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Abstract

An introduced turbot population was used to establish families and to estimate genetic parameters of the
offspring. However, there is a lack of pedigree information, and common environmental effects can be introduced
when each full-sib family is raised in a single tank. Therefore, in the genetic evaluation, SSRs (simple sequence
repeats) were used to reconstruct the pedigree and to calculate molecular relatedness between individuals, and
the early mixed-family culture model was used to remove the impact of the common environmental effects. After
100 d of early mixed culture, twenty SSRs were used to cluster 20 families and to calculate paired molecular
relationships (n=880). Additive genetic matrices were constructed using molecular relatedness (MR) and pedigree
reconstruction (PR) and were then applied to the same animal model to estimate genetic parameters. Based on
PR, the heritabilities for body weight and body length were 0.214+0.124 and 0.117+0.141, and based on MR they
were 0.101+0.031 and 0.102+0.034, respectively. Cross validation showed that the accuracies of the estimated
breeding values based on MR (body weight and body length of 0.717+0.045 and 0.629+0.141, respectively) were
higher than those of PR (body weight and body length of 0.692+0.052 and 0.615+0.060, respectively). The MR
method ensure availability of all genotyped selection candidates, thereby improving the accuracy of the breeding

value estimation.
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1 Introduction

Turbot (Scophthalmus maximus, Linnaeus, 1758) is one of the
most economically important seawater fish species in northern
China. This species has the advantages of rapid growth, strong
adaptability, and delicious flavor. The turbot is a marine fish nat-
ive to Europe (Blanquer et al., 1992; Lei and Liu, 1995) and was
introduced to China from Britain in 1992 (Lei and Liu, 1995). In
1999, technology for raising productive seedlings was developed,
and the “greenhouse+deep well seawater” production model was
created (Men, 2002; Lei et al., 2002). This led to the rapid devel-
opment of the turbot breeding industry along the northern coast
of China. In 2005 and 2009, the production of turbot in China ex-
ceeded 50 000 t and 68 890 t, respectively (Lei, 2006; Wang, 2010).
As an introduced fish species, the parent population of turbot has
fewer sources, and their relationships are not clear. Owing to the
only lay focused on production and a neglect of breeding
scheme, the inbreeding rate has increased and genetic diversity
has decreased after culturing for many generations (Shen et al.,
2005; Lei, 2002). For the sustainable development of the turbot
industry, it is particularly important to improve the economic

traits of turbot (Lyu et al., 2017).

The evaluation of breeding value based on the best linear un-
biased prediction (BLUP) genetic evaluation system combined
with inbreeding control has led to significant progress in aquatic
animal genetic breeding in recent years: these methods were first
used in Oncorhynchus mykiss (Gall et al., 1993) and Salmo salar
(Gjerde and Korsvoll, 1999), and in China they were first applied
in the breeding of Fenneropenaeus chinensis (Luan et al., 2008).
Accurate genetic relationships between individuals are neces-
sary for estimating the genetic parameters (Hu et al., 2016). Tra-
ditionally, genetic parameter evaluation is generally based on
pedigree inference (Falconer and Mackay, 1996; Lynch and
Walsh, 1998; Wright, 1922). However, a reliable additive genetic
correlation matrix cannot be obtained for the genetic evaluation
of turbot because turbot breeding started relatively recently in
China, the stock has an unclear genetic background, and the spe-
cies has a long generation cycle (male turbots generally are sexu-
ally mature for 1.5-2 a, and females are sexually mature for 3-4 a)
(Wang, 2010; Hu et al., 2016). However, an additive genetic cor-
relation matrix can be attained through pedigree reconstruction
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(PR) and molecular relatedness (MR) using molecular markers
such as simple sequence repeat (SSR) and single nucleotide poly-
morphisms (SNPs) when the pedigree is completely unknown
(Nguyen et al., 2014; Gheyas et al., 2009; Mas-Mufioz et al., 2013).
So far, many new methods that use molecular markers to directly
calculate paired molecular relatedness have been developed
(Wang, 2007). Blonk et al. (2010) used 10 SSR loci to estimate the
genetic parameters and breeding values of the common sole us-
ing MR and PR. Guan et al. (2016) evaluated the breeding value of
turbot using average molecular correlations between families. Hu
et al. (2016) evaluated genetic parameters using parental molecu-
lar correlation rather than pedigree. Lyu et al. (2017) evaluated
breeding values by applying SSRs and pedigree and proved that
MR is superior to pedigree in genetic evaluation. Li (2016) estim-
ated heritability by calculating MR using SSRs and found that the
accuracy based on MR was similar to that of pedigree.

