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Abstract
This study used tiger puﬀer Takifugu rubripes to explore new, simple methods for lowtemperature-induced masculinization in a cultured ﬁsh without the use of ultraviolet irradiation or sex
hormones. An orthogonal test L9(34) design was used to consider three factors at three levels: treatment
starting times (days post-hatch, dph: factor A) of 20, 50 and 80 dph; treatment temperatures (factor B)
of 13°C, 15°C and 17°C; and treatment durations (factor C) of 30, 45 and 60 days. A control group was
reared at 21±1°C. The experiments were repeated twice. At 230 dph, the gonads were removed from
thirty randomly sampled ﬁsh in each group. Histological observations and analysis of single nucleotide
polymorphisms (SNP) were used to identiﬁed pseudo males, which biological sex was male and genetic
sex were female (XX). Treatment group 4 (A2B1C2) resulted in the highest proportion of males (75%).
According to the intuitive analysis of the orthogonal-array experiments, the optimal combination of lowtemperature-induced masculinization of T. rubripes was A2B1C2. The population sex ratio depended on the
three factors in the sequence B→A→C. A comparison of the daily increases in length and weight during
and after the low-temperature conditions showed that the absolute daily increases in weight and length
were signiﬁcantly less during treatment than after treatment. Daily increases in weight and length did not
signiﬁcantly diﬀer between the treatment groups and the controls (P>0.05), demonstrating that the growth
rate could return to normal after the low-temperature conditions. This study establishes a low-temperatureinduced masculinization technology for T. rubripes and demonstrates that although the growth rate (length
and weight) decreased in an array of nine treatment groups during the processing time, it returned to a
normal level after processing. The results should serve as a guide for achieving the masculinization of T.
rubripes in production.
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1 INTRODUCTION
The tiger puﬀer Takifugu rubripes is a valued
species (Gui, 2007), abundantly distributed in the
Yellow Sea, the Bohai Sea and East Sea of China, the
Korean Peninsula and Japan (Jiang et al., 2004; Lei,
2005; Ma et al., 2011). The ﬂesh of this marine ﬁsh is
white, tender and tasty, earning it a high price
category. Although the diﬀerence in the growth rate
of male and female T. rubripes is insigniﬁcant, the
market price diﬀers greatly for the two sexes. The
meat of mature males is considered superior to that of
females, and in Japan, the testes are considered a

high-quality food with an average price comparable
to Matsusaka beef and tuna, which can reach US$ 220
per kilogram. Moreover, the ovaries of this species
are highly toxic, whereas the testes are not poisonous.
Thus, the mature male ﬁsh command more than
doubles of the market price of the same-sized females
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(Suzuki, 2010). Therefore, devising an all-male
production technology for T. rubripes has implications
for improving the proﬁts and international
competitiveness of farming this species in China and
elsewhere.
Sex-determination mechanisms in numerous
species of teleost ﬁsh have been proved temperature
dependent or genotypic. Conover and Kynard (1981)
reported that sex determination in Atlantic silverside
Menidia menidia is controlled by heredity and
environmental factors during larval stages, and
diﬀerent sex ratios could be achieved with diﬀerent
rearing temperatures. T. rubripes has a special sexdetermination mechanism controlled by genotype but
regulated by ambient water temperature, thus the
species is an ideal model for studying sex
determination and diﬀerentiation in a ﬁsh. Genomewide linkage analyses by Kikuchi et al. (2007)
conﬁrmed that the sex-determination mechanism in
T. rubripes is the XX-XY type, and that the sexdetermining gene is located in a single area of linkage
group 19. Kamiya et al. (2012) reported that a sexdetermining gene anti-Müllerian hormone receptor
type 2 (Amhr2) could be achieved by a single
nucleotide polymorphism (SNP) marker, namely a
cytosine (C) on chromosome X and a guanine (G) on
chromosome Y, and the use of the Amhr2 genespeciﬁc SNP loci for genetic sex identiﬁcation could
achieve a nearly 100% accuracy rate. In addition,
Suzuki et al. (1996) comﬁrmed that sex diﬀerentiation
of gonads occurred range 22.02–29.05 mm TL
(50 dph) by histology method, and both the ovary and
testis are formed directly by the undiﬀerentiated
gonad, which showed that the gonad of T. rubripes
had gender plasticity within 2–3 months after
hatching. In this period, various hormones and
environmental induction could cause phenotypic sex
reversal. Based on the literature recordation, the
nomal growth temperature range of T. rubripes in
nature during larval development was 20–24°C (Li
and Fu, 1993). Hattori et al. (2012) reported that 2–3
weeks after hatching, cultivating T. rubripes at low
temperatures signiﬁcantly increased the proportion of
males. Studies by Liu et al. (2014) and Zhou et al.
(2015) likewise showed that low-temperature
conditions (13–15°C) eﬀectively resulted in malebiased sex ratios. Matsuura et al. (1994) and Suzuki et
al. (1996) have investigated early sexual diﬀerentiation
and gonadal development in T. rubripes, but a
technology for temperature-induced masculinization
has not yet been reported for T. rubripes.
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We used orthogonal array testing to explore the
best
conditions
for
temperature-induced
masculinization of T. rubripes, and we examined the
eﬀects of diﬀerent temperature treatments on growth
traits (length and weight) and sex ratios in cultured
ﬁsh. We aimed to provide basic data for a simple and
reliable way to induce all-male T. rubripes production
through low-temperature conditions.

