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+ 5.7%, 83.4% £ 4.7%, and 25.0% £ 7.1% at
temperatures of 17.5, 19.5, 21.5, and 23.5°C,
respectively (Fig. 1c). The female sex ratio
reached the highest percentage at 21.5°C, but
dramatically declined when the temperatures either
decreased or increased from 21.5°C, indicating
that the sex ratio of O. barbatulum is temperature
sensitive. This phenomenon also suggested that
the model of the sex ratio showed significantly high
male ratios at the two extremes of the temperature
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Fig. 1. The hatching rate (a), survival rate (b), and female ratio
(c) of Onychostoma barbatulum at different water temperatures.
The number on each bar is mean percentage. The means in
each chart with the same superscript letter are not significantly
different (P > 0.05) by Duncan’s multiple-comparison procedure.
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range, with an extremely high female ratio near the
middle of the temperature range.

A karyotype analysis was further carried out
as described above to examine the consistency
between genotypic and phenotypic sex at different
rearing temperatures. Results revealed various
inconsistencies between the phenotypic and
genotypic sex across all test temperatures (Table
1). Percentages of inconsistencies between the
phenotypic and genotypic sex were 32.0%, 15.0%,
21.7%, and 18.7% at 17.5, 19.5, 21.5, and 23.5°C,
respectively. Results indicated that a sex change
had occurred in these different samples.

DISCUSSION

Chang (1994) conducted an ecological study
on a population of Onychostoma barbatulum in

Fig. 2. Photos of spermatocytes (a) and oocytes (b) from the
selected samples. Bars equal 1 mm.
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Hapen Stream, northern Taiwan and pointed out
that average body lengths of O. barbatulum in the
initial stage of sexual maturity were 110 mm for
females and 63 mm for males. That study also
indicated that ovarian eggs in mature females
had different maturity and discontinuous size
distributions, suggesting a multi-stage reproductive
strategy through multiple spawnings. The
frequency and time interval of spawning may be
temperature-dependent, and also was influenced
by the amount of food available in the environment.
In this study, O. barbatulum individuals were all
reared in a suitable artificial environment where
light, temperature, food, and water quality, were
controlled to achieve year-round breeding.

O. barbatulum can hatch at different
temperatures, but lowering the temperature
extended the period of hatching. At 21.5°C, all
eggs had completely hatched in 3~5 days, while
at 17.5°C, eggs required at least 4 days to begin
hatching and completed hatching at 7 days.
Peng and Tang (1988) also indicated that a lower
temperature could extend the time of hatching of O.
barbatulum. Korwin-Kossakowski (2008) proposed
that lower water temperatures delay embryo
growth, resulting in a decreased hatching rate,
and fry postponed foraging. They also concluded
that different temperatures significantly impact
the development of fish. Therefore, controlling
the hatching temperature should largely improve
the hatching rate of O. barbatulum. Kupren et
al. (2011) found that fish mortality in the early
embryonic development stage was notably higher,
as cell differentiation and movement in this period
were sensitive to any environmental changes.
A high mortality rate in this period was easily
induced by altering environmental factors such as
temperature, DO, or physical properties (Blaxter
1969; Bermudes and Ritar 1999). In this study,
hatching rates of 70.7% at 17.5°C and 73.3% at
21.5°C did not significantly differ (p > 0.05), but
the hatching time (in days) at 21.5°C was shorter
than that at 17.5°C. Shorter hatching times mean
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cost savings and higher efficacy for fish farmers.
Moreover, when the hatching temperature was
23.5°C, the hatching rate dramatically decreased
to 33.7%, indicating that embryos of O. barbatulum
were intolerant of a temperature of as high as
23.5°C. The water temperature in outdoor ponds
and aquaculture settings plays an important role
in fish physiology. Understanding the tolerance
threshold of temperature of a fish species can
improve aquaculture technology (Kupren et al.
2011). Therefore, 21.5°C is recommended as the
optimal hatching temperature for the aquaculture
industry to produce O. barbatulum fry on a large
scale in an artificial environment.

Results of fish survival rates in the study
showed that larvae poorly tolerated a temperature
of as high as 23.5°C. Proper rearing temperatures
sorted by survival rates that ranged 47.7%~33.7%
were as following: 19.5, 17.5, and 21.5°C.
However, survival rates at 17.5 and 21.5°C
did not significantly differ. A proper increase in
the water temperature usually enhances the
metabolism, respiration, and growth rate, shortens
sex maturation period, reduces the high mortality
of fry in the planktonic stage, and increases the
fry survival rate (Pankhurst and Munday 2011).
Therefore, it is recommended that the proper
temperature of rearing larvae and fry should range
19.5~21.5°C.

