



Hormone-Induced Masculinization in Xiphophorus helleri: Comparative Effects of Immersion and Dietary 17α-Methyltestosterone Treatments
Abstract

   The present study evaluated the effects of different doses of 17α-methyltestosterone (17α-MT) administered through immersion and supplementary diet on sex reversal and survival in Xiphophorus helleri (Red Swordtail). Hatchlings were exposed to six hormone concentrations (0, 100, 200, 300, 400, 500, and 600 μg/L) for 6 hours and reared for 90 days. Sex ratio, intersex incidence, and survival were recorded. Results showed a progressive increase in male proportion with increasing hormone concentration in both immersion and diet treatments. The highest male ratio (0.90 and 0.85**, respectively) occurred at 500–600 μg/L treatments, with minimal intersex development (0.02–0.05). The control group exhibited a balanced sex ratio (0.50 male: 0.50 female). Survival remained uniformly high (100%) across all treatments. Microscopic examination of gonadal tissues revealed clear differentiation between ovarian oocytes and testicular spermatocytes in hormone-treated groups, confirming effective masculinization. These findings indicate that 17α-MT is highly effective in producing monosex male populations of X. helleri with negligible mortality, making it suitable for ornamental fish production. These results provide valuable insights for hormone-based sex manipulation strategies in livebearer aquaculture, particularly for all-male production systems aimed at improving uniformity and economic returns.
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INTRODUCTION

The production of single-sex populations has become a key strategy in modern aquaculture due to its multiple advantages, including improved growth performance, efficient feed utilization, and prevention of unwanted reproduction. In ornamental fish culture, the development of monosex groups is particularly desirable, as uniformity in size, color, and sex-based phenotypes enhances both commercial value and breeding management. Traditionally, dietary administration of sex steroids has been the most widely accepted method for inducing sex reversal in several ornamental species such as poeciliids, anabantids, and certain cichlids. However, feed-based hormonal administration often results in inconsistent outcomes due to uneven hormone ingestion caused by feeding hierarchies and dominance patterns within fry populations. To overcome these limitations, immersion of fry in steroid solutions has been proposed as an efficient alternative, as it ensures uniform exposure to the hormone during early differentiation. Sex steroids—particularly androgens—play a significant role in growth enhancement and sex manipulation across many fish species. Among these, 17α-methyltestosterone (MT) has been identified as one of the most potent and widely studied synthetic androgens. MT has been shown to enhance growth in multiple species, including common carp (Matty and Lone, 1979), coho salmon (McBride and Fagerlund, 1976; Fagerlund et al., 1978), and white prawn (Vaitheeswaran and Ali, 1986). The primary objective of hormonal manipulation is to produce monosex populations that display desirable growth characteristics or support the development of selected breeding lines (George and Pandian, 1995; Blázquez et al., 1999; Piferrer, 2001). Dietary delivery of MT to sexually undifferentiated fry remains one of the preferred methods for achieving all-male populations in several cultured fishes (Abucay and Mair, 1997; Ohia and Takano, 1996; Demska-Żakes and Żakes, 1997). Additionally, sex differentiation can be manipulated through immersion, dietary supplementation, injection, or silastic implants, provided that the treatment occurs before irreversible gonadal differentiation (Pandian and Sheela, 1995). Although hormonal sex reversal has been well documented in many aquaculture species (Piferrer and Donaldson, 1994), far fewer studies have focused on ornamental livebearers using immersion techniques. The genus Xiphophorus, which includes the economically important Red Swordtail (Xiphophorus helleri), is among the most popular ornamental fish groups, yet systematic hormonal immersion studies remain limited. In this context, the present study investigates the effects of 17α-methyltestosterone (MT) immersion at different concentrations on sex differentiation in Xiphophorus helleri fry. The study was designed with the following objectives:

1. To evaluate the responsiveness of X. helleri fry to androgen-induced sex reversal through immersion treatments.

2. To assess the feasibility of producing monosex male populations in X. helleri using graded concentrations of MT.

MATERIALS AND METHODS

Collection and Acclimation of Experimental Fish

Healthy hatchlings of the Red Swordtail (Xiphophorus helleri) were sourced from a certified ornamental fish vendor at the local market and transported to the CARE Aquafarm research facility. Only active, uniformly sized, and disease-free fry were selected to ensure consistency in hormonal uptake and to minimize experimental bias. During transportation, the fry were maintained in oxygen-filled polyethylene bags to reduce handling stress and prevent hypoxia. Upon arrival, the bags were floated on the surface of the rearing tanks for 20–25 minutes to equalize the temperature and avoid thermal shock during transfer. The fry were then gently released into pre-prepared fibre-reinforced plastic (FRP) holding tanks.