Compared with other aquatic species, the reproductive cycle
of turbot is longer, and the BLUP genetic evaluation system was
initiated more recently. Additionally, the background of the first
introduced population is unknown, which affects the accuracy of
genetic parameter estimations based on pedigree (Lyu et al.,
2017; Shen et al., 2004). Another problem related to breeding is
that it is difficult to individually identify aquatic animals in the
early stages of development. Breeding different families in separ-
ate tanks may be a solution to this; however, the effect of breed-
ing tanks might cause differences in growth among families and
bias of the parameter estimations (Karaket and Poompuang,
2012). It is important to reduce the impact of environmental ef-
fects on genetic evaluation to improve the accuracy of breeding
and to accelerate the breeding process. Mixed culture of differ-
ent families is an effective method to reduce the effect of the en-
vironment on the genetic evaluation.

This study compared the accuracy of PR and MR to estimate
genetic parameters using an introduced turbot population as the
primary generation (GO0) in an early family selection process
through family construction and breeding. Moreover, the study
explored the effect of the environment on the accuracy of the ge-
netic parameter assessment by assessing early mixed cultures of
all full-sib families. The purpose was to provide a reference for
the introduction of populations and the genetic evolution of pop-
ulations without reliable pedigrees and also to explore the accur-
acy of the genetic evaluation of turbot growth traits using PR and
MR. In addition, this study investigated whether mixed breeding
conditions can effectively remove the common environmental
effects to make the genetic evaluation more accurate.

2 Materials and methods

2.1 Experimental materials

The parental generation (GO0) consisted of three-year-old in-
dividuals introduced from a farm in Rushan City, Shandong
Province. The research population was the first generation (G1),
which was established by artificial insemination at the Yellow Sea
Fisheries Company in Haiyang, Shandong Province in 2018. A
total of 33 families (9 half-sib families) were established, in-
volving 33 females and 26 males. Before artificial insemination,
the parental turbots were tagged with radio frequency identifica-
tion, and the dorsal fin was clipped from each parental turbot
and stored at -20°C for genomic DNA extraction. Some fin
samples were not obtained from parental turbots due to human
factors; in total, 31 parents including 16 females and 15 males
were sampled. The artificial breeding was implemented success-
ively for 28 d, and fertilized eggs were hatched in 14-17.5°C wa-

ter. The offspring were divided into 7 tanks (6 mx6 mx0.5 m) ac-
cording to day-age to create the mixed cultures, and the number
of fertilized eggs in each tank was equal. During the rearing peri-
od, the water was exchanged approximately 5 times over the
course of one day. The turbots were fed with formulated diets six
times every day, and the total daily supply accounted for 3% body
weight and was adjusted daily. After 100 d, 150 fishes were ran-
domly sampled from each tank. The body length (BL) and body
weight (BW) of each fish were measured, and dorsal fin tissues
were sampled and stored at -20°C until genomic DNA prepara-
tion. During the entire breeding process, the breeding density,
water temperature, feeding amount, and dissolved oxygen con-
tent in the 7 tanks were artificially controlled to maintain a con-
sistent breeding environment.

2.2 SSR genotyping

Genotyping of candidate parent and offspring by SSR was
performed. Sixteen SSR loci with repeated core sequences of 3-4
bases were selected for family traceability analysis and molecu-
lar relatedness calculation. These SSR loci were selected from loci
previously developed in this laboratory and had a high level of
polymorphisms and few genotyping errors (Ruan et al., 2010).
Genomic DNA was extracted from fin ray using standard phenol-
chloroform procedures (Sambrook et al., 1989). PCR amplifica-
tion was carried out according to Ruan et al. (2010). The PCR
products were separated using an ABI 3730 automatic genetic
analyzer (Applied Biosystems, USA). SSR alleles were sized with a
GeneScanTM-500 LIZ size standard (Applied Biosystems, USA)
and scored using GeneMapper™ V4.1 (Applied Biosystems,
USA). The forward primer for each primer pair was labeled with
one of four fluorescent dyes (Sangon Biotech, Shanghai): 6-FAM,
HEX, ROX, and TAMRA (Lyu et al., 2017). Detailed information of
the SSR loci primer sequences is listed in Table 1.

