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Fifteen whole sib families of the second-generation Penaeus monodon were constructed
using artificial mating design in 2020. After labeling the families with fluorescent
markers, the growth traits and genetic parameters were evaluated in a cement pond for
56 days. The results showed that the coefficient of variation of growth traits was
11.52-47.53%, indicating a high genetic variation. The heritability range of growth traits
of the G2 population of P. monodon was 0.25+0.03-0.41+0.13, which belonged to medium
and high heritability, and the statistical test results were significant (P<0.01). The
heritability of body length and body weight were 0.38+0.11 and 0.41+0.13, respectively.
The evaluation results of genetic correlation among growth traits were highly positive,
and the statistical test results were significant (P<0.01). The genetic correlation between
body weight and body length was the highest (0.99), and the genetic correlation between
the width of the first carapace and the height of the first abdominal segment was the
lowest (0.71). The phenotypic correlation between body weight and body length was the
highest (0.93), and the lowest was head breastplate width and first abdominal segment
height (0.53). These results showed that the G2 generation population of P. monodon has
high genetic improvement potential, and the combination of family selection and
individual selection achieved better genetic gain. The growth traits were highly positively
correlated. Body length and body weight could be selected as the key traits for fast
growth line selection, while the other growth traits could be indirectly selected through

positive genetic correlation.

INTRODUCTION

The black tiger shrimp (Penaeus monodon) is an econom-
ically and globally important marine species in China’s
aquaculture industries.! However, there are only a few ar-
tificially selected P. monodon breeding lines worldwide,
which has seriously hindered the sustainable development
of the P. monodon industry.2 Genetic evaluation of economic
traits is a basic work in selective breeding; heritability and
genetic correlation, as important genetic parameters in
quantitative genetics, are important parameters in breed-
ing value estimation, selection index estimation, and ge-
netic progress prediction.3 Growth traits are quantitative
traits. The genetic mechanism of growth traits is affected
by the internal microgene system and external environ-
mental factors, resulting in continuous and normal distri-

bution of phenotypic variation. At the same time, different
growth traits may be controlled and influenced by similar
gene linkage groups and similar environmental factors. The
phenotype of growth traits showed various variations and
had a certain relationship with each other.# Therefore, in
the breeding program of P. monodon, it is necessary to in-
vestigate one growth trait alone and evaluate several other
growth traits simultaneously.5 There are only a few theo-
retical studies on the genetic breeding of P. monodon, fo-
cusing on evaluating genetic parameters for a few traits,
such as body weight, body length, and stress resistance.5 So
far, there is no report on the evaluation of genetic parame-
ters of multiple growth traits under the condition of feed-
ing roughage.

Heritability is not only determined by the unique char-
acteristics of the traits but also affected by the population’s
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genetic structure and its environment.® The heritability of
different breeding generations is often dynamic.” Adjusting
the selection scheme according to the heritability and ge-
netic correlation changes is an important prerequisite to
ensure the sustainable accumulation of breeding traits.8
In this study, 15 families of P. monodon were constructed,
and the standardized growth traits were tested in an indoor
tank covered by the greenhouse. Combined with different
fixed and random effects, the second generation (G2) of P.
monodon was evaluated to provide a theoretical basis and
practical guidance for the multi-traits breeding of P. mon-
odon.

MATERIALS AND METHODS
BLOODSTOCK MATING AND MATURATION

The bloodstocks used in the experiment were the core
breeding population of new roughage-resistant strains bred
by the genetics research group and breeding of P. monodon
in South China Sea Fisheries Research Institute, Chinese
Academy of Fishery Sciences (SCSFRI, CAFS). In May 2020,
82 full-sib families were constructed using the Yang?
method: the male shrimp with a well-developed sper-
matophore was selected, and the spermatophore was gently
squeezed. The obtained spermatophore was placed inside
the spermatheca of female shrimp with tweezers.

LARVAL REARING AND MARKING

The larvae were cultured according to Yang’s method.? At
45 days after the PL10 stages, 180 individuals were ran-
domly selected from each family. Different combinations
of fluorescent substances (red, yellow, green, blue, purple,
and orange, purchased from Qingdao Starfish Instruments
Co., Ltd) were injected into the sixth abdominal segment as
family markers. Fifteen families with similar construction
dates (¥2d) were selected from 82 families and mixed cul-
tured in cement ponds (500 cm x 400 cm * 150 c¢cm) in three
indoor tanks. A total of 60 individuals per family were set
in each pond for the comparative test of growth traits. The
composition and nutrient content of the experimental diet
are shown in Table 1.