The hatchlings were acclimatized for one week before the commencement of the experiment. This acclimation period allowed the fry to recover from transportation-induced stress, stabilize their feeding activity, and fully adjust to the controlled laboratory environment. Throughout this time, water quality parameters were carefully monitored and maintained within the optimal physiological ranges recommended for Xiphophorus helleri. The culture water was maintained at a temperature of 24–26°C, ensuring thermal stability conducive to early fry development. The pH was kept between 7.2 and 7.4, providing a slightly alkaline environment suitable for live-bearing poeciliids. Dissolved oxygen (5.4–5.8 mg/L) was maintained through continuous aeration to prevent hypoxic stress, while water hardness (60–100 mg/L as CaCO₃) was adjusted to mimic natural conditions and support osmoregulatory balance in the fry.

During acclimation, the fry were fed twice daily with a combination of freshly cultured mixed plankton and finely chopped boiled egg white. This feeding regime provided a readily digestible protein source appropriate for early-stage fry and promoted uniform growth prior to hormone exposure.

Such controlled environmental conditions are essential for studies involving hormonal manipulation and sex reversal, as fluctuations in water quality can significantly influence endocrine responses. Similar environmental stabilization practices have been recommended in previous studies investigating the effects of 17α-methyltestosterone (MT) on sex reversal in ornamental and aquaculture species. For example, Kumar and Haniffa (2011) emphasized the importance of maintaining consistent physicochemical parameters when evaluating the effects of MT on Xiphophorus maculatus (Platy) and Cyprinus carpio (Koi carp), noting that stable water quality enhances hormone absorption efficiency and improves the reliability of sex-reversal outcomes.

Hormone Preparation

For the present study, the androgenic steroid hormone 17α-methyltestosterone (MT) (Sigma Chemical Co., USA) was selected due to its proven efficacy in inducing sex reversal in numerous teleost fish species (Pandian & Sheela, 1995; Piferrer, 2001). Stock solutions were prepared by dissolving the required quantity of MT in analytical grade dimethyl sulfoxide (DMSO) (Ranbaxy, India). DMSO was used as a solvent because of its excellent capacity to dissolve steroidal compounds and its compatibility with aquaculture applications (Haniffa et al., 2004).The prepared stock solutions were stored in amber-colored glass vials and kept in a cool, dark environment to prevent degradation. Special care was taken to avoid exposure of the hormone to direct light, as steroidal hormones are known to be photosensitive and can undergo photolytic breakdown if not properly protected (Haniffa et al., 2004). The experimental diets for Xiphophorus helleri were formulated using the following basal ingredients: rice bran (25 g), groundnut oil cake (37 g), fish meal (47.5 g), and tapioca flour (30.5 g). All ingredients were finely powdered and thoroughly mixed to produce a uniform feed base suitable for hormone incorporation. The prepared 17α-methyltestosterone (MT) stock solution was then added to the feed mixture to obtain diets containing six different hormone concentrations: 0 (control), 100, 200, 300, 400, 500, and 600 μg MT per kilogram of feed. After hormone incorporation, the mixture was homogenized thoroughly to ensure uniform dispersion of the steroid throughout the feed. The dough was then pelleted and dried under indirect sunlight to preserve the stability of the hormone. The hormone-treated diets were stored in airtight, light-protected containers to prevent photodegradation and maintain hormonal potency throughout the experimental period.

Experiment 1

Each diet sample was mixed thoroughly to ensure uniform distribution of the hormone. One portion of the feed was prepared without hormone incorporation and served as the control diet. The remaining hormone-treated samples were prepared into semi-moist pellets and provided to the experimental fish. Two sets of experiments were conducted using 17-α-methyltestosterone (MT), employing both immersion and dietary administration methods. Fish were divided into seven groups, including the control, and each group consisted of 30 individuals maintained in triplicate. The fish were exposed to MT at concentrations of 100, 200, 300, 400, 500, and 600 μg/L (or μg/kg for feed-based treatments, depending on the method).

Experiment 2

Feeding trials were carried out in glass tanks of dimensions 18" × 12" × 12". Each tank was stocked with 30 fry (mean length: 0.2 ± 0.4 cm; mean weight: 0.05 ± 0.08 g). The water depth in each tank was maintained at 30 cm. Key water quality parameters—including temperature, dissolved oxygen, pH, and ammonia—were monitored throughout the 90-day experimental period. Water was replaced once every two days to maintain stable dissolved oxygen levels and minimize fluctuations in water quality. The experimental fish were minimally disturbed, except during necessary procedures such as water changes.