2.3 Pedigree reconstruction

Cervus 3.0 (Kalinowski et al., 2007) was used to obtain the al-
lele frequency, heterozygosity, polymorphic information content
(PIC) and exclusion probability for each locus, and the relation-
ship between the number of SSR loci and the exclusion probabil-
ity was simulated and analyzed. According to the PIC value of the
loci, the cumulative identification ability of the loci was calcu-
lated by increasing the number of alleles from high to low.
Colony 1.0 (Jones and Wang, 2010) was used to reconstruct the
pedigree of the 7 batches of turbot and evaluate its accuracy. The
real identification efficiency was then calculated according to the
experimental results (Wang, 2007).

2.4 Molecular relatedness

This study used the method described by Wang (2007) to cal-
culate pairwise MR (7xy) using marker genotype data. The com-
putational process of 7xy from SSR genotype data was executed in
Coancestry 1.0 software (Wang, 2011). Pearson correlations were
calculated between MR and pedigree relatedness based on PR
using R (R Core Team, 2013).

2.5 Genetic analysis

The single-trait animal model and the restricted maximum
likelihood method (using ASReml software) were used to estim-
ate the components of variance (Gilmour et al., 2009). Both the
PR and MR methods were used to construct an additive genetic
relation matrix and applied in the same model. The model is as
follows:
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Table 1. Characteristics of SSR primers (Ruan et al., 2010)
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Loci Primer sequence (5'-3") Repeats Size/bp Fluorescent dye Temperature/°C

YSKr61 F: TCAGTGGGCAGTGAGGTG GTCT 164-173 HEX 62.0
R: AAGTCAGAGAAACATCCAGA

YSKr71 F: TGGGATACATACACATTC ACGC 172-178 TAMRA 53.4
R: AGTGAGTTGACAGACAGAG

YSKr72 F: CCAGACAGATAACTACACA ACGC 132-168 FAM 58.0
R: GTAAGGCTCGTTAGTCAC

YSKr85 F: TACTTACACTGTGTATGTGC GTGC 252-290 ROX 56.0
R: GAGAACCGAAGAAATGAGA

YSKr92 F: CCACGCTGTGTATTTCCTCAT GTGC 188-208 HEX 60.0
R: GGTCAACATTCAAACCCAACT

YSKr101 F: CGGATAGTTAGTACCTCAT ACGC 112-133 TAMRA 56.0
R: GAAAACTGAAGCTGAATG

YSKr111 F: AACTGGGACTGGAGTGGAC TGCG 340-366 FAM 62.0
R: CTCATTAGAGCCGCTGTAT

YSKr119 F: GCTCTTCCAAGTGCCA ACGC 242-271 ROX 54.6
R: TGTAGTGTACCAAATGC

YSKri21 F: CAGAGGACAGCGACGAAGAC ACGC 183-188 HEX 62.0
R: AGCATTGCATTGGGTTGAGT

YSKr124 F: CAGCCGTTCTGACCTCGTAG GTGC 178-187 TAMRA 62.0
R: ACCCTCCACTGCTTGTCCTTG

YSKr125 F: ACTTATTTGCCTATGGAGAG CGTG 138-151 FAM 56.0
R: TTCATTCACATCACTGGTC

YSKr6 F: CTAACAAACAACGCAGTCG CTT 299-313 ROX 62.0

R: AGAAACAGGGTAGCATCAC

YSKr141 F: TTCTGCTCCCTTCTTCGTGT GCG 171-189 FAM 61.0
R: TCGGTGCTTGTGGAAATCG

YSKr169 F: TAATCTCCTGTTGCCTAATG AAC 179-185 ROX 62.0
R: AACGGACGAGTTCGGTGC

YSKr170 F: GCTACAGTGATGTCGCA AAC 276-304 HEX 54.6
R: ATTTATCCAGTGTTTCG

YSKr173 F: CTGGATTTGCCACGTCAGTAC AAG 323-474 TAMRA 59.0
R: TCTCGCTAACGCTTCACCTC

Vi = B+ 4+ ai + dic + e, (1) treated as the validation data set. The predictive values of the val-