Fish have the most diverse and complex sex-
determining mechanisms, which cover almost all
sex determinations in vertebrates, and are a most
frequently discussed issue (Devlin and Nagahama
2002; Blazquez and Somoza 2010). The sex
determination of some fishes can be explained
by a simple sex chromosome theory, but more-
complicated theories are required to explain the
sex determination of other fishes (Devlin and
Nagahama 2002; Ospina-Alvarez and Piferrer
2008; Blazquez and Somoza 2010). So far, there
have been fish cytogenetic studies on more than
1700 species, but only about 176 species possess
cytogenetically distinct sex chromosomes (Devlin

Table 1. Male to female ratios of genotypic and phenotypic sex of Onychostoma barbatulum by different

temperature treatments

Temperature treatments (°C) Sampling (N) Genotypic sex (4/%) Phenotypic sex (4/%)
17.5 25 17/8 15/10
19.5 20 17/3 16/4
21.5 25 10/15 7/18
23.5 16 10/6 11/5
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and Nagahama 2002). Our previous study found
the sex chromosome of O. barbatulum was
the XX-XY system (Han et al. 2015). However,
few fish species depend on sex chromosomal
genetic mechanisms; their gonadal development,
in general, is still more or less influenced by
environmental factors. For example, the genetic
sex determination of goldfish is the XX-XY system,
but the male ratio of their offspring at 35°C is
considerably higher than that at 30°C (Goto-Kazeto
et al. 2006). The rainbow trout also has the XX-XY
system, but changing the growth temperature from
12 to 18°C for 30 days in its early developmental
stage can effectively control the female ratio.
Azaza et al. (2008) studied the impact of a high
temperature on Oreochromis niloticus, and
indicated that the survival rate decreased, but the
proportion of male fish was significantly enhanced.
These examples show that temperature can
affect gonadal differentiation of thermally sensitive
fish species in their early development stages
(Magerhans et al. 2009).

A more-recent study suggested that fish
sex differentiation is a dynamic process which
is affected by expressions of multiple genes
in different periods (Blazquez and Somoza
2010). Besides genetic factors, the process of
genetic differentiation can also be influenced
by environmental factors. The sex of several
species, including O. niloticus, O. mykiss, Lepomis
macrochirus, and Gnathopogon caerulescens,
was proven to be the result of interactions of
gene expressions with environmental temperature
(Fujioka 2006; Baroiller et al. 2009; Magerhans et
al. 2009; Wang et al. 2014). However, results of
this study showed that fry reared at 21.5°C had
the highest female proportion (> 80%) compared
to other temperature settings (< 30%), indicating
that sex determination in O. barbatulum is not
totally dependent on genetic controls by the sex
chromosome. The sex ratio was largely affected
by temperature. In addition to temperature, other
environment factors, including external hormones,
water pH, and the population composition, may
also be noteworthy. In order to effectively control
the sex ratio of O. barbatulum, all possible
environmental and genetic factors must be
carefully taken into account in the future.

The mechanism of temperature’s effects
on fish gonadal differentiation is still under
investigation, but several studies pointed
out that aromatases are related to ovarian
development. The aromatases, Cyp19a and
Cyp19b (Blazquez and Somoza 2010), are Cyp19
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gene translation products which can convert
androgen (androstenedione and testosterone) into
estrogen (estradiol-17p and estrone) (Conley and
Hinshelwood 2001). Cyp19 gene expressions in
different fish species can vary as the environmental
temperature changes. Solveig and Andersen
(2006) reported that the expression of Cyp19a in
Hippoglossus hippoglossus was suppressed as
the temperature increased, resulting in a reduction
in the female ratio. A similar phenomenon was
also observed in a study of expression of the
Cyp19 gene declining in O. mossambicus when
the temperature increased (D’Cotta et al. 2008),
indicating that Cyp19a influenced gonadal
development and the sex ratio, and its expression
was affected by temperature. Since the regulatory
mechanism of aromatases in the vertebrata is
very complicated, the current study only observed
that a change in the sex hormone was influenced
by aromatases. Further studies on the effects of
other factors and their combined effects on sex
differentiation and population dynamics of fishes
were suggested (Pankhurst and Munday 2011).
The mechanism of how temperature regulates
the sex differentiation of O. barbatulum also
requires more-detailed investigations. In this
study, inconsistent phenotypic and genetic sex
in some individuals was observed in the different
temperature groups by karyotypic and gonad
staining analyses. And the results suggested that
sex reversal often occurred in O. barbatulum when
environmental factors changed.