For each hormone concentration, three replicate tanks were maintained, each stocked with 30 fish. Triplicate tanks were also maintained for the control group. Due to the difficulty and ambiguity of manually sexing juvenile fish, some individuals were sacrificed for accurate sex determination. After 90 days, the gonads were exposed by dissection under a stereomicroscope. A small segment of gonadal tissue was removed using fine forceps and placed on a clean glass slide. A few drops of acetic orcein or Giemsa stain were added, and the tissue was gently squashed beneath a cover slip (following Guerrero and Shelton, 1974; Haniffa et al., 2004).The squashed preparations were examined under a compound microscope at low magnification. Ovarian tissue was identified by the presence of developing oocytes, whereas testicular tissue was identified by spermatocytes dispersed across the tissue matrix.The resulting sex ratios were statistically analyzed using the Chi-square test for goodness of fit following the method described by Zar (2000).

Sex Ratio and Survival Following Immersion Treatment (Table 1)

Immersion exposure of Xiphophorus helleri fry to different concentrations of 17α-methyltestosterone (17α-MT) produced a clear dose-dependent masculinization response (Table 1). The control group (0 μg/L) exhibited an equal distribution of males and females (0.50 : 0.50), with no intersex individuals. As the hormone concentration increased, a progressive shift toward male dominance was observed.

At 100 μg/L, the male proportion increased to 0.60, while females decreased to 0.40, with no intersex occurrence. At 200 μg/L, male frequency rose further to 0.70, accompanied by a low intersex incidence of 0.05, indicating the beginning of partial gonadal redirection.

Fry treated with 300 μg/L showed a male proportion of 0.75, with 0.05 intersex individuals and 0.20 females. The most significant masculinization occurred at 400–600 μg/L, where male proportions ranged from 0.85 to 0.90. The 400 μg/L group exhibited a significantly higher male proportion (0.85, P < 0.001), while the 500 μg/L treatment produced the maximum masculinization (0.90) with only 0.02 intersex individuals. Even at 600 μg/L, male frequency remained high (0.85) with minimal intersex development.

Survival remained 100% in all immersion treatments, indicating that MT exposure did not negatively affect fry viability. These results demonstrate that immersion treatment using ≥300 μg/L MT is highly effective for producing monosex male populations in X. helleri.

Results and discussion
Sex Ratio and Survival Following Dietary Hormone Administration (Table 2)

Dietary incorporation of 17α-MT also induced masculinization but showed slightly different response trends compared to immersion (Table 2). The control diet group showed a sex ratio of 0.60 males : 0.40 females, representing natural variation in swordtail fry. At 100 μg/kg, the male proportion decreased to 0.50, suggesting mild suppression of masculinization at this dose. At 200 μg/kg, a higher proportion of males (0.80) and a low intersex frequency (0.05) were recorded, indicating the onset of effective androgenic influence. Treatments of 300 and 400 μg/kg induced strong masculinization with 0.80–0.85 males. Specifically, the 400 μg/kg group exhibited a significantly high male proportion (0.85, P < 0.001), comparable to results from immersion treatment.At 500 μg/kg, male proportion remained high (0.70) but showed slightly reduced efficiency compared to lower doses. The 600 μg/kg diet again produced a strong masculinization response (0.80 males) with 0.05 intersex individuals and 0.15 females.

As with immersion treatments, survival remained 100% in all diet groups, indicating no toxicity or growth suppression at any hormone dose. These results confirm that MT-supplemented feed is effective for masculinizing X. helleri, although the consistency of the response was slightly lower than immersion exposure.

Histological Observations of Gonads (Figure 1)

Microscopic examination of gonadal squashes provided clear evidence of hormone-induced masculinization (Fig. 1). In the control group, ovarian tissue was characterized by the presence of large, well-defined oocytes (OC), whereas testicular tissue showed clusters of spermatogonia and spermatocytes typical of normal males.In hormone-treated groups, testicular development was clearly enhanced, showing Dense clusters of spermatocytes (SP), Presence of spermatids (SZ) and Reduction or absence of oocytes in high-dose treatments At moderate hormone concentrations (200–300 μg), some intersex individuals were observed. Their gonads displayed a mixture of ovarian oocytes and spermatogenic cells within the same tissue section, confirming partial gonadal redifferentiation. At higher concentrations (400–600 μg), gonads exhibited well-formed testicular lobules, dense spermatogenic tissue, and a near-complete absence of ovarian structures, validating effective androgenic masculinization.

