objectives of this study were to demonstrate hormonal 

masculinization of G. holbrooki to assist the verification of gamity of this species and 

produce bloodlines for the application of TSC to control and eradicate G. holbrooki if 

the species possesses a ZW/ZZ sex determination system, similar to its sister species 

G. affinis.  



Chapter 7 - General Discussion 

176 

 

7.1 Gonadal sex differentiation in G. holbrooki  

Information on artificial propagation of G. holbrooki in captivity such as suitable 

rearing temperature, the relationship between the gravid spot intensity and 

embryonic development, and gestation period has been demonstrated previously 

(e.g., Norazmi-Lokman et al., 2016, Mousavi et al., 2021). These pieces of information 

greatly assisted the study presented here by optimizing resources for fish rearing, 

determining the readiness of the females for hormone administration and calculating 

the number of females required to generate a given number of progeny. Hence, the 

author acknowledges the baseline information created by other PhD candidates and 

researchers in the suite of projects under the ARC Linkage grant program. Such 

information greatly assisted the masculinizing experiments. 

Based on the studies of Pala (1970) and Koya et al. (2003), Norazmi-Lokman (2016) 

hypothesized that labile periods for sex reversal likely occur during the embryonic life 

stage prior to parturition and just after birth in newborn juveniles. Subsequently, a 

feminizing hormone (Estradiol-E2) were orally administered to two life stages: 

embryos (via gravid females) and newborn juveniles, and the study successfully 

demonstrated a 100% female population for both life stages (Norazmi-Lokman, 2016). 

In fact, the study of Pala (1970) focused on the process of gonadal primordia 

formation (the origin of PGC and its migration route) occurring before sex 

differentiation, whereas the research of Koya et al. (2003) observed the sex 

differentiation of G. affinis, a sister species of G. holbrooki. Hence, there was a 

knowledge gap in the timing of sex differentiation in this species which needed to be 

addressed to assist the design of the masculinization experiments. To attain complete 

and functional sex reversal in fish, a hormone treatment should be offered prior to 

PGC differentiation and continued through the subsequent early stage of sex 

differentiation (Nakamura and Takahashi, 1973). Therefore, it was critical to 

determine the onset of sex differentiation (Chapter 2) to in turn inform labile periods 

in this species before hormonal masculinization treatments could be attempted 

(Chapter 3 and 4). 
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7.1.1 Utility of timing of sex differentiation in experimental designs 

Sex differentiation refers to gonadal development of undifferentiated or bipotential 

primordium into male or female gonads later in life once the sex has been determined 

(Piferrer and Lim, 1997, Sandra and Norma, 2010). The findings of chapter 2 of this 

study provided a comprehensive understanding of the timing and process of gonadal 

differentiation in G. holbrooki. It indicated G. holbrooki was a primary gonochorist in 

which sexual differentiation occurred earlier in females than males. In female G. 

holbrooki, the onset of ovarian differentiation was at the early-pharyngula stage 

before parturition represented by the presence of mitotic oogonia and oocytes in the 

chromatin-nucleolus stage (this critical knowledge assisted in the experimental 

designs of Chapter 3 and 4). In males, this process was delayed until 10 days after 

parturition when the onset of testicular differentiation was recorded by the 

proliferation and aggregation of two clusters of stromal cells in the medial regions of 

the developing testis along with quiescent gonial cells. This species shares a similar 

pathway of sex differentiation to the Japanese medaka fish Oryzias latipes, a primary 

gonochoristic fish in which sexual differentiation occurs prior to hatching with the 

process in females proceeding earlier than males. By contrast, the process of sex 

differentiation of G. holbrooki completely differs from those of G. affinis and zebrafish 

Dania renio known as secondary gonochorists in which the gonads of all fish 

differentiate into ovaries before the gonads of half of the individuals re-differentiate 

into testes (Koya et al., 2003, Takahashi, 1977).  

It can be inferred from the timing of sex differentiation of males and females that the 

labile periods (i.e., the periods when the gonads were undifferentiated and more 

responsive to the action of exogenous steroids) for this species are before the 

embryonic stage of pharyngula and 10 DAP for females and males, respectively. 