Sex reversal can be applied to fish breeding
and may play an important role in commercial
farming. It may even become one of the
advantageous methods for producing a high
proportion of female fry of O. barbatulum in the
future. Mating between sex-reversed and normal
individuals are one of the methods for manipulating
fish sex on aquaculture farms. The most successful
case of application in commercial production
was the sex-reversed O. niloticus. Males of O.
niloticus, with sex chromosome XY, were treated
with estrogen to produce a female (with XY sex-
reversal) and were then mated with normal males
(XY) to produce YY-type progeny. The genetic sex
of the YY progeny was altered by the designated
estrogen to become phenotypic female seed, and
then these were mated with phenotypic males
(YY). All-male progeny were produced (Mair et al.
1997). However, in this study, temperature control
(21.5°C) largely produced a high ratio of female
fry (81%). In the future, sex-reversal breeding
may be a good way to produce all-female progeny
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of O. barbatulum. The male with genetic sex XX
type can be produced by controlling temperature
or hormones during larva and juvenile periods.
The gametes from these males become all
genetic X-type. Once they mate with females with
genetic sex XX type, their progeny are fed in the
appropriate temperature environment (21.5°C) to
produce whole female offspring.

Baroiller et al. (2009) reported that the
sex differentiation of more than 60 species of
osteichthyes was affected by the environment.
Fishes are poikilotherms whose internal body
temperature varies along with the environmental
temperature, thereby significantly and directly
impacting the fish’s physiology. Previous studies
pointed out that the temperature sex determination
(TSD) of fish included three modes. The first
mode is a higher proportion of females at low
temperatures, with the proportion of females
decreasing as the temperature increases. The
second mode is a lower proportion of females
at low temperatures, with the proportion of
females increasing as the temperature rises.
The third mode is lower female ratios at higher
and lower temperatures, with the highest female
ratio occurring in an intermediate temperature
range (Ospina-Alvarez and Piferrer 2008). In
this study, the TSD of O. barbatulum matched
the third mode as described above. Female
ratios of O. barbatulum were revealed to be
temperature dependent, but nonlinearly changed
as temperature increased from 17.5 to 23.5°C.
Male ratios of O. barbatulum increased at lower
and higher experimental temperatures (17.5, 19.5,
and 23.5°C), while the female ratio significantly
increased at 21.5°C (p < 0.05). and there was no
significant difference in ratios among the three
sampling sources (p > 0.05).

The TSD is commonly assumed to be
the sex determinant of fishes, but more-recent
studies found that certain species’ genetic sex
determination (GSD) is strongly influenced by
temperature. Regardless of whether there is only
TSD or a TSD and GSD interaction, fish are an
excellent model for studying the mechanisms of
sex differentiation and determination (Blazquez
and Somoza 2010). Our study clearly showed
the effect of TSD on the sex determination of O.
barbatulum, and also suggested that all-female
control can be achieved by combining TSD and
GSD systems in aquaculture applications.
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CONCLUSIONS

Onychostoma barbatulum has become an
aquaculture species with high economic value in
Taiwan. Because females have a higher growth
rate than males, the development of feminized fry
technology can increase the economic efficiency
of aquaculture farms. The study provides optimum
ambient conditions for the manual hatching of O.
barbatulum, and showed a high hatching rate at
21.5°C. In the early developmental stage (2~35
days after hatching), the best survival temperature
was 17.5~21.5°C. Effects of water temperature on
the experimental O. barbatulum sex ratio showed
that female ratios in high- (23.5°C) and low-
temperature (17.5 and 19.5°C) environments were
all lower, and the female ratio was significantly
higher than other groups at 21.5°C (p < 0.05). This
result can be applied to produce a high proportion
of female fry at farms in the future.

Acknowledgments: The authors express their
gratitude to HD Lin and CC Hang for collecting
specimens. We also thank NC Chen for assistance
with laboratory work. Research funding was
provided to Mei-Chen Tseng by the Ministry of
Science and Technology, Taiwan, R.O.C. (NCS98-
2313-B-020-007-MY3).

REFERENCES

Abucay JS, Mair GC, Skibinski DF. 1999. Environmental sex
determination: the effect of temperature and salinity on
sex ratio in Oreochromis niloticus L. Aquaculture 173:219-
234.

Azaza MS, Dhraief MN, Kraiem MM. 2008. Effects of water
temperature on growth and sex ratio of juvenile Nile tilapia
Oreochromis niloticus (Linnaeus) reared in geothermal
waters in southern Tunisia. J Ther Bio 33:98-105.

