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Abstract

The tilapia aquaculture industry faces increasing challenges from saline intrusion into freshwater systems and consumer concerns
over hormone-treated fish. This study developed a molecular marker-assisted YY male technology in the saline-tolerant UPV SpiN
tilapia hybrid {Oreochromis spilurus (Glnther, 1894) x Oreochromis niloticus (Linnaeus, 1758)} to enable all-male progeny pro-
duction without direct hormone treatment. A primer set (UPV-SpiN-M5) targeting the amhy gene, a key determinant of male sex
differentiation, was utilized. Crosses between neofemales (sex-reversed XY females; XY @) and natural XY males produced YY
supermales, and mating these with natural XX females yielded 100% genotypically male fingerlings all exhibiting the Y-specific
band (~523 bp). Despite the limited number of successful spawns among Y'Y supermale x XX female crosses, the successful fami-
lies produced viable all-male fry, demonstrating the effectiveness of the molecular-assisted approach. These results demonstrate the
feasibility of hormone-reduced monosex production in saline-tolerant tilapia and provide a foundation for scalable, sustainable seed
production systems suitable for both freshwater and brackish water aquaculture. Future studies should focus on refining broodstock
management to improve spawning success, validate genotypic and phenotypic sex at maturity, assess growth and economic perfor-
mance of YY-derived males, and explore the use of pseudofemales (sex-reversed YY females; YY @) to enable the mass production
of YY supermales and enhance overall production efficiency.
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Introduction

Tilapia ranks among the most widely farmed finfish spe-
cies globally, with production reaching over three million
tonnes in 2010 (FAO 2013). Since then, production has
continued to increase, exceeding five million tonnes in
2022 (FAO 2024). This growth is driven by rising demand
in both domestic and international markets. Currently, ti-
lapia is cultured in more than 100 countries (BFAR 2022;
El-Sayed and Fitzsimmons 2023). Among the various
farmed species, Nile tilapia, Oreochromis niloticus (Lin-
naeus, 1758) remains the most widely cultivated due to
its rapid growth, adaptability to diverse environmental
conditions, and favorable culture traits (El-Sayed and
Fitzsimmons 2023).

However, a persistent challenge in tilapia aquaculture
is early sexual maturation during the grow-out phase.
Early maturation leads to uncontrolled spawning, pro-
ducing fry and juveniles within production systems
(Beardmore et al. 2001). This results in overpopulation,
competition for food and space, and a wide size variation
at harvest, ultimately reducing production efficiency and
economic returns (Mair et al. 1997). To mitigate these is-
sues, all-male culture systems have been widely adopted
to ensure uniform growth and maximize yield (El-Sayed
20006). Traditionally, this is achieved through the admin-
istration of sex steroids such as 17a-methyltestosterone
(MT) during early fry stages to induce masculinization
(Beardmore et al. 2001).

In the Philippines, tilapia is the second most cultured
finfish and the most commonly consumed fish among the
local population (BFAR 2024). However, national pro-
duction has gradually declined in recent years due to vari-
ous interlinked environmental and socioeconomic factors.
According to Guerrero (2019), stagnation in production is
attributed to the limited expansion of freshwater farming
areas, declining water quality, and increasing vulnerabil-
ity to climate-related events. As an archipelagic nation,
about 93% of tilapia farming in the Philippines are still
being cultured in freshwater systems (BFAR 2022). Ad-
ditionally, saline intrusion, exacerbated by sea-level rise
and coastal groundwater salinization, has emerged as a
major threat, causing physiological stress and mass mor-
talities in affected freshwater culture systems (Dubey et
al. 2017; PCAARRD 2024). In parallel, market concerns
over the use of synthetic hormones in aquaculture have
intensified both locally and globally (Hoga et al. 2018).
Although various studies have shown that hormone res-
idues in fish tissues and surrounding water following
hormonal treatments are often below detection limits or
show no significant differences between treated and un-
treated groups (Hoga et al. 2018), consumer perceptions
continue to influence the marketability and acceptance of
hormone-treated seafood products (Fegan and Fitzsim-
mons 2008; Leng et al. 2020).