2 MATERIAL AND METHOD
2.1 Ethics statement
This study was performed according to the Guide
for the Care and Use of Laboratory Animals in Dalian
Ocean University, Dalian, China. All animal
experiments were approved by the Animal Study
Ethical Committee of Dalian Ocean University, and
comply with Chinese laws, regulations, and ethics.
2.2 Material
Two adult Takifugu rubripes were acquired from
Dalian Days Industrial Co. Ltd., Tanghai County
Zuidong Farms, China. The male was 44.2 cm TL and
2.4 kg, and the female was 41.2 cm TL and 2.6 kg,
and the age of the broodstock was 5 years old.
2.3 Artiﬁcial spawning and fertilization
The mature parental T. rubripes were injected with
human chorionic gonadotropin (HCG) (dose: ♀ 20–
25 IU/g, ♂ 10–12.5 IU/g). After 24 h, gentle pressure
was applied to the abdomen of the female to observe
whether eggs could be extruded; once eggs could be
discharged, the ﬁsh was lifted and squeezed on both
sides of the abdomen as the eggs were collected in a
clean jar. Next, sperm was similarly collected in the
same jar and gently mixed. After 5 min of dry
fertilization, seawater was added to the jar for 3–5 min
to activate the sperm. Excess sperm was rinsed oﬀ the
fertilized eggs with seawater, and the eggs were
washed 4 or 5 times, for 5 min at a time, to remove
stickiness. The fertilized eggs were then placed into
an incubator for ﬁsh eggs until the fry hatched out
after 7 days; the incubation temperature was 21±1°C.
2.4 Orthogonal test design
The eﬀects of orthogonal combinations of the three
factors (i.e. treatment starting time, treatment
temperature, and treatment duration) on the production
rate of male T. rubripes was examined. The controls
were reared at the standard cultivation temperature of
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2.8 Identiﬁcation of genetic sex

Table 1 The orthogonal test design
Test number

1127

Factor level
A (dph)

B (°C)

C (day)

1

1(20)

1(13)

1(30)

2

1

2(15)

2(45)

3

1

3(17)

3(60)

4

2(50)

1

2

5

2

2

3

6

2

3

1

7

3(80)

1

3

8

3

2

1

9

3

3

2

21±1°C. The experiments were repeated once. The
orthogonal test L9(34) design chosen for the
experiments (Pan and He, 1993) is shown in Table 1.
The sequence and optimal combination of the three
factors and levels in regard to achieving a male-biased
sex ratio and the best growth rate (length and weight)
were obtained by intuitive analysis.
2.5 Rearing of oﬀspring
The oﬀspring in the treatment and control groups
were each cultivated in separate tanks, of 1 m diameter
and 1 m height, with 250 ﬁsh per tank. The ﬁsh were
fed, in turn, a diet of rotifers (protein content 28%–
36%, and lipid content 9%–28% of dry weight),
Artemia (protein content 57%–60% of dry weight),
ﬁsh mud, ﬁsh blocks, normal mixed ﬁsh, and pelleted
feed (Tian et al., 2007). The water was kept running.
The normal cultivation temperature was 21±1°C. The
culture methods were identical for each experimental
group.
2.6 Measuring growth rate
Every 15 days, thirty ﬁsh in each treatment group
were randomly selected and measured for length
(accurate to 0.01 cm) and weight (accurate to 0.01 g).
2.7 Identiﬁcation of biological sex
After 230 days, the gonads of thirty randomly
sampled ﬁsh in each group were dissected, ﬁxed with
Bouin solution, and then transferred to 80% alcohol
after 24 h. For identiﬁcation of biological sex, paraﬃn
sections of the gonad samples were prepared and
dyed with hematoxylin-eosin (HE) stain for
observation under a microscope (Leica).