Therefore, it is possible to suggest that for masculinization, androgens should be 

administrated on around the embryonic stage of segmentation via gravid females 

whereas for feminization estrogens can be administered later at neonates. This 

observation supports the successful feminization achieved by treating neonates with 
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estrogen (Norazmi-Lokman, 2016). However, as females differentiated well before 

parturition, at the pharyngula stage (Chapter 2), it was necessary to initiate MT 

treatment via gravid females (Chapter 3) for any chance of sex reversing these 

individuals (i.e., from females to males). 

7.1.2 Utility of growth patterns and maturation 

In poeciliids, juveniles of both sexes grow at the same rate, whereas adult females 

grow slowly but exponentially as they get older and adult males grow after maturity at 

20-50% of the rate of females (Meffe and Snelson, 1989). Similarly, the findings  of this 

study (Chapter 2) showed that the same growth rates were found in both male and 

female juveniles from parturition to 150 DAP when males matured and were ready for 

reproduction while females were immature and continued to grow. Similar growth 

patterns have been also reported in western mosquitofish G. affinis (Koya et al., 

2003). 

Apart from determining the timing of male and female sex differentiation, the study 

also established a regime for growing this species under laboratory conditions at 21oC 

(Chapter 2). This facilitated the nurture and care of sex-reversed individuals (gained in 

Chapter 4) from post-treatment to maturity and to synchronise the timing of 

observations on sexual morphology, behaviour and reproductive fitness of these 

masculinized fish (Chapter 5 and 6). 

7.1.3 Development of single lobed gonads and its biological and 

evolutionary relevance 

Typically, teleost fish have paired gonads that develop from paired gonadal primordia 

(Mazzoni et al., 2014). However, in the family Poeciliidae a single lobed gonad is found 

in adults (Meffe and Snelson, 1989) whose development is poorly understood. 
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For the first time, the processes of gonad formation from two gonadal primordia to a 

single lobed gonad in this species was discerned and testicular tissue structure was 

described (Chapter 2). This provided a reference for comparing gross testis 

morphology and histological characteristics of neo-male testis (in Chapter 5).  

Conceivably, the formation of a single lobed ovary appears to be an evolutionary 

invention to maximise the space that is necessary for the in vivo incubation of the 

young. However, the similar formation of fused testis, appears somewhat intriguing. It 

is possible that it is an evolutionary vestige in males but could be a parallel evolution 

to accommodate the process of packaging sperms into packets (spermatozegmata). 

How and why such a structural invention assists male reproductive capability in 

poecilids appears a very interesting evolutionary question. Interestingly also, the 

consistent fusion of the right lobe with that of the left suggest this is likely guided by 

well defined, but as yet unknown cell signals. In this regard, the outcomes of the study 

could assist future studies to dissect molecular and cellular mechanisms that govern 

the formation of either single or bi-lobed gonads and their evolutionary 

consequences.  

7.2 Sex-reversal of G. holbrooki at adult, juvenile and neonate 

stages 

In Gambusia holbrooki, there was some disagreement about the mechanism of sex 

determination. It has been suggested that this fish possesses an XX/XY sex 

determining mechanism based on the absence of heteromorphic female 

chromosomes (Angus, 1989b, Angus, 1989a, Horth, 2006, Horth et al., 2013, Volff and 

Schartl, 2001). In contrast, others (e.g.Thresher et al., 2013) have inferred that it has a 

WZ/ZZ sex determination system similar to G. affinis. More recently, the mechanism 

for sex determination in a laboratory strain of this species has been confirmed to be 

XX/XY (Kottler et al., 2020), but appears somewhat inconsistent with female specific 

genetic markers reported for wild strains of this species (Kwan and Patil, 2019). Sex-
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reversal in combination with selective breeding can serve as one of the reliable 

methods to determine the gamity of fish species (Devlin and Nagahama, 2002). With 

the hypothesis that the species has a similar sex determination mechanism (ZW/ZZ) as 

its sister species, G. affinis, this study took the masculinization approach as it would be 

the shortest way to ascertain the gamity of this species. 

Generally, across the family of Poeciliidae, MT when orally administered at doses 

between 5-300 mg/kg diet to newly born juveniles resulted in partially masculinized 

populations (Low et al., 1994, Chakraborty et al., 2012, Mousavi-Sabet and 

Ghasemnezhad, 2013, George and Pandian, 1998). The MT doses tested in this study 

to produce functionally sex-reversed fish were also in this range.  

