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Abstract

The aim of this study was to evaluate the genetic parameters of the growth performance of Takifugu rubripes.
Heritabilities and genetic correlations were estimated for body weight (BW), body length (BL), total length (TL),
chest measurement (CM) and trunk length (TKL) of T. rubripes from measurements of progeny at 6 months and
12 months. The results showed that the heritability was 0.37 for BW6, 0.19 for BL6, 0.35 for TL6, 0.29 for CMS6, 0.26
for TKL6, 0.36 for BW12, 0.26 for BL12, 0.25 for TL12, 0.31 for CM12 and 0.15 for TKL12. The range of genetic
correlations estimated at 6 months was 0.025-0.725 and -0.002-0.706 at 12 months. The results indicated that
genetic improvement for faster growth rate or increased body weight in cultured T. rubripes was effective. Based
on selection theory, the selection strategy for traits with medium heritability is flexible. Considering that these
growth traits do not reach the high level of heritability, family selection should be expected. Given positive genetic
correlations among BW, BL, TL, CM, and TKL at 6 months, the five traits could be improved simultaneously
through selective breeding. As there was high genetic correlation only between BW12, BL12 and TL12, and
negative correlations between TKL12 and BL12 as well as between CM12 and TL12, and only BW, BL and TL at 12
months could be improved simultaneously.
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1 Introduction

Takifugu rubripes is a demersal species mainly distributed in
Japan, the Korean Peninsula and the coastal areas of China in the
western part of the North Pacific Ocean. Takifugu rubripes has
high commercial value because its meat has a good flavor and is
tender (Cui et al., 2006; Lin et al., 2020). Research on the breed-
ing and cultivation of T. rubripes in China began in the early
1980s. Along with the technological breakthrough in the artificial
breeding of this fish, by the mid-1990s, T. rubripes was beginning
to be cultured on a large scale, and gradually became one of the
main breeding species in the coastal areas of northern China.
With the rapid development of the T. rubripes breeding industry,
some problems impacting the development of the industry have
emerged, including the lack of effective parent fish management
and a reasonable breeding scheme. Declines in hatching rate,
survival rate, growth rate and stress resistance pose serious prob-
lems for the industry (Ma et al., 2016). In order to ensure the
healthy, stable and sustainable development of the T. rubripes

culture industry, it is important to find effective methods to sys-
tematically select and breed new varieties with high quality, high
yield and stress resistance (Li et al., 2013).

In order to carry out the genetic improvement of target traits,
it is necessary to obtain accurate and reliable genetic parameters,
which is the premise and foundation of breeding planning
(Taylor et al., 2009; Fu et al., 2015; Sun et al., 2015; Liu et al., 2016;
Ma et al., 2018; Wang and Ma, 2019; Wang et al., 2019). Heritabil-
ity and genetic correlation are two of the most important genetic
parameters in quantitative genetics (Ma et al., 2018; Wang et al.,
2021). Heritability is a key quantitative index used to study the
genetic essence of traits based on phenotypic variation. It plays
an important role in the formulation of selection indices, predic-
tion of selection response, comparison of selection methods and
breeding planning decisions (Sun et al., 2015; Ma et al., 2018;
Wang and Ma, 2019). Genetic correlation is another important
basic genetic parameter, which can be used to describe the de-
gree of correlation between different traits due to various genetic
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reasons. It plays an important role in determining the basis of in-
direct selection and predicting the response of indirect selection,
comparing the selection effect under different environmental
conditions, and formulating a comprehensive selection index
(Sun et al., 2015; Ma et al., 2018; Wang and Ma, 2019).

In the current study, we used 2 400 and 2 011 individuals from
48 full-sib groups to evaluate the genetic parameters of body
weight (BW), body length (BL), total length (TL), chest measure-
ment (CM) and trunk length (TKL) at the age of 6 and 12 months.
The purpose of this study is to estimate the genetic parameters of
growth traits of T. rubripes, and discuss their potential impacts on
the breeding planning of T. rubripes, so as to provide the basic
parameters for formulating and optimizing the breeding plan-
ning of T. rubripes.

