








± 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 

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. 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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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 mult ip le 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. barbatu lum  can hatch at  d i f ferent 
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 

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 fol lowing: 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-Álvarez 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 (♂ /♀) Phenotypic sex (♂ /♀)

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 stil l under 
invest igat ion,  but  several  studies pointed 
out that aromatases are related to ovarian 
development. The aromatases, Cyp19a and 
Cyp19b (Blazquez and Somoza 2010), are Cyp19 

gene translation products which can convert 
androgen (androstenedione and testosterone) into 
estrogen (estradiol-17β 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 inf luenced 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 
fa rming.  I t  may even become one o f  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-Álvarez 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.

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.
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