DATA COLLECTION

After 56 days of culture, all the P. monodon in each pond
were collected, and their family ID was read according to
the fluorescent markers. The body length (BL), carapace
length (CL), carapace width (CW), carapace height (CH),
first abdominal segment width (FSW), and first abdominal
segment height (FSH) of P. monodon were measured with
vernier caliper (precision 0.01 mm) (Figure 1).10

STATISTICAL ANALYSIS

SAS software was used to test the normal distribution of the
data. The variance components were estimated by the con-
strained maximum likelihood method

Yij=p+bu+a;+e;

Table 1. Composition and nutrient content of
experimental diets

Ingredients (%) Diet
Fish meal 10
Soybean meal 18
Concentrated dephenolization 20
cottonseed protein
Peanut meal 10
Wheat flour 171
Beer yeast 3
Shrimp head meals 5
Soybean protein concentrate 6.2
Soybean lecithin 1
Fish oil 1
Soybean oil 2.1
CAscorbic Phosphate ester 0.1
Cholesterol 0.5
Vitamin premix@ 1
Mineral premix P 1
Ca(H,PO,), 1
Lysine 0.97
Methionine 0.47
Threonine 0.55
Carboxymethylcellulose 1
Y503 0.01
Sum 100
Proximate composition
Moisture (%) 7.88
Crude protein (%) 38.29
Crude lipid (%) 6.09
Ash (%) 10.47

Note : 1.Vitamin premix (g'kg’l):VA 2.5; Vpy 6.25; Vi 75; Vi 2.5; Vi 0.25;5 Vi, 1.05 Vg
5.0; Vg 0.75; Vigq 2.5; folicacid 0.25; biotin 2.5; inositol 379; cellulose 500; 2.Mineral
premix (g'kg 1) : KC, 90; KI 0.04 , NaCl, 40g; CuS0,-5H,0, 3;ZnS0,-7H,0, 4;
CoS0,-7H,0, 0.02; FeSO,-7H,0, 20; MnSO,-H,0, 3; MgS0,-7H,0, 124;
Ca(H,P0,),-2H,0, 500; CaCOg, 215.

Figure 1. Schematic diagram of measurement of
morphological parameters of P. monodon
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Figure 2. Box plot of variation of BW of P. monodon G2 population

In the above formula, Y;; is the measured value of indi-
vidual traits, u is the population mean value of traits, b is
the regression coefficient of BW to the test value of harvest
traits before polyculture, di is the BW (covariant) value be-
fore polyculture of the ith family, a; is the additive genetic
effect (random effect) value of j-tailed shrimp, and e;; is the
random residual effect value. The heritability, phenotype,
and genetic correlation of growth traits were calculated us-
ing the WOMBAT software.1!

RESULTS
STATISTICS OF GROWTH TRAITS OF P. MONODON

Seven growth traits of 15 families of P. monodon were mea-
sured and counted after 56 days. The coefficient of variation
of BW is the largest, which is 47.53% (Table 2), and the vari-
ation is shown in Figure 2; the coefficient of variation of BL
is 11.52% (Table 2), and the variation is shown in Figure 3.
The coefficient of variation of body size traits ranged from
11.52 to 14.56%, and CL had the largest coefficient of vari-
ation. The results showed abundant phenotypic variations
in growth traits of P. monodon. The variation degree of BW
was the highest, and CH’s was the lowest.

PHENOTYPIC CORRELATION ANALYSIS AND CURVE
FITTING AMONG GROWTH TRAITS

Phenotypic correlation analysis was carried out on seven
growth traits of P. monodon, and the curve relationship
among them was estimated by different curve fitting. The
phenotypic correlations of the seven growth traits were sig-
nificant, with medium and high correlations: BW and BL
had the highest correlation (0.93), followed by BL and Cl
(0.91); the correlation between CW and FSH was the lowest
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(0.53) (Table 3). Through different curve fitting, the power
function model Y=aXb was the best fitting method for the
relationship between BW and the other six individual size
traits of P. monodon. The R2 of the power function model
between BW and BL was the highest (0.95), and the fitting
curve was shown in Figure 4; the second was BW and CL,
R2 of the power function model was 0.86 (Figure 5). The
lowest was between BW and FSH; R2 of the power function
model was 0.42 (Table 4).