In the literature, there are several methods of hormone administration for sex reversal 

of fish including dietary supplementation, immersion technique and silastic 

implantation (Pandian and Sheela, 1995, Park et al., 2004). The two former techniques 

are the most frequently used methods as they are low cost and easy to implement 

(Pandian and Sheela, 1995, Pandian and Kirankumar, 2003). Oral hormone 

administration via feed has been shown to be effective in G. holbrooki (Norazmi-

Lokman, 2016, Norazmi-Lokman et al., 2021), as was also shown to be effective in this 

study. Based on the pre-parturition differentiation of female sex (Chapter 2), it was 

necessary to administer MT prior to brooding mothers. The chosen doses (50-200 mg 

MT/kg diet) were based on previous suggestions that brooding G. holbrooki are 

sensitive to higher doses of hormone (Norazmi-Lokman, 2016) and lower than doses 

(300-500 mg/kg diet) suggested for of viviparous species (Pandian and Sheela, 1995).  

The androgen was found to disrupt the normal embryonic development within the 

treated female gonads. In fact, the treated females aborted pregnancy, releasing 

premature larvae in multiple stages of development. Also, the second parturition, that 

normally occurs 29.28 ± 3.1 days post first parturition (Norazmi-Lokman, 2016) did not 

eventuate. Instead, the treated females showed signs of masculinization i.e., the 

development of gonopodia and male body shape, suggesting that the treated females 
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themselves were undergoing sex reversal to males, implying their lability to sex 

change, similar to sequential hermaphrodites. This in part is comparable to the use of 

exogenous hormones to control sex in sequential hermaphrodites e.g., the false clown 

fish Amphiprion ocellaris (Nguyen et al., 2017); the white grouper Epinephelus aeneus 

(Evliyaoglu et al., 2019). Although, unexpected, this presents a practical opportunity to 

directly sex-reverse females to males, that in some ways circumvents the need to treat 

young fish and grow them to maturity prior to determining if the sex reversal was 

successful. It was, however, not clear if the reversal of adult males to females 

(protandry) was possible in this species. In this regard, this study presented the first 

evidence that indeed this is possible. Co-existence of natural protandry and protogyny 

i.e., serial sex change in the same species of fish is rare but is known to occur in the 

gobies Priolepis akihitoi (Manabe et al., 2013) and the cleaner wrasse Labroides 

dimidiatus (Kuwamura et al., 2011). 

7.2.1 Transient masculinizing effects of MT on mature females  

The findings of this study (Chapter 3) showed that MT had masculinizing effects on 

treated adult females as these females were induced to develop male sexual 

characteristics (e.g., gonopodial development), upregulated expression of amh gene, 

formation of testicular tissue and alteration of normal female behaviour. However, 

these masculinizing effects may be transient as some treated females reverted back to 

their original sex and gave birth to young as per their primary sex. It is likely that the 

doses (50-200 mg/kg diet) and the duration of treatment (50 days) were insufficient to 

bring about more stable sex-reversal. A similar observation was reported in guppy 

(Poecilia reticulata) exposed to MT at three-day old fry that treated fish generated 

male coloration on their caudal fins after 2 weeks of treatment and developed a 

gonopodium after two more weeks of treatment, but all the females induced to 

express the male sexual characteristics in the MT treated groups reversed back to 

their primary sex when the treatment ceased (Low et al., 1994). The failure to obtain 

permanent sex reversal to male guppies in the study of Low et al. (1994) is attributed 

to the inappropriate timing of the MT treatment period (Piferrer and Lim, 1997) 
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because in guppy, sex differentiation occurs during prenatal stages before parturition 

(Dildine, 1936). To obtain functional sex reversal, hormone treatment should begin 

well before initiating sexual differentiation (Yamamoto, 1969). Similarly, this study 

(Chapter 3) once again confirmed the important role of the timing of hormone 

treatment in which early life stages (preferably prior to parturition) were better suited 

for hormonal masculinization. 