where y;i is the observation of BW or BL; ¢ is the mean; ¢ is the
fixed effect of tank j, and the value of j ranges from 1 to 7; a; is the
random additive genetic effect of animal i; di is family effect; and
ejjk is the random error.

Assuming that the distribution of random effects @; and e; is
normal, and their mean is zero, the variance-covariance matrix is
expressed as:

a Ao2 0 0
v{ d ] = 0 Iwo% 0 )
e 0 0 ILo?

where 02, 03 and o7 are the variances of the random effects a, d
and e, respectively; A is the additive genetic relation matrix; and
1,is the identity matrix.

The formula for calculating phenotypic variance was as fol-
lows:

U§=U§+U§+U§. 3)
The heritability was computed as follows:
h* =02/ O'FZ,. C))

2.6 Cross validation

Ten times cross validation (CV) was used to compare the pre-
dictive power of the model. The full data set (n=880) was ran-
domly split equally into ten subsets. Among them, nine subsets
were treated as the training data sets and the remaining one was

idation data set were generated based on models constructed
based on the training data set. The Pearson correlations between
the predictive values and the observed phenotypic values of the
validation set were considered to evaluate the predictive ability of
the model. The CV was repeated for 500 times, and the average
Pearson correlation was calculated. The prediction of the unob-
served phenotypic data was performed by ASReml software
(Gilmour et al., 2009), and other operations of cross validation
were performed by R (R Core Team, 2013).

3 Results

3.1 SSR genotyping

The genotype data of 16 SSR loci were collected. The para-
meter information of these loci was obtained used Cervus 3.0 and
is shown in Table 2. The analysis results from Cervus 3.0 showed
that the 16 markers shared 158 alleles, with an average allele
number of 9.875 and a maximum of 25. The average observed
heterozygosity was 0.695 8, and the average expected heterozy-
gosity was 0.760 8. The average PIC was 0.654 4. The cumulative
exclusion probability was 0.997 4 when the parent sex was un-
known, 0.999 5 when one parent sex was known, and 0.999 9
when both parent genotype sexes were known.

3.2 Pedigree reconstruction

One thousand and fifty offspring and 31 parents were ana-
lyzed. In total, 880 offspring were assigned to 20 full-sib families
produced by 27 parents (14 females and 13 males). Four parents
were not assigned to offspring, while 170 offspring could not be
traced to their parents. The family sizes are shown in Fig.1. The
pedigree information identified by the 16 SSR molecular markers
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Table 2. Genetic diversity information of 16 SSR loci

Loci K n HObs HExp PIC NE-1P NE-2P NE-PP NE-I NE-SI HwW F (Null)
YSKr61 3 909 0.359 0.498 0.437 0.876 0.746 0.606 0.313 0.580 R 0.1750
YSKr71 9 715 0.815 0.762 0.727 0.625 0.447 0.258 0.092 0.392 HEE 0.0429
YSKr72 10 909 0.792 0.831 0.813 0.495 0.325 0.146 0.047 0.346 e 0.026 3
YSKr85 14 904 0.885 0.848 0.831 0.462 0.299 0.128 0.040 0.336 e 0.021 4
YSKr92 9 907 0.882 0.801 0.774 0.566 0.388 0.205 0.067 0.366 xR -0.0500
YSKr101 10 901 0.685 0.708 0.674 0.683 0.502 0.302 0.119 0.426 e 0.0185
YSKr111 14 901 0.921 0.861 0.848 0.428 0.271 0.106 0.033 0.328 e 0.0357
YSKr119 11 899 0.871 0.843 0.823 0.483 0.315 0.144 0.044 0.340 e 0.0147
YSKri21 8 906 0.925 0.824 0.801 0.523 0.349 0.172 0.054 0.352 e 0.060 3
YSKr124 10 905 0.783 0.753 0.731 0.614 0.428 0.223 0.083 0.394 HEE 0.0231
YSKr125 909 0.674 0.706 0.654 0.715 0.546 0.369 0.139 0.432 e 0.029 9
YSKr6 903 0.858 0.762 0.720 0.646 0.468 0.290 0.098 0.394 e 0.0619
YSKr141 902 0.627 0.619 0.571 0.788 0.622 0.442 0.193 0.489 xR 0.008 8
YSKr169 901 0.615 0.627 0.554 0.793 0.649 0.489 0.212 0.490 e 0.0132
YSKr170 13 888 0.555 0.826 0.805 0.510 0.338 0.158 0.051 0.350 e 0.1971
YSKr173 25 867 0.780 0.902 0.894 0.331 0.198 0.063 0.018 0.304 e 0.072 8