GENETIC PARAMETERS AND CORRELATION ANALYSIS
OF GROWTH TRAITS

The heritability range of growth traits was (0.25 = 0.03)
- (0.41 £ 0.13), and the heritability of growth traits was
medium and high (P<0.01). The heritability of BW was the
highest, followed by CL and CH, and FSH was the lowest
(Table 5). The random residual variance of seven growth
traits was greater than that of additive variance (the sum
was phenotypic variance), indicating that the environment
greatly affected growth traits. The standard deviation of
heritability evaluation ranged from 0.03 to 0.18, which in-
dicated that the accuracy of heritability assessment of
growth traits could be improved if the number of individu-
als continued to increase.

The results of the genetic correlation analysis are shown
in Table 3; the seven growth traits had a highly positive
correlation, and the statistical test results were significant
(P<0.01). Among them, the genetic correlation between BW
and BL was the highest (0.99), followed by BL and CI (0.98);
the lowest genetic correlation was between CW and FSH
(0.71). The standard deviation of genetic correlation was
less than 0.1, indicating that the evaluation accuracy of ge-
netic correlation was high (3.2).

quaculture - Bamidgeh
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Table 2. Descriptive statistics of growth traits of P. monodon

Parameters BW BL CL cw CH FSW FSH
Minimum 3.00 5.40 1.50 1.08 0.98 0.54 0.84
Maximum 25.00 11.50 3.30 301 2.84 1.86 1.92

Mean 7.58 7.95 222 1.52 1.65 1.42 1.43
SD 3.60 1.13 0.32 0.18 0.19 0.18 0.18
CV/% 47.53 14.21 14.56 11.84 11.52 12.68 12.59

Note: BW = body weight; BL= body length; CL = carapace length; CW = carapace width; CH = carapace height; FSW = first abdominal segment width; FSH = first abdominal segment

height.
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Figure 3. Box plot of variation of BL of P. monodon G2 population

Table 3. Phenotypic and genetic correlation of growth traits of P. monodon

Traits BW BL CL cw CH FSwW FSH
BW 0.93 0.82 0.81 0.80 0.80 0.61
BL 0.99 0.91 0.85 0.85 0.86 0.60
CL 0.96 0.98 0.80 0.80 0.81 0.58
Ccw 0.90 0.95 0.86 0.72 0.72 0.53
CH 0.90 0.91 0.82 0.88 0.72 0.54
FSW 0.92 0.91 0.93 0.86 0.90 0.62
FSH 0.90 0.90 0.85 0.71 0.80 0.82

Note: Numbers above the diagonal is phenotypic correlation, below is genetic correlation.

DISCUSSION
GENETIC VARIATION OF GROWTH TRAITS

The growth traits of P. monodon were divided into weighing
traits (such as BW) and body size traits (such as BL, Cl, CW,
and CH). The basis of growth breeding is genetic variation
in the breeding population, which requires significant and

rich variation in growth phenotype between individuals and
families. This study showed that seven growth traits of the
G2 population of P. monodon had high genetic variation lev-
els, and the variation degree of BW (weighing traits) was
higher than that of body size traits such as BL, CL, and CH.
The coefficient of variation of BW was more than 45%, and
the variation of BL, Cl, and CH were less than 15%. Similar
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Figure 4. Fitting curves of BW and BL of P. monodon G2 population
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Figure 5. Fitting curves of BW and CL of P. monodon G2 population

results were also found in crustaceans such as Litopenaeus
vannamei, Penaeus japonicus, Fenneropenaeus chinensis,
and Portunus trituberculatus, and the variation degree of
weighing traits was higher than that of body size traits.12-15
Other studies found that the genetic variation coefficient
of growth traits of crustaceans ranged from 20% to 35%,
which was much higher than that of terrestrial animals
(7%-10%).16 In this study, we found that the growth traits
of P. monodon have a high level of genetic variation, es-

pecially for BW, which can obtain rapid breeding progress.
However, it also shows that the genetic regulation mecha-
nism is complex, and the breeding improvement stability is
poor. Therefore, we must refer to the body size traits with
relatively stable genetic variation such as BL and CL.
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Table 4. Parameters of the fit curves among growth trails of P. monodon