Baroiller JF, D’Cotta H. 2001. Environment and sex
determination in farmed fish. Comp Biochem Physiol C
Toxicol Pharmacol 130:399-409.

Baroiller JF, D’Cotta H, Bezault E, Wessels S, Hoerstgen-
Schwark G. 2009. Tilapia sex determination: where
temperature and genetics meet. Comp Biochem Physiol A
Mol Integr Physiol 153:30-38.

Baroiller JF, Guigen Y, Fostier A. 1999. Endocrine and
environmental aspects of sex differentiation in fish. Cell
Mol Life Sci 55:910-931.

Bermudes A, Ritar AJ. 1999. Effects of temperature on the
embryonic development of the striped trumpeter (Latris
lineata Bloch and Schneider, 1801). Aquaculture 176:245-
255.

Blaxter JHS. 1969. Development: eggs and larvae. In: Hoar
WS, Randall DJ (Eds) Reproduction and Growth. Fish
Physiology, vol. 3. Academic Press, New York, pp. 177-
252.



Zoological Studies 56: 16 (2017)

Blazquez M, Somoza GM. 2010. Fish with thermolabile sex
determination (TSD) as models to study brain sex
differentiation. Gen Comp Endocrinol 166:470-477.

Blazquez M, Zanuy S, Carillo M, Piferrer F. 1998. Effects of
rearing temperature on sex differentiation in the European
sea bass Dicentrarchus labrax L. J Exp Zool 281:207-
216.

Bull JJ, Bulmer MG. 1989. Longevity enhances selection of
environmental sex determination. Heredity 63:315-320.

Chang SH. 1994. The population ecology of Varicorhinus
barbatulus in Ha-Pen Creek. Master thesis, National
Taiwan University.

Chen IS, Chang YC, Shao KT. 2005. A photographic guide to
the inland-water fishes of Taiwan. vol 1. Cypriniformes.
The Sueichan Press, Keelung.

Chen SL, Deng SP, Ma HY, Tian YS, Xu JY, Yang JF, Wang
QY, Ji XS, Shao CW, Wang XL, Wu PF, Deng HD, Zhai
JM. 2008. Molecular marker-assisted sex control in half-
smooth tongue sole Cynoglossus semilaevis. Aquaculture
283:7-12.

Conley A, Hinshelwood M. 2001. Mammalian aromatases.
Reproduction 121:685-695.

Conover DO. 2004. Temperature-dependent sex determination
in fishes. In: Valenzuela N, Lance V (Eds.) Temperature-
Dependent Sex Determination in Vertebrates. Smithsonian
Books, Washington, DC.

Conover DO, Kynard BE. 1984. Field and laboratory
observations of spawning periodicity and behavior of a
northern population of the Atlantic silverside, Menidia
menidia (Pisces: Atherinidae). Environ Biol Fishes 11:161-
171.

Crews D. 1996. Temperature-dependent sex determination: the
interplay of steroid hormones and temperature. Zool Sci
13:1-13.

D’Cotta H, Pepey E, Wessels S, Poonlaphdecha S, Reinelt B,
Hoerstgen-Schwark G, Baroiller JF. 2008. Temperature-
induced male differentiation in the Nile tilapia: gonad
gene expression using female monosex populations
and divergent thermosensitive lines. Paper presented at
the Proceedings of the 20th international Congress of
Zoology, Paris, 26-29 August, 2008.

Devlin RH, Nagahama Y. 2002. Sex determination and sex
differentiation in fish: an overview of genetic, physiological,
and environmental influences. Aquaculture 208:191-364.

Fujioka Y. 2006. Patterns of sex ratio response to water
temperature during sex determination in honmoroko
Gnathopogon caerulescens. Fish Sci 72:1034-1041.

Goto-Kazeto R, Abe Y, Masia K, Yamaha E, Adachi S, Yamauchi
K. 2006. Temperature-dependent sex differentiation in
goldfish: establishing the temperature-sensitive period
and effect of constant and fluctuating water temperatures.
Aquaculture 254:617-624.

Guerrero RE, Shelton WL. 1974. An aceto-carmine squash
method of sexing juvenile fishes. Prog fish-cult 36:56.

Han CC, Yen TB, Chen NC, Tseng MC. 2015. Comparative
studies of 5S rDNA profiles and Cyt b sequences in
two Onychostoma species (Cyprinidae). Int J Mol Sci
16:29663-29672.