MT has been utilized in adult females to stimulate the development of male secondary 

sexual characteristics , e.g., the growth of sword extension (Yanong et al., 2006, Amiri-

Moghaddam et al., 2010), and the expression of male secondary sex coloration 

(Ramee et al., 2020). To our knowledge, this current research is the first study that 

observed the reproductive viability of adult masculinization. Although MT caused 

temporary masculinizing effects, the alterations in treated females indicated that the 

sexual phenotype of this species seems to be highly plastic. It seems that the sexual 

phenotype can be altered at any time during the life span of this species and juveniles 

and neonates could be susceptible to masculinization, despite the prenatal 

differentiation of female sex (Chapter 2) in this species. This prompted the assessment 

of MT treatment on juveniles and neonates and their abilities to functionally sex 

reverse (Chapter 4). 

7.2.2 MT treatment on neonates and juveniles caused the production of 

neo-males, intersex and paradoxical effects 

Neonates (newly born juveniles) of G. holbrooki are more sensitive to hormonal 

treatment than later stages (e.g. adults) as dosage over 50 mg MT/kg diet resulted in 

stunted growth, body deformities and incomplete gonopodial development (Tran, 

2016). As a result, lower doses of MT oral administration (10-40 mg/kg) were first 

tested on juveniles (30 DAP) before applying to neonates at doses of 5-20 mg/kg diet, 

at a later date. In both experiments, none of the MT diet concentrations affected 

survival rate indicating that the dosages used in an appropriate range. 
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The MT (for all tested doses) induced moderate success in masculinization of the 

genetic female G. holbrooki treated at neonate and 30-DAP juvenile stages i.e., tested 

doses resulted in 49-68% male population. This is comparable to those observed in 

black molly (58-59 %) exposed to MT at the dosage of 50 mg/kg for a period of 30 days 

(George and Pandian, 1998); in guppies (81.9 %) subjected to 60 mg MT/kg 

(Chakraborty et al., 2012).  

More importantly, neo-males (phenotypic males with female genotype) were 

produced from all treatment doses of both experiments on juveniles and neonates 

(Chapter 4). All neo-males produced from juvenile and neonate treatments at the 

dose of 20 mg/kg diet  developed an elongated anal fin (an incomplete gonopodium), 

while all neo-males from the treatment of 5 and 10 mg MT/kg diet on neonates 

generated a complete gonopodium. This showed that the dose rates of ≥ 20 mg MT/kg 

diet were inappropriate to induce complete masculinization. It may be therefore 

possible to further optimize MT treatment regime at lower dosages. 

The intersex condition (simultaneous presence of male and female reproductive 

stages in the same gonad of a gonochoristic species (Antuofermo et al., 2017)) 

appeared in both neonates and juveniles treated at 20 mg/kg diet (Chapter 4). 

Conceivably, the production of intersex fish manifested when the hormone dosage or 

treatment periods were inadequate, as it has been suggested previously (Al-Ablani 

and Phelps, 2002). This appears the case as juveniles treated at 5 and 10 also had 

intersex condition (Chapter 4). Therefore, the higher hormone dosage as well as later 

treatment (i.e. juveniles) likely caused the observed intersex condition, suggesting the 

possibility of further refining the treatment regimen focusing on neonates. 

Surprisingly, MT produced paradoxical feminization where genetic males were 

stimulated to develop oocytes concurrent with testicular tissue (Chapter 4). From the 

literature review, some aromatizable androgens when administered at high 

concentrations or for extended periods produce what has been called “paradoxical 

feminization” (Hackmann, 1971 as cited in Piferrer, 2001). The paradoxical effect of 
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steroid administration is common and has been reported not only in fish but also in 

amphibians and reptiles (Piferrer, 2001). For example, the occurrence of paradoxical 

feminization was reported in channel catfish (Ictalurus punctatus) exposed to 17α-

ethylnyltestosterone at the dose of 6 mg/kg at 10 days after fertilization (Goudie et al., 

1983). When the concentration of MT is higher than a threshold, it is converted to 

estrogen, likely catalyzed by aromatase enzymes (Goudie et al., 1983), resulting in 

feminizing effects. Similar unintended consequences of paradoxical masculinization 

has also been reported in this species (Patil et al., 2020), collectively suggesting the 

regulation of sex steroids via feed-back mechanisms, in this species, as is also known 

to occur in dusky grouper Epinephelus marginatus (Rodrigues et al., 2020).  

Collectively, it can be concluded that MT at the dose rates of over 20 mg/kg is 

relatively high and not optimal for the production of neo-males, whereas lower doses 

(5 and 10 mg/kg) seem to be more adequate. Neonates appear to be a more suitable 

stage for applying MT treatment rather than 30-DAP juveniles because neo-males 

from this group developed a complete gonopodium as normal males. These neo-males 

were used to observe sexual morphology, behaviour and reproductive fitness 

(Chapters 5 and 6).  