Speciﬁc SNP loci in the Amhr2 gene, as established
by Kamiya et al. (2012), were used to identify the
genetic sex of ﬁsh in each treatment group, including
the control. Diﬀerences in DNA base pairs, namely
cytosine (C) on an X chromosome and guanine (G) on
a Y chromosome, were used to identify sex. CC
indicated XX chromosomes, representing females,
and CG indicated XY chromosomes, representing
males. The following primers were used for the PCR:
SD3exon8F:
ACGATGCACACAAACCACCT;
SD3exon10R: TCCCAGTGTTGCGGTATGTA.
2.9 Data analysis
One-way analysis of variance (one-way ANOVA),
Duncan multiple range alignment and signiﬁcance
tests of the growth rates (with diﬀerences considered
signiﬁcant if P≤0.05, and extremely signiﬁcant if
P≤0.01) were conducted using SPSS version 19.0
(Statistical Product and Service Solutions Inc.,
Chicago, IL, USA). Tukey’s method was used to
perform pairwise comparisons. A three-level standard
deviation of the mean was equal for factors A and B:
S=(mean square error/number of horizontal horizontal
number of repetitions)1/2=(17.57/3·2)1/2=3.42. The
least signiﬁcant diﬀerence (D) value was calculated
as: D0.05 (2,6)=S×F0.05 (2,6)=17.58, D0.01(2,6)=S×F0.01
(2,6)=37.28.
Absolute daily increase in length (ADIL)=(L2−L1)/
(T2−T1), where T1 and T2 represent diﬀerent time sites,
and L1 and L2 represent lengths of diﬀerent ﬁsh at
respective times.
Absolute daily increase in weight (ADIW)=
(W2−W1)/(T2−T1), where T1 and T2 represent diﬀerent
time sites, and W1 and W2 represent weights of
diﬀerent ﬁsh at respective times.

3 RESULT
3.1 Identiﬁcation of T. rubripes biological sex
At 230 days post-hatch (dph), primary spermatocytes
and seminal spermatocytes could be clearly seen in the
testis of an average male (Fig.1a); ovary lobules with
oocytes could be seen in an average female (Fig.1b);
and primary spermatocytes and secondary
spermatocytes were seen in pseudo males (Fig.1c).
3.2 Identiﬁcation of T. rubripes genetic sex
The speciﬁc SNP in the sex-determination Amhr2
genes was reported by Kamiya et al. (2012), hence we
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Fig.1 Histological sections of gonads in T. rubriges (230 dph)
Testis (a), ovary (b), testis (c), bars=100 μm. PSC: primary spermatocytes; SSC: secondary spermatocytes; OC: oocytes cell; OL: ovary lobule.

b

a

Fig.2 SNP sharp peak of T. rubripes’ embryo
a. SNP genotype of diploid (female, pseudo male) (C/C); b. SNP genotype of diploid (male) (C/G).

3.3 Orthogonal test results

68
65
Male rate (%)

used it to identify the genetic sex of thirty progeny
from each treatment group. As shown in Fig.2, the
genotype of females was C/C (XX) and that of males
was C/G (XY). We also found pseudo males whose
biological sex was male, but with a C/C genotype
revealed by the SNP analysis.