Note: Number of individuals, 931; number of loci, 16; mean number of alleles per locus, 9.875 0; mean proportion of loci typed, 0.955 0;
mean expected heterozygosity, 0.760 8; mean polymorphic information content (PIC), 0.728 5; combined non-exclusion probability (first
parent), 0.000 157; combined non-exclusion probability (second parent), 0.000 000 55; combined non-exclusion probability (parent pair),
2.396x10-11; combined non-exclusion probability (identity), 1.366x10-18; combined non-exclusion probability (sib identity), 0.000 000 28. K,
number of alleles at the locus; n, number of individuals typed at the locus; HObs, observed heterozygosity; HExp, expected heterozygosity; PIC,
polymorphic information content; NE-1P, average non-exclusion probability for one candidate parent; NE-2P, average non-exclusion
probability for one candidate parent given the genotype of a known parent of the opposite sex; NE-PP, average non-exclusion probability for a
candidate parent pair; NE-I, average non-exclusion probability for identity of two unrelated individuals; NE-SI, average non-exclusion
probability for identity of two siblings; HW, significance of deviation from Hardy-Weinberg equilibrium; F (Null), estimated null allele
frequency. ***, significant at the 0.1% level. The significance level includes a Bonferroni correction if the Bonferroni correction option was
selected.
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Fig. 1. Number of offspring in each family.

was used as pedigree data to calculate individual relationships. was significant (p<0.05). The additive genetic variances of BW
and BL based on pedigree reconstruction were (0.326+0.172) g2
and (0.038+0.046) cm?, respectively, and the additive genetic

variances based on molecular genetic relationships were

3.3 Molecular relatedness
The MR calculated based on the 16 SSR molecular markers

were continuously distributed from 0 to 1 (0.998 4), with an aver-
age value of 0.061 6+0.120 4. Because the parents of the families
were from an introduced population, this study assumed that the
genetic relationship between the parents was 0. Hence, there are
only three levels of pedigree relationships between individuals,
that is, 0 for uncorrelated, 0.25 for half-sib and 0.5 for the full-sib.

3.4 Genetic analysis
Analysis of variance showed that the fixed effect of the tank

(0.139+0.036) g2 (BW) and (0.031+0.001) cm?2 (BL). The maternal
effects of weight estimated by the two methods were
(0.70520.303) g2 (PR and BW) and (0.631%0.251) g2 (MR and BW),
and the maternal effects of BL were (0.106+0.045) cm? (PR and
BL) and (0.126+0.052) cm? (PR and BL). The obtained BW pheno-
typic variances estimated by the two methods were (1.519+0.298) g2
(PR) and (1.379+0.253) g? (MR), and the BL phenotypic variances
were (0.306+0.045) cm? (MR) and (0.327+0.053) cm? (PR). Based
on PR, the BW heritability was 0.214+0.121 and the BL heritabil-
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Table 3. Variance component of body weight

ox ol ol oy h?+SE
PR 0.326+0.172 0.70520.303 0.488+0.124 1.519+0.298 0.214%0.121
MR 0.139+0.036 0.63120.251 0.608+0.033 1.379+0.253 0.101£0.031

Note: o7, additive genetic variance (g?); o, maternal common environmental variance (g2); o7, residual variance (g?); o2, phenotypic

variance (g?); 12, heritability; SE, stardard error.