7.2.3 MT Efficacy is influenced by dosages and life stages 

Gambusia holbrooki is a livebearer giving birth to young and female sex differentiation 

in this species occurred at embryonic stages inside the female ovarian sacs (Chapter 

2). To deliver the hormone to embryos for sex reversal, it must be administered 

through the mothers. However, MT is a male hormone therefore, it stimulates the 

development of a male reproductive system and secondary sexual characters rather 

than facilitate pregnancy. No studies have demonstrated successful MT delivery to the 

embryonic stage via gravid females except for the German report of Dzwillo, 1966 as 

cited in Takahashi (1974). This may mean it is not feasible and easy to deliver MT to 

embryos via the gravid female. This is in contrast to administering estrogens in the 

same species (Norazmi-Lokman, 2016) where the feminizing agent (Estradiol, E2) 
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effectively induced the production of all-female populations by feeding gravid females 

with E2 enriched feed. However, it is interesting to note that Diethyl stilbestrol (DES), 

resulted in paradoxical masculinization in the same species (Patil et al., 2020), 

suggesting that the choice of hormone could also have a bearing on the outcome. 

Therefore, using an alternative androgen, such as naturally occurring analogues of 

testosterone such as 11-ketotestosterone (KT) may be necessary to induce more 

reliable sex reversal in this species; for example, in the guppy Poecilia reticulata, KT 

added to water at concentrations of 25-50 µg/L for 35 days after birth caused a 100% 

male population (Takahashi, 1975). 

7.3 Neo-males - sexual morphology, behavioural interactions, 

and reproductive fitness 

Sexual morphology (Chapter 5), behavioural interactions and reproductive fitness 

(Chapter 6) of neo-males (phenotypic males with female genotype) G. holbrooki were 

studied for the first time, providing greater insights into plasticity and degree of sex 

reversal in this species.  

7.3.1 Sexual morphology of Gambusia holbrooki neo-males 

Several reports have shown that the quality of sex-reversed fish produced by hormone 

induction varies from species to species. For example, in Atlantic salmon (Salmo salar) 

compared to normal males, testes of neo-males generated by dietary administration 

differed consistently in that they are irregular in shape and have poorly formed 

seminiferous ducts and higher proportions of interstitial tissue (de Castro and Patil, 

2019). The authors emphasized that these differences affected the quality of semen 

because the gametes of neo-males were contaminated with blood and immature cells 

due to the maceration method of collecting semen. However, in yellow drum (Nibea 

albiflora), MT immersion treatment induced neo-males which were able to develop 

normal testes and produced offspring (Xu et al., 2018). Similarly, G. holbrooki neo-
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males, unexpectedly produced by treating with DES, were able to mate and produce 

offspring (Patil et al., 2020).  

In the current study, the Gambusia holbrooki neo-males of the 20 mg MT/kg diet 

group presented an abnormal gonopodium (Chapter 5). Without the complete 

development of a gonopodial tip equipped with serrae and hooks, the neo-males of 

the 20 mg MT/kg diet group were likely malfunctional and were excluded from further 

assessment. By contrast, the neo-males produced from the MT treatment at 5 and 10 

mg/kg diet had developed a normal gonopodium (Chapter 5). Internally, the neo-

males of the 10 mg MT/kg treatment group formed an abnormal testis like those of 

the neo-males in the 20 mg MT/kg diet group whereas the neo-males in the 5 mg 

MT/kg diet treatment group successfully developed a funnel-shaped testis.  

Advanced computer image analysis (Chapter 5) of serial section microphotographs of 

testes to reconstruction their 3D structures allowed elucidating their morphology 

without removal of the testes for the body cavity. This approach was useful in 

comparing the effects of MT treatment on the morphological structure of the testis to 

supplement other approaches in this thesis which explored the effect of MT treatment 

on the gonopodial structure and ability to mate successfully with females. To the best 

of our knowledge, the 3D reconstruction of G. holbrooki testis is the first effort to 

visualize testes of live-bearing fish. This approach was also used to reconstruct a part 

of a gonopodium to elucidate the true shape of the gonopodium which was a 

transparent tube divided into two openings by the attachment of fin rays 3, 4 and 5. 