The saline-tolerant UPV SpiN tilapia hybrid {Oreo-
chromis spilurus (Glnther, 1894) x O. niloticus} (Fig. 1)

has been established as a candidate for genetic improve-
ment programs because it combines salinity tolerance
with rapid growth (Fernandez 2003). Dinaga et al. (2025)
advanced this work by producing neofemales (sex-re-
versed XY females; XY @) through 17f-estradiol (E2)
treatment and confirming their genotype using am-
hy-based PCR. However, their potential to generate YY
progeny remained untested. Building on that study, the
present work aimed to evaluate whether confirmed neofe-
males, when crossed with genotypically verified natural
XY males, can produce viable YY supermales. This ap-
proach enables the mass production of genetically all-
male offspring without applying steroid hormones direct-
ly to fry, since hormonal intervention is restricted to the
feminization phase during YY broodstock development
(Mair et al. 1997). The use of molecular marker-assist-
ed selection further strengthens this process by allowing
rapid and accurate identification of YY supermales (Sun
et al. 2014; Jiang et al. 2022). Sex-linked genetic mark-
ers provide efficient screening of sex genotypes, reducing
broodstock development time and improving breeding
success (Lee et al. 2003; Palaiokostas et al. 2013; Jiang
et al. 2022). These putative YY supermales were subse-
quently paired with natural XX females to test their abili-
ty to produce genetically all-male offspring.

This study represents a critical step toward establish-
ing a hormone-reduced, genetically based system for
mass-producing all-male saline-tolerant UPV SpiN ti-
lapia, offering a scalable and sustainable strategy to en-
hance aquaculture productivity.

Materials and methods

Broodstock preparation and genotypic identification.
Phenotypic sex sorting, hormonal feminization, and ge-
notypic identification of neofemales (XY @) from F1
generation were conducted previously by Dinaga et al.
(2025). Briefly, UPV SpiN-tilapia fry were feminized
using 17p-estradiol (E2), and genotypic sex was deter-
mined using the Marker-5 primer set (Jiang et al. 2022),
which targets the amhy gene located on linkage group 23
(LG23). This allowed for the identification of phenotyp-
ic females possessing XY chromosomes. In addition to
the Marker-5 primer, a new primer set, UPV-SpiN-M5,
was designed by the project to target the same amhy gene.
The design was adapted from the Marker-5 primer set by
Jiang et al. (2022). Both markers produced consistent
sex-specific amplification patterns when tested on the
same DNA samples of natural XX females and neofe-
males, confirming the diagnostic accuracy of the UPV-
SpiN-MS5 primer for genotypic sex identification in the
UPV SpiN hybrid. As shown in Fig. 2, UPV-SpiN-M5
primer amplifies fragments of approximately 963 bp from
the X chromosome and 523 bp from the Y chromosome
(forward: 5'-[GCTCCCGAACAGTTTCTTTTCCACT;
reverse: 5’ [CCTCCTCTTCTTCTTCGTGTCCAC)).
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Figure 1. Representative photograph of an adult UPV SpiN tilapia hybrid (Oreochromis spilurus x O. niloticus).

Breeding trial of the F2 generation with YY super-
male individuals. A total of 24 confirmed neofemales
(mean body weight [MBW]: 200-250 g) and six natu-
ral XY males (MBW: 250-300 g) were used for the F2
breeding trial. Each 1-metric ton spawning tank was
stocked with one XY male and four neofemales, all
genotypically verified using the UPV-SpiN-M5 primer
set. The breeders maintained at the salinity of 15%o—
20%0 were then conditioned separately to freshwater
(0%o) for 14 days. Breeding tanks were maintained at
0%osalinity and monitored daily for the presence of
swim-up fry beginning 14 days post-pairing, with col-
lections conducted after 28 days.