62
59
56
53
50

3.3.1 The sequence and optimal combination of three
factors for a male-biased sex ratio
As shown in Table 2, in the controls, the female-tomale sex ratio was 16:14 and the male rate was
46.67% (±4.72), which is consistent with the
theoretical male-to-female ratio (1:1). The male rate
in all treatment groups was higher than in the controls,
and treatment group 4 had the highest proportion of
males, at 75%. Genetic sex identiﬁcation was carried
out for the group 7, 14 females (C/C) and 16 males
(C/G) had been found. Combing with histological
observations, 3 pseudo males (C/C) were screened
out from the females (Table 2). According to the range
R of the intuitive analysis (Table 2), the order of
importance of the three factors in regard to achieving
a male-biased sex ratio was: B→A→C. Figure 3

20

50 80
A (DPH)

13

15 17
B (℃)

30

45 60
C (day)

Fig.3 Eﬀects of three factors and their levels on male rate

depicts the rate that the sex ratio changed in favor of
males as an eﬀect of the three factors at three levels.
Factors A and B show greater steepness in the line
chart, indicating a larger impact (as the main factors)
on the male-production rate, and factor C was the
secondary. The optimal combination was A2B1C2
(Fig.3).
3.3.2 Comparing factors A and B
Upon comparsions, the diﬀerence of each level for
factor A and factor B was not signiﬁcant (P>0.05)
(Table 3), which was consistent with the results of the
intuitive analysis.
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Table 2 The results of the orthogonal test and intuitive
analysis
Test
A (dph)
number
1-1

B (°C) C (day)

1(20)

1(13)

Female: male
(pseudo male)

1(30)

13:17

1-2
2-1
2-2
3-1
3-2
4-1
4-2
5-1
5-2
6-1
6-2
7-1
7-2
8-1
8-2
9-1
9-2

13:17
1

2(15)

2(45)

1

3(17)

3(60)

2(50)

1

2

2

2

3

2

3

1

3(80)

1

3

3

2

1

3

3

2

-

21

-

Control
group-1

12:18
12:18
17:13
11:19
8:22
7:23
12:18
11:19
13:17
12:18
9:21
11:19(3)
12:18
14:16
16:14
14:16

Male rate (%)
mean±SD
56.67±0.00

60.00±0.00

53.33±14.14

75.00±0.00

61.67±2.35

58.34±2.35

66.67±4.72

56.67±4.72

50.00±4.71

17:13

Control
group-2

46.67±4.72
15:15

K1

170.00

198.34

171.68

K2

195.01

178.34

185.00

K3

173.34

161.67

181.67

k1

56.67

66.11

57.23

k2

65.00

59.45

61.67

k3

57.78

53.89

60.56

R

8.33

12.22

4.44
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3.4 Eﬀect of temperature treatments and ﬁsh age
(days post-hatch) on growth (length and weight)
The results show that the growth rate (as a factor of
length and weight) increased commensurate with an
increasing rearing temperature (13, 15 and 17°C), but
the diﬀerences between treatment groups were not
signiﬁcant (P>0.05). However, the average length of
ﬁsh in the treatment groups signiﬁcantly diﬀered to
that of the controls (P≤0.05), and among the treatment
groups the diﬀerence was signiﬁcant only at 13°C
(P≤0.05) (Table 4); this result indicates that rearing
temperature had a large eﬀect on ﬁsh length. Second,
although the starting time of the temperature treatment
(20, 50 and 80 dph) had no signiﬁcant eﬀect on
diﬀerences in length and weight (P>0.05), the
diﬀerence in growth was a signiﬁcant when compared
with the controls (155.37 mm, 116.98 g) (P≤0.05).
3.5 Growth-trait analysis for the diﬀerent
treatment groups
A comparison of the growth traits at 11 dph showed
that the average length and weight of each treatment
group and the controls increased with age, but the
overall growth rates of the treatment groups were
signiﬁcantly lower than that of the controls.
Figure 4a–b shows the changes in length and
weight for treatment groups 1 to 3 from 20 dph. Fish
in group 1 were maintained at 13°C for 30 days, group
2 at 15°C for 45 days, and group 3 at 17°C for 60
days. The average body lengths in these three
Table 3 Margins between averages of every level of factor A
and B

Note: K1, K2, and K3 are the sum of the male rate under each factor at the
corresponding levels of 1, 2 and 3; k1, k2, and k3 are the averages of K1,
K2, and K3, respectively; R is the diﬀerence of the maximum and minimum
under each factor.

Comparisons between two levels

Factor A

Factor B

Level 1 and 2

8.33a

6.66b

Level 1 and 3

1.11

12.22b

Level 2 and 3

7.22a

5.56b

a

In the same column, the same lower case letters indicate that the diﬀerences
were not signiﬁcant (P>0.05).