When fresh samples were observed under a dissecting microscope, only a blade shape 

of the gonopodium can be seen rather than the tube shape that the 3D reconstruction 

revealed.  

This finding is novel because it brings a new perspective on the morphology of 

gonopodium which should be seen as a tube rather than a blade. In addition, when 

compared the size of the internal openings of the gonopodium and sperm packages, 

sperm packages are able to transfer from males to females via gonopodia during 
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copulation. Therefore, it is evident that the males use this structure to transfer sperm 

package to females during copulation. In poeciliids, internal fertilization is known, but 

the exact mechanism of how males deliver sperm packages to females is unknown. 

This finding suggests that poeciliid males use gonopodia as a tunnel to drive a sperm 

package to the female urogenital openings, which is likely to be more efficient than a 

groove. 

7.3.2 Behavioural interactions and reproductive fitness of neo-males 

The primary aim of this present study was to produce functional neo-males. 

Therefore, it was critical to observe the behaviour and reproductive fitness of the neo-

males to inform the efficacy of MT treatment on generating permanent 

masculinization.  

The neo-males in both groups exhibited similar sexual behavioural patterns as typical 

males (Chapter 6). This agrees with the observation of Patil et al. (2020) who reported 

that paradoxically masculinized males demonstrated a similar number of gonopodial 

thrusts compared to control males and were able to breed and produce viable 

progeny.  

In terms of reproductive fitness, the neo-males generated in this study were able to 

impregnate females and produced offspring, albeit at lower efficiency than control 

males (Chapter 6). This result is encouraging but needs further optimization in 

generation of nee-males and their robust testing.  

Related to the expression of spermatozeugmata, all neo-males from the 5 mg MT/kg 

diet produced sperm packages, while 50% of the neo-males of the 10 mg MT/kg diet 

group were able to generate sperm packages. It appears that the neo-males of 10 mg 

MT/kg diet group failed to impregnate virgin females because they were unable to 

produce spermatozeugmata. Although only one neo-male of the 5 mg MT/kg diet had 

offspring, it is very encouraging that these neo-males are able to reproduce as normal 

because they had a complete gonopodium, well-developed testis, similar sexual 
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behavioural patterns as typical males and one of them was able to impregnate the 

female to produce young. Therefore, MT at the dose of 5 mg/kg is the best dosage (of 

those tested) for inducing sex reversal in this species. There are no parallel studies in 

other poeciliids. 

7.4 Implication of this study and the way forward 

This study was relatively successful in the masculinization of G. holbrooki using MT, 

although a 100% male population could not be attained. These are likely due to the 

prenatal differentiation of females and inaccessibility of this stage for hormone 

administration. Of the oral doses tested, 5 mg MT/kg diet to neonates was the most 

optimal to produce functional sex-reversed fish. However, this requires further 

optimization, perhaps with a lower dose or a different androgen, that is less likely to 

impact brooding mothers, whilst potent enough to induce sex-reversal of gestating 

young. Collectively, the study provides an experimental framework to design and 

conduct robust verification and follow up multi-generational effects that will be 

essential to evaluate the feasibility and the efficiency of sex-reversal and its 

application to Trojan or any sex reversal genetic pest fish control options to control 

and eradicate this invasive species. This study revealed female sex differentiation 

occurs much earlier in embryonic stages compared to post parturition in males of G. 

holbrooki. The post-parturation occurrence of male sex differentiation provides a 

greater certainty in administration of feminizing hormones to produce all female 

population. This circumvents the need to administering the hormone via brooding 

mothers, that may otherwise be influenced by the physiological state of the mothers. 

In parallel, the study established the 3D simulation of testis of G. holbrooki, in situ, 

which may be directly transferable to other species of poeciliids or similar sized fish. 

This study was able to reconstruct the tubular 3D shape of the basal part of a 

gonopodium, which explains the mechanism of sperm package transfer. 
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7.5 Concluding remarks 

In conclusion, the main aim of this study was to induce the masculinization on G. 

holbrooki, which was fairly well achieved. The findings of this study are novel and have 

never been reported in G. holbrooki. The findings are beneficial not only for the 

eradication and control effort of this species but also for other studies relating to sex 

differentiation, ecotoxicology, pest fish management. Importantly, this research 

provides experimental framework to design and conduct robust verification and follow 

up multi-generational effects, that will be necessary for implementing field programs 

such as the TSC for controlling pest populations of this species. 
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Appendices 

Appendix 1: The results of preliminary observations showing the number of 
gonopodial thrusts of a control male paired with a female for a 160-minute period. 