Traits Function type R2 a b c
Linear function 0.92 -22.14 3.68
BW vs BL Quadratic function 0.91 0.38 -2.04 0.63
Power function 0.95 0.02 3.26
Linear function 0.80 -14.26 12.30
BW vs CL Quadratic function 0.81 -6.52 5.32 2.36
Power function 0.86 2.02 2.95
Linear function 0.71 -12.51 18.65
BWvs CW Quadratic function 0.72 -18.36 30.29 -6.24
Power function 0.70 6.21 2.36
Linear function 0.65 -15.24 16.38
BW vs CH Quadratic function 0.68 -20.10 25.36 1.36
Power function 0.63 5.36 3.06
Linear function 0.52 -9.23 18.56
BW vs FSW Quadratic function 0.53 -2.05 6.32 5.39
Power function 0.54 6.35 3.06
Linear function 0.41 -6.25 15.62
BW vs FSH Quadratic function 0.39 -15.21 36.25 -5.94
Power function 0.42 8.32 1.96

Table 5. Genetic parameters for growth traits of P. monodon

Traits Additive variance Random residual variance Phenotypic variance Heritability
BW 3.02 4.95 8.36 0.41+0.13
BL 0.25 0.45 0.55 0.38+0.11
CL 0.03 0.05 0.08 0.40+0.06
CcwW 0.01 0.02 0.03 0.35+0.18
CH 0.01 0.02 0.04 0.40+0.03
FSW 0.01 0.02 0.03 0.31+0.16
FSH 0.00 0.02 0.03 0.25+0.03

PHENOTYPIC CORRELATION AND GROWTH
CHARACTERISTICS OF GROWTH TRAITS

As a kind of crustacean, the growth and reproduction of
P. monodon were closely related to molting, and its growth
pattern was gradual. Growth characteristics such as BW and
BL could be completed by molting. At the same time, the
growth characteristics of P. monodon were different in dif-
ferent growth environments and stages.!” There was a high
correlation between BW, BL, and CL in the growth traits of
F. chinensis!® and L. vannamei.l® BL significantly affected
BW, and the power function model Y=aXb was the best-
fitting curve for BL and BW.18:19 The results of this study
showed that the phenotypic data of seven growth traits of
P. monodon, including BW, BL, and CL, were positively cor-
related. The most significant effect on BW was the body
size traits of BL and CL, which measured the body length
of P. monodon. The b value of the fitting curve between BL
and BW was 3.26, which indicated that the growth rate of
BW in P. monodon was slightly faster than that of BL and

close to uniform growth. The b value of the fitting curve
between CL and BW was 2.95, indicating that the growth
rate of BW in P. monodon was faster than that of CL, show-
ing a non-uniform growth. The studies of L. vannamei and
P. japonicus showed that the growth characteristics of L.
vannamei and P. japonicus in different growth stages were
mainly the growth of BL in the early rapid growth stage.
They gradually transformed into the growth of BW in the
middle and late growth stages. Still, environmental factors
such as temperature, salinity, and food greatly influenced
the growth characteristics.1920 This study showed that BW
was the fastest-growing G2 breeding population, and the
body length indexes such as BL and CL were relatively slow.
To reduce the influence of environmental factors, it was
necessary to investigate the breeding potential of multiple
growth traits simultaneously.
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EVALUATION OF MULTI-TRAIT GENETIC PARAMETERS
FOR GROWTH TRAITS

In recent years, great progress has been made in evaluating
genetic parameters of multiple growth traits in crus-
taceans.> The heritability of BL, Cl, and BW of F. chinensis
was studied using animal models, and the results showed
that the heritability of BL and BW was moderate, and their
growth traits had great potential for genetic improvement.
The growth traits could be improved by continuous breed-
ing.14 The narrow sense heritability of BL, Cl, and BW of F.
chinensis was estimated by variance components of full-sib
and half-sib. The results showed that the heritability of BL
and BW ranged from 0.36 to 0.51 and 0.04 to 0.29, respec-
tively, which indicated that these growth traits had high
heritability and great potential for growth improvement.2!