2 Materials and methods

2.1 Broodstock and experimental families

Takifugu rubripes used as broodstock were collected from
three different cultured populations (China Dalian Tianzheng In-
dustrial Company Limited cultured population, a population in-
troduced from Japan in 2010 and a wild population caught in the
Yellow Sea in 2009), and brought to China Yantai Tianyuan
Aquatic Limited Corporation. The genetic background of the
three populations can be found in the literature (Ma et al., 2016).
In April 2012, individuals with mature gonads were selected from
these three populations as parent fish. The selected parent fish
reached sexual maturity at the same time after artificial cultiva-
tion and reproductive regulation. The broodstock of T. rubripes
was induced by injection of luteinizing hormone releasing hor-
mone A3 (LRH-A3) 250-300 g/kg + human chorionic gonado-
trophin (hCG) 500 IU/kg (Ningbo hormone factory, Ningbo,
China). The gonadal maturation of the broodstock was ex-
amined 24-48 h after induction. The abdomen of mature brood
fish was obviously swollen. The female’s genital pore is filled with
blood and slightly valgus, while milky semen flows out of the
male fish when their abdomen is squeezed slightly. After gonadal
maturation, the abdomen of female fish was squeezed to collect
mature eggs in a dry white porcelain basin. The abdomen of the
male was then squeezed to collect mature sperm. The sperm and
eggs were then mixed. The sperm was activated by adding an ap-
propriate amount of seawater, and the eggs were washed after
standing for 5 min, until the fertilized eggs no longer adhered to
the basin wall. The fertilized eggs were incubated in a 60 mesh
sieve silk cone hatching net with a diameter of 80 cm. All the cone
hatching nets were placed in a 40 m3 pond, with aeration and mi-
cro flow incubation. The incubation temperature was 18-19C.
Families were produced according to a nested mating design
with two females nested within a male among 24 males and 48 fe-
males (8 males and 16 females in each population). First, eggs
were obtained from two females and stored in two different beak-
ers. Subsequently, the male fish were stripped and the milt was
divided in two. Each portion was used to fertilize one of the two
females. In total, 48 full-sib families (24 half-sib families) were
obtained through artificial insemination.

2.2 Larval and juvenile rearing

The larvae were fed with enriched rotifers on the 4th day after
hatching (DAH), and enriched rotifers and Artemia nauplii on
the 15th DAH. Larvae were fed a small amount of surimi on the
28th DAH, and only surimi was fed on the 45th DAH. On the 60th
DAH the families were transferred to a sea cage for cultivation. In
the early stages of family cultivation, individuals were too small