A total of 879 swim-up fry was collected from all
six families and initially pooled in a 155 L tank. The
fry were then randomly distributed into six 1-metric
ton tanks under standard hatchery conditions {tem-
perature: 28.20 £ 0.50°C; dissolved oxygen (DO):
6.10 £ 0.10 mg - L'; ammonia: 0.05 £ 0.02 mg - L;
all values are presented as mean =+ standard deviation
(SD)}. After one day of acclimatization, fry were fed
a commercial feed (=45% crude protein, > 10% crude
fat, < 5% crude fiber, < 16% crude ash, < 12% mois-
ture, 0.25 mm particle size) and reared under standard
hatchery conditions with daily maintenance and partial
water changes. Salinity was gradually increased at a
rate of approximately 2%o per day by adding seawa-
ter until the desired salinity for each day was reached.
Salinity was monitored daily using a handheld refrac-
tometer and maintained between 15%0—20%o thereafter.

Fry were fed ad libitum six times daily from 0 to 7
days post collection (dpc) of swim-up fry. From 8 to
14 dpc, feeding was adjusted to 20% of MBW admin-
istered six times daily. From 15 to 28 dpc, feeding was

reduced to 15% MBW. From 29 to 90 dpc, fry were fed
a commercial diet (=39% crude protein, > 7% crude
fat, < 5% crude fiber, < 12% crude ash, < 12% mois-
ture, > 1.50 mm particle size) at 10% MBW. Feeding
was further reduced to around 5% MBW from 91 to
120 dpc using a commercial diet (=31% crude protein,
> 7% crude fat, < 6% crude fiber, < 12% crude ash,
< 12% moisture).

After 120 days, fish weighing around 50 g were
transferred to pond systems to support further growth.
Fish were fed a commercial diet (> 31% crude protein,
> 7% crude fat, < 6% crude fiber, < 12% crude ash, <
12% moisture), with feeding rates adjusted based on
MBW following general tilapia feeding recommenda-
tions. Since growth performance was not evaluated in
this study, feeding rates were not strictly observed but
served as a guide to support normal growth until fish
reached 100-150 g, when phenotypic sex sorting and
genotyping were conducted.

Phenotypic sex sorting and genotyping of the F2 gen-
eration with YY supermales. A total of 471 randomly
selected adult UPV SpiN tilapia hybrid were subjected
to phenotypic sex sorting and subsequent genotyping.
Fin tissue samples (25-30 mg) were excised from the
soft dorsal rays following the protocol of Dinaga et al.
(2025). A fin excision coding scheme was also applied
to enable temporary fish identification (Dinaga et al.
2025). Genomic DNA was extracted using a modified
Wizard® Genomic DNA Purification Kit (Promega).
Briefly, fin tissues were digested overnight at 65°C
in a lysis buffer containing Proteinase K. The lysates
were then treated with RNase A, followed by protein
precipitation and DNA isolation using isopropanol.
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Figure 2. Representative agarose gel electrophoresis showing the amplification profiles of the amhy gene from the same DNA sam-
ples of natural XX females and neofemales (XY @) using the Marker-5 (Jiang et al. 2022) and UPV-SpiN-M5 primer sets in the
UPV SpiN tilapia hybrid (Oreochromis spilurus x O. niloticus). The UPV-SpiN-MS5 primer set amplified fragments of approximate-
ly 963 bp (X-specific) and 523 bp (Y-specific). Both primer sets yielded consistent sex-specific amplification patterns, confirming

the reliability of the UPV-SpiN-M5 marker for genotypic sex identification.

DNA pellets were washed with 70% ethanol, air-dried,
and rehydrated in nuclease-free water. The purity and
concentration of extracted DNA were measured us-
ing a NanoDrop spectrophotometer, with acceptable
260/280 absorbance ratios between 1.8 and 2.0. DNA
samples were stored at —20°C until further analysis.

For genotyping, a 10 pL PCR reaction mixture was
prepared, consisting of 1 uL DNA template (300 ng
-mL™"), 5 uL GoTaq® Colorless Master Mix, 0.5 pL
each of forward and reverse primers, and 3 pL nucle-
ase-free water. PCR conditions included an initial de-
naturation at 94°C for 3 min; followed by 34 cycles
of denaturation (94°C, 30 s), annealing (53.8°C, 30 s),
and extension (72°C, 1.5 min); and a final extension at
72°C for 10 min. PCR products were separated using
1% agarose gel electrophoresis, stained with GelRed,
and visualized under a UV transilluminator. The UPV-
SpiN-M5 primer set was used to determine the geno-
typic sex of the progeny.