Table 4 The length and weight of diﬀerent temperature treatment and DPH at 200 days
Temperature (°C)

Length (mm)

Weight (g)

DPH

Length (mm)

Weight (g)

a

53.95±0.14

20

a

13

119.81±0.57

120.89±3.06

53.16±1.55a

15

122.61±2.37a

65.04±1.47ab

50

128.65±1.79a

64.56±1.08a

17

132.73±2.64

86.83±2.22

80

125.59±0.72

58.42±1.21a

Control (21±1°C)

155.37±0.15b

116.98±5.99b

Control (21±1°C)

155.37±0.15b

116.98±5.99b

a

a

ab

a

In the same column, diﬀerent lower case letters indicate signiﬁcant diﬀerences (P<0.05); and the same lower case letters indicate that the diﬀerences were
not signiﬁcant (P>0.05).
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a
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1
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2

60

3

40
Control

20

60
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1

40

2

30

3

20

Control

10
0

0
20 35 50 65 80 95 110 125 140 155 170 185 200
Age (day)
160

20 35 50 65 80 95 110 125 140 155 170 185 200
Age (day)
120

c

140

d

100

120

80

4

60

5

6

40

6

Control

20

Control

100

4

80

5

60

Weight (g)

Length (mm)

b

70

100

Weight (g)

Length (mm)

140
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40
20

0

0
20 35 50 65 80 95 110 125 140 155 170 185 200
Age (day)

20 35 50 65 80 95 110 125 140 155 170 185 200
Age (day)

200
180

e

160

160

140

140

120
100

7

80

8

60

9

40

Control

20
0

Weight (g)

Length (mm)

180

f

120
100

7

80

8

60

9

40
Control

20
0

20 35 50 65 80 95 110 125 140 155 170 185 200
Age (day)

20 35 50 65 80 95 110 125 140 155 170 185 200
Age (day)

Fig.4 Changes in length for treatment groups 1 to 3 from 20 dph (a), changes in weight for treatment groups 1 to 3 from 20
dph (b), length changes in treatment groups 4 to 6 from 50 dph (c), weight changes in treatment groups 4 to 6 from 50
dph (d), length changes in treatment groups 7 to 9 from 80 dph (e), weight changes in treatment groups 7 to 9 from
80 dph (f)

treatment groups were less than the average lengths of
the controls. One month after the temperature
treatment, ﬁsh signiﬁcantly increased in length,
especially those of group 1. Length increased
signiﬁcantly from 80 to 200 dph, except for group 3
(Fig.4a). The diﬀerences in average weight among the
three temperature-treatment groups and the controls
were not signiﬁcant up to 50 dph. The diﬀerence at 65
to 80 dph was also not obvious, but at 95 to 200 dph
the average weight of ﬁsh in the treatment groups was
signiﬁcantly less than that of the controls. From
110 dph, some diﬀerence occurred among the average
weights of ﬁsh in the three treatment groups: the
diﬀerence between group 1 and group 3 was not
obvious, yet signiﬁcantly greater than the average

weight of group 2 (Fig.4b).
Figure 4c–d shows the length and weight changes
in treatment groups 4 to 6 from 50 dph. Group 4 was
reared at 13°C for 45 days, group 5 at 15°C for
60 days, and group 6 at 17°C for 30 days. The average
lengths in these three treatment groups were all less
than that of the controls; there was no signiﬁcant
diﬀerence between the lengths of group 5 and group
6, but their lengths were greater than group 4 (Fig.4c).
The average weight of ﬁsh in each of these three
treatment groups was signiﬁcantly less than that of
the controls. After 80 dph, the average weights among
the three treatment groups showed some diﬀerences:
group 5 and group 6 were not obviously diﬀerent in
weight, yet their weights were greater than that of
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Table 5 Absolute daily increase of length and weight in diﬀerent treatment groups
No.