to carry out tagging identification and polyculture, so each fam-
ily had to be cultivated in a separate pond. So the families were
inevitably affected by environmental factors. In order to reduce
the differences in environmental effects among different families,
environmental condition standardization and quantity standard-
ization methods were used during breeding. In order to elimin-
ate the effect of stocking density on each family at different stages
of development, four levels of standardized treatment were car-
ried out in combination with the ecological habits and culture
modes of T. rubripes. According to the specifications of the
breeding pool and sea net cage in the seedling workshop of the
experimental site, quantity standardization was as follows: In the
first level of quantity standardization, the larvae were cultured in
a 5 m3 round cultivation tank. On the 15th DAH, 15 000 larvae
were retained for further cultivation, and the surplus larvae were
transferred to production for cultivation. For the second level of
quantity standardization, on the 30th DAH, 8 000 juveniles with
fast growth and good vitality were selected and cultured in a
36 m3 cement pond (6 mx6 mx] m). In the third level quantity
standardization, on the 60th DAH, 5 000 juveniles with fast
growth and good vitality were selected and placed in a 125 m?
cage (5 mx5 mx5 m) for intermediate cultivation. The fourth level
of quantity standardization involved 2 000 juveniles with fast
growth and good vitality being selected and placed in a 125 m?
cage (5 mx5 mx5 m) for intermediate cultivation on the 120th
DAH. Intermediate cultivation lasted for 60 days. When the fish
were 6 months old, 50 individuals from each family were ran-
domly selected and individually tagged with passive integrated
transponders (for distinguishing families and individuals). Indi-
viduals tagged with passive integrated transponders were trans-
ferred to a 400 m3 concrete tank (20 mx20 mxl m) for polyculture,
for another 6 months. Any dead individuals were removed from
the tank once a day. The breeding conditions of each family were
consistently maintained from the hatching of fertilized eggs to
larval rearing and tagging polyculture. According to different de-
velopmental stages, the families were placed in the same work-
shop for unified breeding management. During the larval-cul-
ture period, water temperature, salinity, illumination intensity,
pH, ammonia nitrogen, nitrite-nitrogen, and dissolved oxygen
were maintained at 15°C to 22°C, 25 to 32, 500 Ix to 1 000 Ix, 7.8 to
8.3, <1 mg/L, <0.4 mg/L, and 5 mg/L to 10 mg/L, respectively.
During the juvenile- and adolescent-culture period, the above
seven indices were 22°C to 24°C, 15 to 32, 500 Ix to 1 000 Ix, 7.8 to
8.3, <1mg/L, <0.4 mg/L, and =6 mg/L, respectively (Li et al.,
2013). During the larval- and adolescent-culture period, the bait
is minced trash fish and pellet feed, and the feeding amount is
0.7%-1.5% of the total weight of the fish. It is fed once or twice a
day. The nutritional components of pellet feed include protein,
lipids, vitamins, minerals and carbohydrates.

Fig. 1. Morphometric measurements of Takifugu rubripes. BL:
body length; CM: chest measurement; TKL: trunk length; TL:
total length.
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2.3 Data measurements

Five growth traits, BW, BL, TL, CM, and TKL (Fig. 1), were
evaluated at two growth stages. BL, TL and TKL of each T. rub-
ripes were directly measured using Vernier calipers. With the
help of the thin line, CM was indirectly measured using Vernier
calipers. BW was obtained by weighing using a digital balance.
Measurements were taken at 6 and 12 months. A total of 50 indi-
viduals were randomly sampled and measured in all 48 full-sib
families at 6 months, and all individuals retained in the 48 famil-
ies (some individuals died or escaped) were measured at 12
months. Prior to measurements, all individuals were anaesthet-
ized with 100 pL/L MS222 (tricaine methane sulfonate) (Maya
Reagent, Jiaxing, China).

2.4 Statistical and genetic analysis
The genetic parameters for BW, BL, TL, CM, and TKL were es-
timated using an animal model. The model can be written as

Vi = H+ai+fi+ ey, (M

where 4 is the mean value of population; y; is the observation of
each trait (BW, BL, TL, CM, and TKL); a; is the random additive
effect of individual i and is distributed ~N (0, Ac2), where A is the
numerator relationship matrix; f; is the full-sib family j as a ran-
dom effect and e;; is the random residual error of individual i.
Heritability and genetic correlations were estimated using uni-
variate animal model and bivariate animal model, respectively.

The narrow sense heritability was calculated as the propor-
tion of additive genetic variance to total variance as follows:

W = ol/(05 + of + 02), ()

where (rg, afz and U§ are additive variance components, the full-
sib family variance component, and the residual variance com-
ponent, respectively.

The phenotypic correlation and genetic correlation between
the five growth traits were calculated based on phenotype value
and breeding value.

Phenotypic correlation (rp) can be written:

1y = cov(pe.py)/ /o5, 7%, ®

Genetic correlation (rg) can be written:

rg = COV(axvay)/ JZX‘UZW @)

where, p, and p, are the measurement results of x- and y- growth
traits and cov(p,, py) is covariance of p, and p); a,, a, are additive
genetic effects of x- and y- growth traits, and cov(a,, ay) is covari-
anceofa anda,.

Heritability could be classified as low (0.05-0.15), medium
(0.20-0.40), high (0.45-0.60) and very high (>0.65) levels. Correla-
tions could be classified as low (0-0.40), medium (0.45-0.55) and
high (0.60-1), independent of the sign (Cardellino and Rovira,
1987). When p<0.05 or p<0.01, the correlation reached signific-
ant or highly significant level.