Discussion
The present study clearly demonstrates that 17α-methyltestosterone (17α-MT) effectively alters sex differentiation in Xiphophorus helleri (Red Swordtail) when administered both through immersion and dietary supplementation. The results obtained from Table 1 show a progressive and dose-dependent shift in sex ratios toward masculinization following immersion treatment, while Table 2 indicates a similar but comparatively weaker response through hormonal feed supplementation. Microscopic observations (Figure 1) further support these findings by confirming the structural differentiation of testicular and ovarian tissues in the treated groups.

Dose-dependent masculinization through immersion (Table 1 & Fig. 2)

Immersion treatment with increasing concentrations of 17α-MT (100–600 μg/L) produced a clear and consistent trend of rising male proportions, with a peak of 85% males at 400 μg/L. At this dosage, only 5% intersex and 10% females were observed, indicating nearly complete masculinization. These findings align with the classical understanding that early life stages of fish are highly sensitive to exogenous androgens (Pandian & Sheela, 1995; Piferrer & Donaldson, 1994). Interestingly, although masculinization remained high at 500–600 μg/L (85–90% males), slight increases in intersex individuals (up to 2–5%) suggest mild inhibitory or disruptive effects at higher doses. Such responses have been previously reported in multiple fish species, where supraphysiological hormonal doses lead to partial gonadal differentiation or mixed germ cell development (Van den Hurk & Slof, 1981; Bhatta et al., 2019). The complete absence of mortality (100% survival) across all treatments highlights the physiological tolerance of X. helleri to MT immersion, consistent with findings in livebearers such as X. maculatus (Kumar & Haniffa, 2011) and Poecilia reticulata (Hossain et al., 2020).
Masculinization through dietary hormonal supplementation (Table 2 & Fig. 3)
Dietary incorporation of MT at 100–600 μg/kg feed produced significant masculinization, but the pattern was less pronounced than that of immersion treatment. The highest male proportion (85%) again appeared at 400 μg/kg, with 5% intersex individuals, mirroring the response seen in the immersion experiment. This confirms that 400 μg is the optimal dose irrespective of the mode of administration.

However, compared to immersion, dietary treatment consistently produced a higher number of females—indicating reduced uptake efficiency through the alimentary canal. Dietary uptake involves metabolic processing, slower absorption, and potential degradation of MT in the gut (Blázquez et al., 1998; Francis et al., 2022), which may explain the difference in responsiveness.

Nevertheless, the similarity in the dose at which peak masculinization occurs reinforces the hormonal sensitivity window during early gonadal differentiation.

Microscopic validation of gonadal differentiation (Figure 1)