Temperature control

After temperature control

ADIW (g/d)

ADIL (mm/d)

ADIW (g/d)

ADIL (mm/d)

1

0.003±0.001

0.179±0.009

0.388±0.002a

0.757±0.110b

2

0.018±0.005

0.361±0.010

0.36±0.0063a

0.699±0.160b

3

0.015±0.002

0.454±0.011

0.586±0.005

0.844±0.113b

Control group 1

-

-

0.42±0.011a

0.673±0.008b

4

0.05±0.010

0.263±0.020

0.403±0.019c

0.666±0.014d

5

0.095±0.012

0.403±0.018

c

0.476±0.023

0.645±0.019d

6

0.34±0.012

0.652±0.013

0.447±0.021c

0.626±0.014d

Control group 2

-

-

0.57±0.015c

0.726±0.016d

7

0.271±0.015

0.282±0.009

e

0.228±0.017

0.496±0.021f

8

0.28±0.018

0.472±0.017

0.526±0.015e

0.527±0.015f

9

0.551±0.020

0.807±0.011

0.641±0.016e

0.501±0.015f

Control group 3

-

-

0.841±0.015

0.846±0.013f

a

e

In the same column, diﬀerent lower case letters indicate signiﬁcant diﬀerences (P<0.05); and the same lower case letters indicate that the diﬀerences were
not signiﬁcant (P>0.05). “-” mean untreated.

group 4 (Fig.4d).
Figure 4e–f shows the length and weight changes
in treatment groups 7 to 9 from 80 dph. Group 7 was
reared at 13°C for 60 days, group 8 at 15°C for
30 days, and group 9 at 17°C for 45 days. The average
lengths in these three treatment groups were less than
that of the controls, and there were signiﬁcant
diﬀerences among the treatment groups. At 200 dph,
there was no signiﬁcant diﬀerence in length between
groups 8 and 9, but both groups had a longer average
body length than that recorded for group 7 (Fig.4e).
The average weight of ﬁsh in each of these three
treatment groups was signiﬁcantly lower than that of
the controls. The diﬀerence in average weight between
groups 7 and 8 was not signiﬁcant before 125 dph, but
became signiﬁcant at 140 to 200 dph, although their
average weights were still less than that of group 9
(Fig.4f).
3.6 Comparisons of absolute increases in body
length and weight among the treatment groups
and controls
The absolute daily increase in body length and
weight was signiﬁcantly less during a given
temperature treatment than after the treatment
(Table 5). In addition, the ADIW and ADIL diﬀered
among the treatment groups. The highest growth rates
occurred in group 9 (weight: 0.551±0.020 g/day;
length: 0.807±0.011 mm/day). The lowest growth
rates occurred in group 1 (0.003±0.001 g/day;
0.179±0.009 mm/day). After rearing in the

temperature-controlled conditions, the highest ADIW
occurred in group 9 (0.641±0.016 g/day) and the
highest ADIL occurred in group 3 (0.844±
0.113 mm/day). The lowest ADIW and ADIL both
occurred in group 7 (0.228±0.017 g/day; 0.496±
0.021 mm/day). Among all nine groups, only group 3
displayed absolute daily increases in both weight and
length that were greater than those of the controls.
These rates in the other treatment groups were all
signiﬁcantly lower than those of the controls. Thus, as
regards ADIW and ADIL whether during or after lowtemperature treatment, the highest rates occurred in
ﬁsh treated at 17°C and the lowest in ﬁsh treated at
13°C.