Breeding trials and genotypic validation of the F3
generation from XX female x YY supermale. Each
confirmed YY supermale breeder was paired with three
genotypically verified natural XX females in separate
l-metric ton breeding tanks for one family. Three
families per breeding batch were established, with
spawning conducted across three independent batches
at different time points (December 2024, March 2025,
and May 2025). Breeding trials followed a 14-day

conditioning period prior to pairing. Swim-up fry were
monitored starting 14 days post-pairing and continued
until 35-42 days. A total of 27 XX females (MBW:
100-150 g) and nine YY supermales (MBW: 300-500
g) were used in the breeding trials comprising of nine
families. Breeding tanks were maintained under stan-
dard hatchery conditions, and swim-up fry were col-
lected for subsequent genotypic validation.

For the first breeding batch, collected swim-up fry were
reared until reaching approximately 5 g. A total of 102
fingerlings were randomly selected, and dorsal fin tissue
was excised for chromosomal sex determination. For the
second and third breeding batches, 100 fry (10-15 dpc)
per batch were randomly selected and sacrificed for ge-
notyping. The posterior portion of each fry, excluding the
head and gut, was processed for genomic DNA extraction
following the same protocol described above.

ARRIVE 2.0 compliance. This study adhered to the
ARRIVE 2.0 (Animal Research: Reporting of in vivo
Experiments) guidelines to ensure transparency, repro-
ducibility, and completeness in reporting animal research
methodologies (Percie du Sert et al. 2020).

Al assistance. Language and grammar refinement of
portions of the manuscript were supported by ChatGPT
(OpenAl, 2025 wversion); all intellectual content,
interpretations, and conclusions remain solely the respon-
sibility of the authors.
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Results

Genotypic validation of F2 generation from neofe-
male (XY ?) x XY male. Genotypic validation of the
progeny from confirmed neofemales crossed with XY
males is summarized in Table 1. The percentage distribu-
tion of XX, XY, and YY individuals was calculated based
on the total number of samples analyzed. These observed
genotypes are consistent with the expected outcomes
based on a Punnett square for an XY x XY cross, which
predicts a 1:2:1 ratio of XX, XY, and YY genotypes,
respectively. Representative gel electrophoresis results
showing the diagnostic band patterns for each genotype
(XX, XY, and YY) are presented in Fig. 3, confirming
the successful amplification and differentiation using the
UPV-SpiN-M5 primer set.

Table 1. Percent population of genotypically determined proge-
ny from confirmed neofemales (sex-reversed XY females, XY @)
and natural XY males of UPV SpiN tilapia hybrid (Oreochromis
spilurus x O. niloticus). A total of 471 randomly sampled mature
individuals were analyzed for genotypic sex identification.

Genotype No. of samples Population [%]
YY 117 24.84

XY 236 50.11

XX 118 25.05
Total 471 100

Genotypic validation of F3 generation from XX fe-
male X YY supermale. Of the three families established
in each breeding batch, only one family successfully
spawned and produced swim-up fry. This pattern was
consistent across all three breeding batches (December
2024, March 2025, and May 2025). As shown in Table 2,
a total of 721 swim-up fry were produced across three
breeding batches, with 302 individuals randomly select-
ed for genotyping. All genotyped samples consistent-
ly exhibited the Y-specific amhy band (~523 bp) when
amplified with the UPV-SpiN-M5 primer set, yielding a
100% detection rate of Y chromosomes. The representa-
tive gel electrophoresis further validates the presence of
the Y-specific marker across samples, providing strong
molecular evidence that the F3 generation maintained

1.0% Agarose in 1X TBE

the intended all-male genotype (Fig. 4). A few samples
that failed to amplify either X- or Y-specific bands were
excluded due to poor DNA quality, and replacement sam-
ples were analyzed to maintain 100—-102 genotyped indi-
viduals per batch.