Figure 1 provides clear photomicrographic confirmation of the gonadal differentiation patterns observed in both the control and hormone-treated groups. In the control individuals, the gonads exhibited normal ovarian tissues characterized by the presence of distinct oocytes (OC), which is typical of unmanipulated female X. helleri. In contrast, fish exposed to 17α-methyltestosterone developed well-organized seminiferous tubules (ST) containing spermatocytes (SP) and spermatids, indicating successful and complete functional masculinization. A small number of individuals displayed intersex gonads, in which ovarian oocytes co-occurred with spermatogenic cells; this mixed tissue structure corresponds to the dose-dependent developmental disturbances reflected in Tables 1 and 2. Similar instances of intersex formation have been widely reported in hormone-induced sex reversal studies, including work on Heteropneustes fossilis (Haniffa et al., 2004), tilapia (Tacon et al., 2018), and European sea bass (Carrera & Piferrer, 2020), thereby supporting the biological plausibility of the observations in the present study. Early studies established the foundational understanding of androgen-mediated masculinization. Rougeot et al. (2002) demonstrated similar masculinization patterns in Perca fluviatilis, confirming that teleosts exhibit a dose-dependent response to exogenous 17α-methyltestosterone. Likewise, Piferrer and Donaldson (1994) highlighted the ability of lipophilic androgens to accumulate within the yolk reserves of early developmental stages, thus prolonging exposure and enhancing sex-reversal efficacy even after the treatment period ends. Haniffa et al. (2004, 2007) also reported significant sex inversion in catfish and koi carp, reinforcing the responsiveness of aquaculture species to androgenic manipulation. Tacon (2018) established that dietary supplementation with androgens in tilapia induces partial masculinization, especially at high doses—mirroring the less pronounced effects of dietary treatment observed in X. helleri. Sharma et al. (2019) demonstrated that immersion techniques produce more rapid and uniform masculinization than diet-based approaches, consistent with the stronger responses recorded in our immersion trials. Francis et al. (2022) noted that dietary MT undergoes partial metabolic degradation before assimilation, reducing its efficiency relative to direct absorption during immersion. Studies by Cruz-Casallas et al. (2021) showed that excessive androgen exposure can lead to mixed gonadal tissues, which aligns with the small percentage (2–5%) of intersex individuals observed at higher hormone doses in the present work. Additionally, Hossain et al. (2020) reported high survival and occasional intersex formation in livebearers exposed to MT—findings that closely correspond with our sex-ratio outcomes and 100% survival across all treatments.Collectively, these studies corroborate the dose-dependent masculinization patterns observed here—particularly the optimal effects at 400 μg, the reduced efficiency or disruptive responses at 600 μg, and the greater overall efficacy of immersion compared to dietary administration. These parallels reinforce the reliability of the endocrine mechanisms underlying androgen-induced sex reversal in teleosts. The occurrence of 2–5% intersex individuals in this study warrants important biological interpretation. Intersex development generally arises when the concentration of exogenous hormone approaches or exceeds the optimal threshold for masculinization, leading to disruption rather than complete redirection of gonadal differentiation. Such outcomes may result from slightly prolonged exposure during the critical window of sex differentiation or from incomplete androgen uptake, particularly in genetically female individuals, which can cause partial rather than full sex transformation. Similar mechanisms have been documented in earlier studies on tilapia (Desprez et al., 2003), sea bass (Carrera & Piferrer, 2020), and salmonids (Feist et al., 1995), all of which reported intersex formation under high or borderline androgen doses. Therefore, the intersex individuals observed in the present experiment are consistent with established physiological responses to elevated levels of androgen exposure during early gonadal development.
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Table 1 : Effect of different doses of discrete 17α MTS immersion treatment on sex ratio and survival on
Xiphophorous helleri  Red swordtail .
	S. No
	Hormone dosage(µg/l)
	No. of fishes
	Duration (hours)
	Duration (Days)
	Sex ratio (%)
	Survival (%)

	
	
	
	
	
	Male
	Intersex
	Female
	

	1
	0
	100
	6
	90
	0.50
	0.00
	0.50
	100

	2
	100
	100
	6
	90
	0.60
	0.00
	0.40
	100

	3
	200
	100
	6
	90
	0.70
	0.05
	0.25
	100

	4
	300
	100
	6
	90
	0.75
	0.05
	0.20
	100

	5
	400
	100
	6
	90
	0.85**
	0.05
	0.10
	100

	6
	500
	100
	6
	90
	0.90
	0.02
	0.08
	100

	7
	600
	100
	6
	90
	0.85
	0.02
	0.13
	100


The significance levels (**P<0.001) are for X2 values in comparison with a expected sex ratio of 4 M:1 F

Table 2. Effect of different doses of discrete 17α MTS through supplementary diet on sex ratio and survival on Xiphophorous helleri  Red Swordtail.

	S. No
	Hormone dosage(µg/l)
	No. of fishes
	Duration (hours)
	Duration (Days)
	Sex ratio
	Survival (%)

	
	
	
	
	
	Male
	Intersex
	Female
	

	1
	0
	100
	6
	90
	0.60
	0.00
	0.40
	100

	2
	100
	100
	6
	90
	0.50
	0.00
	0.50
	100

	3
	200
	100
	6
	90
	0.80
	0.05
	0.15
	100

	4
	300
	100
	6
	90
	0.80
	0.05
	0.15
	100

	5
	400
	100
	6
	90
	0.85 **
	0.05
	0.10
	100

	6
	500
	100
	6
	90
	0.70
	0.05
	0.25
	100

	7
	600
	100
	6
	90
	0.80
	0.05
	0.15
	100


The significance levels (**P<0.001) are for X2 values in comparison with a expected sex ratio of 4 M:1 F
Fig.1: Microscopic Examination of Ovary, Testis, and Intersex Gonads in Xiphophorus helleri
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Fig.2: Effect of Dietary 17α-MTS Immersion on Sex Ratio in Xiphophorus helleri
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  Fig.3: Effect of Dietary 17α-MTS Supplementation on Sex Ratio in Xiphophorus helleri
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