Variance components, heritabilities and genetic correlations
for BW, BL, TL, CM, and TKL were estimated using derivative-
free restricted maximum likelihood estimation as implemented
in the MTDFREML package (Boldman et al., 1995). The pheno-
typic correlations among BW, BL, TL, CM, and TKL were estim-
ated as Pearson’s correlations using the SPSS 13.0 software pack-
age (Norusis, 2005). The ¢ test was used to test the significance
level of each correlation coefficient from zero. Before analysis, all
data were checked for outliers using box plots.

3 Results

3.1 Descriptive statistics of growth traits

Five growth traits at two growth stages were included in these
analyses: 6-month body weight (BW6), 6-month body length
(BL6), 6-month total length (TL6), 6-month chest measurement
(CM6), 6-month trunk length (TKL6), 12-month body weight
(BW12), 12-month body length (BL12), 12-month total length
(TL12), 12-month chest measurement (CM12) and 12-month
trunk length (TKL12). The growth trait distributions are shown in
Table 1. The coefficient of variation (CV) of the four growth traits
was generally high at over 10%, with up to 19.238% and 17.649%
for BW6 and BW12, respectively. The genetic diversity of BW was
the highest. CV decreased gradually with the growth of juveniles.
On the whole, the growth tendency of the 48 full-sib families
remained the same at the 6-month and the 12-month stages
(Figs 2-6).

3.2 Heritabilities of growth traits

Estimates of the variance component and the heritability of
five growth traits are presented in Table 2. It was found that herit-
ability was 0.37 for BWS6, 0.19 for BL6, 0.35 for TL6, 0.29 for CM6,
0.26 for TKL6, 0.36 for BW12, 0.26 for BL12, 0.25 for TL12, 0.31 for
CM12 and 0.15 for TKL12. The heritabilities of the other traits
were moderate, except for BL6 and TKL12.

3.3 Phenotypic and genetic correlations of growth traits
Phenotypic and genetic correlations for all growth traits of 6-

Table 1. Descriptive statistics for all the variables included in the analysis

Trait Number of. Mean trait Star.lde.lrd Coe.fﬁc.ient of Mipimum Ma.ximum
Takifugu rubripes value deviation variation/% trait value trait value

BW6 2400 167.474 g 32.220 g 19.238 93.500 g 216.700 g
BL6 2400 16.069 cm 1.144 cm 8.986 14.600 cm 19.200 cm
TL6 2400 19.925 cm 1.176 cm 5.902 17.000 cm 21.300 cm
CM6 2400 14.481 cm 1.408 cm 9.723 11.000 cm 16.200 cm
TKL6 2400 5.908 cm 0.772 cm 13.067 5.000 cm 7.000 cm
BW12 2011 353.379g 62.369 g 17.649 176.000 g 513.700 g
BL12 2011 20.625 cm 1.235cm 5.987 17.900 cm 24.300 cm
TL12 2011 23.957 cm 1.354 cm 5.651 19.600 cm 27.000 cm
CM12 2011 19.479 cm 1.554 cm 7.977 18.000 cm 22.600 cm
TKL12 2011 7.002 cm 0.783 cm 11.182 6.000 cm 8.800 cm

Note: BW, body weight; BL, body length; TL, total length; CM, chest measurement; TKL, trunk length.
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Fig. 2. Forty eight full-sib families’ growth tendency in terms of body weight (BW) in the 0-12-month stage.
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Fig. 3. Forty eight full-sib families’ growth tendency in terms of body length (BL) in the 0-12-month stage.
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Fig. 4. Forty eight full-sib families’ growth tendency in terms of total length (TL) in the 0-12-month stage.
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Fig. 5. Forty eight full-sib families’ growth tendency in terms of chest measurement (CM) in the 0-12-month stage.
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Fig. 6. Forty eight full-sib families’ growth tendency in terms of trunk length (TKL) in the 0-12-month stage.