Discussion

The presently reported study successfully developed
UPV SpiN YY supermales that are tolerant to saline en-
vironments, with the aid of molecular sex markers. While
breeding and early larval development were usually con-
ducted under freshwater conditions for this hybrid, the
resulting fry demonstrated tolerance to elevated salini-
ties, as also reported in previous studies, making them
suitable for brackish water aquaculture (Intoy and Trai-
falgar 2021; Huervana et al. 2022; Dinaga et al. 2025).
In the Philippines, previous efforts to develop YY male
technology focused on freshwater O. niloticus (see Abel-
la et al. 2001). However, these conventional breeding
approaches typically required hundreds of breeding pairs
and involved laborious progeny testing to confirm YY
genotypes (Mair et al. 1997), making the process ineffi-
cient and difficult to scale.

In contrast, the molecular marker-assisted approach
adopted in this study has significantly improved the effi-
ciency and productivity of YY supermale production. By
using sex-specific markers targeting the X and Y chro-
mosomes, genotypic sex could be rapidly and accurately
determined at early stages, thereby reducing the need for
extensive test-crossing and phenotypic validation (Sun et
al. 2014; Jiang et al. 2022). This streamlined approach
greatly shortens the breeding cycle and facilitates the es-
tablishment of Y'Y broodstock lines.

Currently, monosex tilapia production in the aquacul-
ture industry commonly involves the use of synthetic an-
drogens such as MT, for sex reversal during early fry stag-
es (Beardmore et al. 2001). However, growing concerns
among consumers and regulatory agencies about hor-
mone-treated fish have led to a push for more natural and
residue-free alternatives. In the present study, E2, a natu-
rally occurring estrogen, was used for feminization during
YY supermale development. E2 is generally considered

Figure 3. Representative gel electrophoresis profiles of UPV SpiN tilapia hybrid (Oreochromis spilurus % O. niloticus) showing

diagnostic banding patterns for XX, XY, and YY genotypes. Amplification with the UPV-SpiN-MS5 primer set yielded distinct bands

at 963 bp (X-specific) and 523 bp (Y-specific), allowing clear differentiation of sex genotypes.
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Table 2. UPV SpiN tilapia hybrid (Oreochromis spilurus % O. niloticus) swim-up fry collected and genotyped across three breeding
batches (December 2024, March 2025, and May 2025). Each batch consisted of three families (3 natural XX females: 1 YY super-
male per family). The table presents the total number of swim-up fry, the number of samples analyzed, and the proportion carrying

the Y-specific amhy band.

Total no. of swim-up

No. of randomly selected

Breeding batch # Family # firy collected fingerlings genotyped With Y-specific band [%]
1 316

1 2 0 102 100
3 0
4 0

2 5 147 100 100
6 0
7 258

3 8 0 100 100
9 0

Total 721 302 100

safer and more acceptable than synthetic hormones, both
due to its endogenous nature and the evidence indicat-
ing its rapid degradation in fish tissues within hours to
a few days (Piferrer 2001; Specker and Chandlee 2003;
Hoga et al. 2018). Nevertheless, future studies quantify-
ing hormone residues in fry and market-size UPV SpiN
tilapia are recommended to support claims of food safety
and improve consumer trust.

While E2 provided a safer and more natural femini-
zation approach, challenges were observed during sub-
sequent breeding, where spawning success remained
inconsistent. The low spawning success observed, with
only one out of three groups producing swim-up fry per
breeding batch, suggests the presence of significant re-
productive or behavioral constraints affecting the reliabil-
ity of seed production in this system. This pattern, repeat-
ed across all three batches, may reflect challenges such
as suboptimal broodstock compatibility, environmental
stressors, or unexpected variation in reproductive readi-
ness and pairing dynamics of the selected fish. Although
the successful groups produced a total of 721 viable fry,
the limited number of successful spawns underscores the
need to refine broodstock management, optimize pairing
ratios, and standardize environmental conditions to en-
hance spawning consistency and fry yield. Addressing
this bottleneck will be critical for scaling up YY-based
production in commercial hatcheries.