Time 
segments 

No. of gonopodial 
thrusts 

No. of female 
aggressive behaviour 

11:38' 16 0 
11:38' 13 0 
11:38' 10 0 
11:38' 11 1 
11:38' 10 1 
11:38' 9 2 
11:38' 3 1 
11:38' 5 1 
11:38' 0 0 
11:38' 3 0 
11:38' 3 0 
11:38' 6 1 
11:38' 3 2 
11:38' 4 2 

 

Appendix 2: The results of preliminary observations showing the number of 
gonopodial thrusts of control males when paired with control females for a 60-minute 
period. 

Pairs 

Time segments   

11:38' 11:38' 11:38' 11:38' 11:38' Total 

1 7 5 11 1 2 26 

2 16 16 10 15 11 68 

3 5 1 1 0 2 9 

4 10 11 3 4 2 30 

5 0 0 0 1 0 1 

6 0 3 4 4 1 12 

7 1 1 2 4 1 9 

8 0 0 0 0 0 0 
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Appendix 3: The number of gonopodial thrusts of control males or neo-males 
according to time segments for a 60-minute period (CR = control; T1 = 5mg MT/kg 
diet; T2 = 10mg MT/kg diet; no. replicates/treatment = 5).  

  Time segments   

Treatments 11:38' 11:38' 11:38' 11:38' 11:38' Total 

CR1 0 3 6 1 1 11 

CR2 14 10 3 1 0 28 

CR3 13 9 8 5 4 39 

CR4 0 0 0 0 0 0 

CR5 2 2 2 1 1 8 

T1R1 27 18 14 14 6 79 

T1R2 7 5 4 2 4 22 

T1R3 4 6 8 6 4 28 

T1R4 13 11 10 4 4 42 

T1R5 25 10 9 7 7 58 

T2R1 15 6 2 1 1 25 

T2R2 1 7 3 4 2 17 

T2R3 0 0 0 0 0 0 

T2R4 0 0 0 0 0 0 

T2R5 3 6 2 2 5 18 

Appendix 4: The number of female aggressive behaviour according to time segments 
for a 60-minute period (CR = control; T1 = 5mg MT/kg diet; T2 = 10mg MT/kg diet; no. 
replicates/treatment = 5).  

  Time segments   

Treatments 11:38' 11:38' 11:38' 11:38' 11:38' Total 

CR1 0 0 0 0 0 0 

CR2 0 10 10 9 15 44 

CR3 0 0 0 0 0 0 

CR4 0 0 0 0 0 0 

CR5 0 0 0 0 0 0 

T1R1 0 0 0 0 0 0 

T1R2 0 0 0 0 0 0 

T1R3 0 0 0 0 0 0 

T1R4 0 0 0 0 0 0 

T1R5 0 0 0 0 0 0 

T2R1 0 0 0 0 0 0 

T2R2 0 0 0 0 0 0 

T2R3 0 0 0 0 0 0 

T2R4 0 0 0 0 0 0 

T2R5 0 0 0 0 0 0 
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Appendix 5: The number of male aggressive behaviour according to time segments for 
a 60-minute period (CR = control; T1 = 5mg MT/kg diet; T2 = 10mg MT/kg diet; no. 
replicates/treatment = 5).  

  Time segments   

Treatments 11:38' 11:38' 11:38' 11:38' 11:38' Total 

CR1 0 0 0 0 0 0 

CR2 0 0 0 0 0 0 

CR3 0 0 0 0 0 0 

CR4 0 0 0 0 0 0 

CR5 1 0 0 0 0 1 

T1R1 0 0 0 0 0 0 

T1R2 0 0 0 1 1 2 

T1R3 0 0 0 0 0 0 

T1R4 0 0 0 0 0 0 

T1R5 0 0 0 0 0 0 

T2R1 0 0 0 0 0 0 

T2R2 0 0 0 0 0 0 

T2R3 0 0 0 0 0 0 

T2R4 0 0 0 0 0 0 

T2R5 0 0 0 0 0 0 

 