4 DISCUSSION
Sex determination and diﬀerentiation in ﬁsh can be
divided into two general types: genetic sex
determination (GSD) and environmental sex
determination (ESD). GSD refers to when the sex of
oﬀspring is primarily determined genetically, as the
embryo will develop into a male or female depending
on a sex-determining gene on a chromosome or the
sex chromosome composition. ESD refers to the
gender of oﬀspring being mainly determined by
environmental factors—often the environment in
which an egg is fertilized (temperature, humidity, pH)
or some other uncertain factors that are likely to aﬀect
the sex of the oﬀspring. Since ﬁsh are ectothermic,
temperature plays a vital role in sex determination
(Yang et al., 2007). Temperature-dependent sex
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determination (TSD) is similar in ﬁsh and reptiles.
Ewert and Nelson (1991) divided TSD into three
types: 1) The MF mode, where higher temperatures
generate more males and lower temperatures generate
more females. Several ﬁshes belong to this type, such
as
loach
Misgurnus
anguillicaudatus
and
Paramisgurnus dabryanus. Embryos of those species
developed at 20–30°C; when the water temperature
was increased, the proportion of males increased
signiﬁcantly, reaching 82% and 90%, respectively
(Nan et al., 2005); 2) the FM mode, which is opposite
to the ﬁrst type of TSD, where higher temperatures
produce females and lower temperatures produce
males, as in darkbarbel catﬁsh Pseudobagrus vachelli.
At approximately 34°C, the gonads of juveniles of that
species tended to develop as female, with the
production of males only 26.4% (Cheng et al., 2007);
3) the MFM mode, where both relatively high or low
temperatures can induce all males, and intermediate
temperatures tend to balance the sex rate. Species of
Pleuronectiformes, including the southern ﬂounder
Paralichthys lethostigma, belong to this type
(Luckenbach et al., 2009). However, some researchers
assert that TSD in ﬁsh is not as prevalent as currently
thought (Ospina-Álvarez and Piferrer, 2008). Conover
(2004) pointed out that evidence supporting the
presence of TSD in ﬁsh has often been obtained under
laboratory temperatures, and the experimental species
have rarely a contact with nature. He also formulated a
standard for a species to demonstrate TSD: the sex
ratio must occur within its range of natural temperature
(RNT). However, the thermosensitive period in most
species examined by previous studies usually
happened during early development, especially in the
larval stages (Devlin and Nagahama, 2002; Conover,
2004). Hence, Ospina-Álvarez and Piferrer (2008)
considered that the temperature range of TSD should
include the thermosensitive period, namely the RTD.
Therefore, veriﬁcation of TSD should meet two
conditions: 1) the species has no sex chromosomes;
and 2) the sex ratio responded at the RTD. Based on
this standard, experimental results for 59 ﬁsh species
that had been widely conﬁrmed as TSD were examined
by statistical analysis. The results showed that,
excluding species of the genus Apistogramma, the
species had been overwhelmingly proved as TSD,
while sex-ratio shifts of 75% under some extreme
temperatures were most likely the consequence of
thermal eﬀects on GSD, namely GSD+TE, not TSD.
In the FM mode, analysis of data on channel catﬁsh
Ictalurus punctatus showed no diﬀerence with respect
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to the 1:1 sex ratio (Chi-square test=1.42, P=0.233),
and sockeye salmon Oncorhynchus nerka has been
previously suggested as mode MF (Craig et al., 1996).
However, both these species had sex chromosomes,
and the test temperatures were out of the natural range.
In mode MFM, both Japanese ﬂounder Paralichthys
olivaceus (Yamamoto, 1999) and southern ﬂounder
P. letho (Luckenbach et al., 2003) failed one criterion,
thus they were deemed not real TSD species, though
this outcome was diﬀerent from the majority.
Furthermore, when compared with cultivated strains,
sex-ratio shifts in wild populations are more easily
aﬀected by genetic and environmental factors
(Baroiller and D’Cotta, 2016). Therefore, the
mechanisms of TSD in ﬁsh require additional research.
This study chose an L9(34) orthogonal array to
determine the optimal combination for achieving a
high proportion of male tiger puﬀer T. rubripes while
maintaining the most favorable growth rate despite
low-temperature-controlled conditions: the ideal time
to start treatment was 50 days post-hatch, the best
treatment temperature was 13°C, and the most
favorable treatment duration was 45 days. The maleproduction rate with this method was up to 75%. The
three factors determining a male-biased sex rate and
their ideal sequence was treatment-temperature>days
after hatching>processing time. Thus, before or
during the course of gonadal diﬀerentiation in the fry
of this species, low-temperature conditions could
eﬀectively control the direction of gonadal
diﬀerentiation, and eﬀectively increased the
proportion of males. Our results are consistent with a
study by Hattori et al. (2012), Liu et al. (2014) and
Lee et al. (2009), which used a water temperature of
approximately 20–32°C to culture T. rubripes larvae
from the time of hatching to 32–43 days after hatching.