Despite the limited number of successful spawns, the
quality of offspring produced was remarkable. One of the
key findings of this study is the 100% efficiency in pro-
ducing genetically all-male offspring from UPV SpiN YY
supermales, as demonstrated by the consistent amplifica-
tion of Y-specific bands across all samples. According to
Punnett square principles, crosses between Y'Y supermales
and XX females should yield only XY progeny, and the
uniform detection of Y-specific bands confirms this theo-
retical expectation. While most individuals exhibited both
X- and Y-specific bands, a subset displayed only the Y-spe-
cific band. This does not imply the presence of YY indi-
viduals, which are genetically impossible froma YY x XX
cross, but is more likely due to differences in amplification

efficiency, suboptimal DNA template quality, or preferen-
tial amplification of smaller fragments in multiplex PCR
reactions (Deng et. al. 2000; Elniftro et al. 2000).

Recent studies have demonstrated that YY male tech-
nology can indeed produce 100% male progeny under con-
trolled conditions. Rahman and Sarder (2010) document-
ed that YY supermales paired with XX females produced
83%—100% male offspring in five families, while Liu et
al. (2025) found that four out of five YY x XX families
yielded 100% male progeny. Nonetheless, it is well es-
tablished that not all XY individuals necessarily develop
as phenotypic males, as sex differentiation in tilapia can
be influenced by complex interactions among genetic,
environmental, and epigenetic factors (Mair et al. 1997;
Baroiller et al. 2009; Triay et al. 2022; Liu et al. 2025). It
is therefore important to note that the present findings are
based solely on genotypic identification of fry. Moreover,
the study was limited to a few successfully spawning fami-
lies; hence, validation across a larger number of families in
future trials is necessary to strengthen the robustness and
applicability of the UPV SpiN Y'Y male technology. Future
studies should include concurrent phenotypic validation at
maturity. Nevertheless, the observed 100% genotypic effi-
ciency surpasses that of MT-induced sex reversal, which
typically achieves 68%—-99% male offspring (Kohinoor et
al. 2003; Shamsuddin et al. 2012).

Beyond efficiency, this finding highlights the practical
potential of YY technology as a hormone-reduced alter-
native for reliable monosex seed production, particularly
in saline-tolerant hybrids suited to brackish water aqua-
culture. Previous studies in O. niloticus (see Islam et al.
2015; Opiyo et al. 2020) have shown that genetically all-
male populations often exhibit superior growth and uni-
formity. To fully establish the commercial viability of this
approach, comparative trials evaluating the growth perfor-
mance, survival, and feed conversion efficiency of all-male
UPV SpiN tilapia hybrid offspring produced via YY male
technology against hormone-treated or mixed-sex cultures
are recommended. In addition, a comprehensive economic
analysis will be essential to assess the cost-effectiveness of
adopting this breeding strategy at hatchery and farm levels.
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Figure 4. Representative gel electrophoresis results of PCR-based genotyping of fingerlings and fry samples from UPV SpiN tila-
pia hybrid (Oreochromis spilurus x O. niloticus) produced by YY supermale and natural XX female parents. (A) Batch 1 fingerling
samples processed within 19-26 February 2025. (B) Batch 2 fry samples processed within 2-23 May 2025. (C) Batch 3 fry samples
processed within 30 June—8 July 2025. A 1 kb DNA ladder was used as a molecular size reference. All samples were amplified using

the UPV-SpiN-MS5 primer set.

Integrating YY male technology into brackish water
hatchery systems could provide a sustainable solution
to the growing demand for tilapia seedstock in coastal
and estuarine areas, where saline intrusion increasing-
ly threatens traditional freshwater farms. By combining
genetic approaches with adaptive hatchery protocols, the
UPV SpiN tilapia hybrid has the potential to serve as a
model breed for resilient, hormone-reduced aquaculture.
Such innovations not only address environmental and
consumer concerns but also contribute to long-term food
security and industry competitiveness in the Philippines
and other regions facing similar challenges.
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