Kitano T, Takamune K, Kobayashi T, Nagahama Y, Abe SI.
1999. Suppression of P450 aromatase gene expression
in sex-reversed males produced by rearing genetically
female larvae at a high water temperature during a
period of sex differentiation in the Japanese flounder
(Paralichthys olivaceus). J Mol Endocrinol 23:167-176.

Korwin-Kossakowski M. 2008. The influence of temperature

page 9 of 9

during the embryonic period on larval growth and
development in carp, Cyprinus carpio L., and grass carp,
Ctenopharyngodon idella (Val.): Theoretical and practical
aspects. Arch Pol Fish 16:231-314.

Kupren K, Mamcarz A, Kucharczyk D. 2011. Effect of variable
and constant thermal conditions on embryonic and early
larval development of fish from the genus Leuciscus
(Cyprinidae, Teleostei). Czech J Anim Sci 56:70-80.

Ledley RS, Lubs HA, Ruddle FH. 1972. Introduction to
chromosome analysis. Comput Biol Med 2:107-128.

Levan A, Fredga K, Sandberg A. 1964. Nomenclature for
centromeric position on chromosomes. Hereditas 52:201-
220.

Magerhans A, Miller-Belecke A, Horstgen-Schwark G. 2009.
Effect of rearing temperatures post hatching on sex ratios
of rainbow trout (Oncorhynchus mykiss) populations.
Aquaculture 294:25-29.

Mair GC, Abucay JS, Skibinski DOF, Abella TA, Beardmore JA.
1997. Genetic manipulation of sex ratio for the large-scale
production of all-male tilapia, Oreochromis niloticus. Can
J Fish Aquat Sci 54:396-404.

Mbahinzireki G, Dabrowski K. 1997. Production of male tilapia
by heat-treatment of embryos and growth of different
diets in recirculating systems. Paper presented at the
World Aquaculture Society Conference, Washington State
Convention Center, Seattle, 19-23 February, 1997.

Navarro-Martin L, Vifias J, Ribas L, Diaz N, Gutiérrez A, Di
Croce L, Piferrer F. 2011. DNA methylation of the gonadal
aromatase (cyp19a) promoter is involved in temperature-
dependent sex ratio shifts in the European sea bass.
PLoS Genet 7(12): €1002447. doi:10.1371/journal.
pgen.1002447.

Ospina-Alvarez N, Piferrer F. 2008. Temperature-dependent
sex determination in fish revisited: prevalence, a single
sex ratio response pattern, and possible effects of climate
change. PLoS One 3(7): e2837. doi:10.1371/journal.
pone.0002837.

Pankhurst NW, Munday PL. 2011. Effects of climate change
on fish reproduction and early life history stages. Mar
Freshwater Res 62:1015-1026.

Pavlidis M, Koumoundouros G, Sterioti A, Somarakis S,
Divanach P, Kentouri M. 2000. Evidence of temperature-
dependent sex determination in the European sea bass
Dicentrarchus labrax L. J Exp Zool 287:225-232.

Peng HK, Tang HC. 1988. Egg development and larvae rearing
of Varicorhinus tamusuiensis. Bull Taiwan Fisher Res Inst
44:85-90.

Peng HK, Tang HC. 1989. Feeding experiment on Varicorhinus
tamusuiensis under culture. Bull Taiwan Fisher Res Inst
46:105-111.

Shen SC (Ed). 1993. Fishes of Taiwan. Department of Zoology,
National Taiwan University, Taipei.

Solveig VD, Andersen O. 2006. Temperature effects on sex
determination and ontogenetic gene expression of the
aromatases cyp19a and cyp19b, and the estrogen
receptors esr1 and esr2 in Atlantic halibut (Hippoglossus
hippoglossus). Mol Reprod Dev 73:1481-1490.

Strissmann CA, Patifio R. 1999. Sex determination,
environmental. /n: Knobil E, Neill JD (Eds) Encyclopedia
of reproduction. Academic Press, San Diego.

Wang HP, Gao ZX, Rapp D, O’Bryant P, Hong Y, Cao XJ. 2014.
Effects of temperature and genotype on sex determination
and sexual size dimorphism of bluegill sunfish Lepomis
macrochirus. Aquaculture 420/421:S64-S71.


http://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1002447
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0002837

	BACKGROUND
	MATERIALS AND METHODS
	Sampling method and farm system
	Determination of hatching rates at different
temperatures
	Calculation of survival rates under different
rearing temperatures
	Gonad smear
	Chromosome preparation
	Statistical Analyses

	RESULTS
	DISCUSSION
	CONCLUSIONS
	Acknowledgments
	REFERENCES