Similarly, the heritability of growth traits of 5-month-
old L. vannamei was estimated by using variance compo-
nents, and the results showed that the growth traits such
as BW and BL of 5-month-old L. vannamei belonged to
medium and high heritability levels, which showed high se-
lection breeding potential.1%22 The study of the heritability
of BL and BW traits of P. japonicas also showed high breed-
ing potential, and the heritability of BL and BW ranged
from 0.25 to 0.39.23 This study showed that the heritabil-
ity of seven growth traits ranged from 0.25 to 0.41, which
belonged to medium and high heritability levels, consistent
with the high heritability level of the growth traits evalua-
tion population in P. monodon. According to the heritability,
we estimated the breeding value of the retained individu-
als and then selected the seeds according to the breeding
value: the individual breeding method is better for the high
heritability traits, and the family breeding method is bet-
ter for the low heritability traits. At the same time, the high
heritability traits could be improved by pure breed contin-
uous breeding, and the low heritability traits can be im-
proved by using different line cross-breeding.1¢ In addition,
related studies have shown that compared with terrestrial
animals, aquaculture animals had greater fecundity, and
genetic inbreeding leads to a rapid decline in traits during
breeding. Selecting a family breeding strategy to control in-
breeding decline was appropriate to ensure stable breed-
ing progress.12 The growth traits of P. monodon belonged
to the medium and high heritability level, and the genetic
improvement potential was high. To control inbreeding and
ensure continuous breeding and improvement, it was suit-
able to adopt the strategy of family breeding combined with
individual breeding.

Previous studies have shown a complex correlation
among terrestrial animals’ growth, disease resistance, and
breeding traits. Generally, there was a positive correlation
between growth traits and a negative correlation between
growth, disease resistance, and breeding traits.24 The ge-
netic correlation among traits should be evaluated to
achieve different breeding objectives. Otherwise, breeding
failure would be caused by a strong negative correlation
among traits.> The study on the genetic correlation of
growth traits of F. chinensis showed a high positive correla-
tion between the growth traits (0.82-1.00). The highest ge-
netic correlation was CW and BL, and the lowest was FSL

and the second abdominal segment width. It indicated that
growth traits such as BL and CW could be indirectly se-
lected and improved by genetic positive correlation.2! The
study about the genetic correlation of BL, CL, BW, and ab-
dominal segment length of F. chinensis showed that there
was a highly positive genetic correlation (0.832-0.920)
among the growth traits. The genetic correlation between
BW and abdominal segment length was the highest, and
that of BL and CL was the lowest.18 The study on the ge-
netic correlation of growth traits of L. vannamei showed
that there was a high positive genetic correlation
(0.750-0.976). The highest genetic correlation was BW and
BL; the lowest was the BL and the third abdominal segment
back height. It indicated that the growth and breeding tar-
get of L. vannamei could be BW or BL, and other growth
traits would be improved simultaneously due to positive ge-
netic correlation.25 This study showed highly positive ge-
netic correlations among seven growth traits of P. monodon.
The highest genetic correlation was 0.99 between BW and
BL, and the lowest was 0.71 between CW and FSH. The re-
sults showed a highly positive correlation between growth
traits, which suggested that any growth trait could be used
as a reference for breeding, and other growth traits could be
indirectly selected to improve the growth of P. monodon.

CONCLUSIONS

In conclusion, the genetic variation level of BW in the G2
population was the highest, while BL was relatively stable.
There was a high positive genetic correlation between BW
and BL, and BL and BW could be selected as the key traits of
growth and breeding to be included in the selection index.
Based on the genetic evaluation results of BW and BL in the
G1 population of P. monodon, three-dimensional morpho-
logical data (CL, CW, CH) were added to the genetic eval-
uation of the G2 population of P. monodon. The evaluation
results showed that the body size growth traits of G2 popu-
lation were medium and high heritability, and the most sig-
nificant influence on BW was body size traits such as BL and
CL. In the follow-up study, we can further carry out mul-
tiple trait breeding for body height and body width traits
according to market demand to improve the morphological
fullness of commercial shrimp. We can also carry out a ge-
netic evaluation on growth traits (head and breast weight
and abdominal quality) reflecting the proportion of edible
parts of shrimp to increase the proportion of edible parts
and meet the needs of shrimp food processing.
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