Table 2. Variance components and heritability (h2) of five
growth traits in Takifugu rubripes

Table 4. Phenotypic (rp) (above the diagonal) and genetic (un-
der the diagonal) correlations (r,) of growth traits in 12-month-

. Variance components old Takifugu rubripes
Growth traits o2 o2 o2 12 Trait  BWI2  BL12  TL12 _ CM12  TKLI2

BW6 265.9679g 360.8910g 95.1550g 0.37+0.040 BWI12 0.145** 0.482** 0.581** 0.697**
BL6 0.1022cm 0.2656cm  0.1728cm  0.19+0.023 BL12 0.146** 0.462** 0.075** 0.001
TL6 0.5806cm 0.8208cm 0.2740cm  0.35+0.037 TL12 0.495** 0.466** 0.026 0.453**
CM6 0.2881cm 0.4870cm 0.2169cm 0.29+0.032 CM12 0.547** 0.072** -0.020 0.376**
TKL6 0.0920cm  0.1705cm  0.0921cm  0.26+0.026 TKL12 0.706™* -0.002 0.453** 0.373**

BW12 345.5674g 524.3960g 96.6660g 0.36+0.041 Note: BW12, 12-month body weight; BL12, 12-month body length;
B2 04msan omimon b3loam oo T2 IEmonh ettt CULY tamonh ches mesmens
TL12 0.4857cm 0.9593cm 0.5350cm  0.25+0.025 level (2-tailed).

CM12 0.5190cm 0.8692cm 0.3110cm 0.31+0.034

TKL12 0.0931cm 03058cm 0.2428cm 0.15:0.020 4 Discussion

Note: BW6, 6-month body weight; BL6, 6-month body length; TL6,
6-month total length; CM6, 6-month chest measurement; TKL6, 6-
month trunk length; BW12, 12-month body weight; BL12, 12-month
body length; TL12, 12-month total length; CM12, 12-month chest
measurement; TKL12, 12-month trunk length; o2, additive genetic
variance; o7, full-sib variance; o2, residual variance; h2, heritability.

Table 3. Phenotypic (r,) (above the diagonal) and genetic (un-
der the diagonal) correlations (rg) of growth traits in 6-month-old
Takifugu rubripes

Trait BW6 BL6 TL6 CM6 TKL6
BW6 0.727** 0.727** 0.580™* 0.155**
BL6 0.725** 0.454** 0.461** 0.010
TL6 0.721** 0.445** 0.438** 0.105**
CM6 0.578** 0.464** 0.420** 0.344**
TKL6 0.146** 0.025 0.074** 0.357**

Note: BW6, 6-month body weight; BL6, 6-month body length; TL6,
6-month total length; CM6, 6-month chest measurement; TKL6, 6-
month trunk length. ** Correlation is significant at the 0.01 level (2-
tailed).

and 12- month old T. rubripes are shown in Tables 3 and 4. The
ranges of phenotypic and genetic correlations estimated for the
traits at 6 months were 0.010-0.727 and 0.025-0.725, respectively.
The phenotypic correlation between BW6 and BL6 (0.727), and
the genetic correlation between BW6 and BL6 (0.725) were the
strongest. The ranges of phenotypic and genetic correlations es-
timated for traits at 12 months were 0.001-0.697 and -0.002-
0.706, respectively. The phenotypic correlation between BW12
and TKL12 (0.697) as well as the genetic correlation between
BW12 and TKL12 (0.706) were the strongest.