After nine months, tissue sections and RT-PCR were
used to examine the gonadal morphology and
determine the expression of vasa mRNA as seen in
germ cells. The results showed that culturing the T.
rubripes at 32°C caused germ-cell apoptosis and
gonadal ovary-cell masculinization. This phenomenon
of sex reversal can also be found in Nile Tilapia
Oreochromis niloticus, which is classiﬁed as
Temperature-induced sex reversal (TISR) species
(Baroiller and D’Cotta, 2016).
Gonad diﬀerentiation in many ectotherm species is
associated with the environmental temperature during
early development. However, it remains unknown
how these species respond to artiﬁcial rearing
temperatures and the deﬁnite transfer mechanisms
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between the ambient water temperature and gonad
diﬀerentiation. In ﬁsh, especially some temperaturesensitive species, high temperature has been widely
reported that can aﬀect the expression of genes and
cortisol levels, which can skew the sex ratio towards
males. Studies had found that high levels of cortisol
could be found in pejerrey Odontesthes bonariensis
larvae during the sex determination period at high
temperature. This glucocorticoid produced by the
renal cells could promote the production of
11-ketotestoterone (11-KT) and drive the
morphogenesis of testes (Hattori et al., 2009;
Fernandino et al., 2012, 2013). In Japanese ﬂounder,
high levels of cortisol were also found to inhibit the
expression of ovary-type aromatase (cyp19a1)
mRNA, which caused female-to-male sex reversal
(Yamaguchi et al., 2010). This phenomenon was also
conﬁrmed in Medaka Oryzias latipes (Kitano et al.,
2012). Additionally, high temperature could also
unregulate the mRNA expression of the retinoiddegrading enzyme (cyp26b1), which played an
important role in the onset of cell meiosis in ﬁsh
ovaries. (Yamaguchi and Kitano, 2012). Furthermore,
the researchers discovered that a sex-determination
gene amhy both existed in silverside Odontesthes
hatcheri and pejerrey, which agained underlined the
genetic environment could determine the phenotype
in sensitive ﬁsh species. (Yamamoto et al., 2014). For
T. rubripes, it is still unclear whether the increase of
the male ratio at the high and low temperatures is
related to the reasons given above or is the result of
other mechanisms. We intend to continue our research
on this topic in future studies.
The growth of cultured aquatic animals is aﬀected
not only by genetic factors but also by temperature,
illumination, dissolved oxygen, pH, and density.
Temperature is importantly used to inﬂuence growth
rates in ﬁsh culture. Within a certain temperature
range, the growth rate of ﬁsh increases as the ambient
water temperature increases. A number of
investigations have reported on diﬀerent temperature
eﬀects in relation to ﬁsh growth traits. For instance, in
the range of 13–25°C, the growth rate of European
bass Dicentrarchus labrax gradually increased with
increasing temperatures but decreased at 29°C
(Person et al., 2004). Cultured at 15.2–24°C, the
growth rate of turbot Scophthalmusmaximus
decreased with increasing temperatures. The suitable
temperature should not exceed 18°C (Sahí, 2001).
When culturing tongue sole Cynoglossus semilaevis
at 17.5–27.5°C, the growth rate increased with
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increasing temperature (Tian et al., 2011). In this
study, we monitored changes in body length and
weight of diﬀerent low-temperature treatment groups
(13, 15 and 17°C) and a control group (21±1°C) up to
200 days old, and found that the growth rate (length
and weight) increased with increasing temperatures.
The average lengths and weights of ﬁsh in the three
low-temperature-treatment
groups
did
not
signiﬁcantly
diﬀer
(P>0.05).
Furthermore,
examination of ADIL and ADIW among nine
orthogonal groups during or after rearing in lowtemperature-controlled conditions showed that these
growth rates within a given treatment group were
signiﬁcantly lower during the treatment than after the
treatment. The growth rates (length and weight) of the
treatment groups did not signiﬁcantly diﬀer from
those of the controls (P>0.05). This result shows that
although the growth rate was impacted during the
temperature-controlled period, the growth rate
returned to normal after the treatment. This research
provides a baseline technique for temperaturecontrol-induced masculinization of T. rubripes, which
can improve the value of production of this species.

5 CONCLUSION
This study establishes a low-temperature-induced
masculinization technology for T. rubripes, we can
get the highest proportion of males with the processing
condition combination: treatment starting times of
50 dph, treatment temperatures of 13°C, and treatment
durations 45 days. The result shows that although the
growth rate was impacted during the temperaturecontrolled period, the growth rate returned to normal
after the treatment. This research provides a baseline
technique for temperature-control-induced masculinization of T. rubripes, which can improve the value of
production of this species.

6 DATA AVAILABILITY STATEMENT
The data that support the ﬁndings of this study are
available from the corresponding author on request.
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