In recent years, the genetic improvement of the main eco-
nomic traits of T. rubripes in China has led to the estimation of
genetic parameters of breeding traits of 7. rubripes being estim-
ated using AI-REML (Liu et al., 2014, 2017) and ANOVA (Yu et al.,
2016). The results showed that the heritability of 6-month old in-
dividuals was 0.54 for BW, 0.38 for BL, and 0.52 for TL. The herit-
ability of 12-month old fish was 0.46 for BW, 0.37 for BL, and 0.44
for TL (Yu et al., 2016). There was a genetic correlation of 0.99
between BW and BL, 0.99 between BW and TL, and 0.98 between
BL and TL at 6 months of age. In 12-month old fish, the genetic
correlation was found to be 0.97 between BW and BL, 0.97
between BW and TL, and 0.96 between BL and TL (Yu et al.,
2016). Heritabilities of BW and BL of T. rubripes have been estim-
ated using AI-REML with three different animal models (in mod-
el 1 the additive genetic effect, the maternal genetic effect and the
family effect were considered; in model 2 the additive genetic ef-
fect and the maternal genetic effect were included; and in model
3 the additive genetic effect and the family effect were analyzed).
The results showed that the estimated heritabilities for BW and
the BL at 200 days were 0.16 and 0.14, respectively (Liu et al.,
2014). Heritabilities of BW and BL of T. rubripes have been estim-
ated using a marker-based pedigree animal model. The results
showed that the estimated heritabilities for BW and the BL at 150
days were 0.17 and 0.15, respectively, and 0.21 and 0.18 at 240
days (Liu et al., 2017).

In present study, heritabilities of BW, BL, TL, CM, and TKL in
6- and 12-month old T. rubripes, as well as the genetic correla-
tions among them were estimated using the derivative-free re-
stricted maximum likelihood method applied to an animal mod-
el. The estimated heritabilities for growth traits of T. rubripes in
the present study were lower than those reported by Yu et al.
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(2016), but higher than those reported by Liu et al. (2014, 2017).
In addition, the estimated genetic correlation of growth traits was
also lower than that estimated by Yu et al. (2016). In addition to
the different analysis methods used, these differences were also
attributed to the intraspecific differences, sample size, number of
families and sample time. Heritability is one of the main bases to
determine the selection method of traits. It is widely accepted
that a trait with medium and high heritability (h2>0.2) is suitable
for individual or group phenotypic selection, whereas a trait with
low heritability (h2<0.2) is suitable for family selection or within-
family selection (Sun et al., 2015). In the present study, the herit-
abilities of the other traits were moderate, except for BL6 and
CM12. Therefore, the method of genetic improvement for these
growth traits is flexible. In selective breeding, some traits can ob-
tain satisfactory breeding results through direct selection, while it
is difficult to obtain ideal breeding results for some traits through
direct selection. Then, indirect selection will be used through the
selection of traits with higher correlations with these traits (Sun
et al., 2015). Heritable traits usually include morphological, be-
havioral, physiological and life-history traits. For most morpholo-
gical/production traits, genetic correlations tend to be highly
positive (Perry et al., 2005). In fact, in the field of aquatic animals,
there are many reports of positive genetic correlation between
economic traits of different species (Liu et al., 2011; Wang et al.,
2011; Fu et al., 2015; Sun et al., 2015; Yu et al., 2016; Ma et al.,
2018; Srimai et al., 2019; Wang and Ma, 2020). At 6 and 12
months, with the exception of two negative genetic correlations
between TKL12 and BL12 as well as between CM12 and TL12, the
phenotypic correlations and genetic correlations among the oth-
er traits were positive. The results of the current study are con-
sistent with this conclusion.

In conclusion, the results of this study indicate that genetic
improvement is effective in improving the growth rate or weight
gain of T. rubripes, as can be expected from moderate heritabilit-
ies. The selection strategy for the traits with medium heritability
is flexible. However, these growth traits have not yet reached high
heritability level. Based on this consideration, family selection
should be an ideal method. At 6 and 12 months, with the excep-
tion of two negative genetic correlations between TKL12 and
BL12 as well as between CM12 and TL12, the phenotypic correla-
tions and genetic correlations among the other traits were posit-
ive. There were positive genetic correlations among BW, BL, TL,
CM, and TKL at 6 months, which indicated that collecting data
on one trait could promote the evaluation of other traits. There-
fore, the five traits can be improved simultaneously by selective
breeding. However, at 12 months, only BW12, BL12 and TL12
could be improved simultaneously because of the negative cor-
relations between TKL12 and BL12 as well as between CM12 and
TL12.
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