Table 4. Variance component of body length

ox o3 ol oy W+SE
PR 0.038+0.046 0.1260.052 0.162+0.034 0.3270.053 0.1170.141
MR 0.031+0.001 0.106+0.045 0.1690.001 0.3060.045 0.102+0.034

Note: 7, additive genetic variance (cm?); o7, maternal common environmental variance (cm?); 67, residual variance (cm?2); o, phenotypic

variance (cm?); h?, heritability; SE, stardard error.
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Fig. 2. Relationship between estimated breeding values (EBVs)
from molecular relatedness (MR) and pedigree reconstruction
(PR).

ity was 0.117+0.141. Based on MR, the BW heritability was 0.101+
0.031 and the BL heritability was 0.102+0.034 (Tables 3 and 4).
The estimated breeding values (EBVs) based on PR and MR were
positively correlated with the EBV by MR. The Pearson correla-
tion coefficients of BW and BL were 0.624 and 0.856, respectively
(Fig.2). Genetic and phenotypic correlations were also calcu-
lated by both methods (Table 5).

3.5 Cross validation

The average Pearson correlation coefficients of the observed
and predicted values by MR and PR after 500 times of 10 fold
cross validation were 0.692+0.052 (PR, BW), 0.615+ 0.060 (PR,
BL), 0.717+0.045 (MR, BW), and 0.629+0.058 (MR, BL). As shown
in Table 6, the t-test showed a significant difference in accuracy
between the two methods (BW and BL) (p<0.01). The relation-
ships between all of the observed and predicted values based on
the two methods are shown in Fig. 3 and Fig. 4. The distribution
of the Person correlation coefficients for 500 times cross valida-
tions is shown in Fig. 5.

4 Discussion

4.1 Model and methods
The individual animal model is considered to be the ideal ge-

Table 5. Genetic correlation and phenotypic correlation of body
weight (BW) and body length (BL) based on pedigree reconstruc-
tion (PR) and molecular relatedness (MR)
Correlation coefficient Genetic correlation Phenotypic correlation
MR 0.856 0.668
PR 0.723 0.624

netic evaluation model because it can reflect the dynamics of
breeding populations (Luan et al., 2008) while simultaneously
achieving the best linear unbiased estimate of the fixed effect
breeding value and the BLUP of the random effect breeding value
(Wang, 2007). It is possible to improve the accuracy of EBVs by
building a genetic matrix and its inverse matrix using all known
relatedness data between offspring and parents when estimating
the breeding value (Luan et al., 2008). In the current study, the
animal model containing maternal common environmental ef-
fects was proved to be the most suitable model for evaluating the
genetic parameters of turbot (Guan et al., 2016; Ma et al., 2009;
Lyu et al., 2017). The age covariates could be omitted from the
model because all individuals were the same age.

In this study, SSR genotyping data were used to calculate both
PR and MR. Genetic evaluations based on PR from the pedigree
reconstruction using SSRs have been often reported for aquatic
animals (e.g., Lucas et al., 2006; Vandeputte et al., 2004; Lyu et al.,
2017; Hu et al., 2016; Guan et al., 2016; Li, 2016). In the absence of
ideal pedigree information, genetic evaluation using a small
number of SSRs for pedigree reconstruction is possible. Genetic
evaluation has also been developed in aquatic animals through
MR based on SSR typing data (Wang, 2007).

4.2 Genetic analysis

In this study, the genetic parameters of growth traits of a
breeding population were evaluated using PR and MR. The es-
timated heritability of turbot by PR (the heritability of BW and BL
were 0.214+0.121 and 0.117+0.141, respectively) were higher than
those estimated by MR (the heritability of BW and BL were
0.101+0.031 and 0.102+0.034, respectively). The estimated herit-
ability of BW based on MR showed medium heritability. Other
parameters showed low heritability based on the following cat-
egorization: low (0.05-0.15), medium (0.20-0.40), high
(0.45-0.60), and very high (>0.65) (Cardellino and Rovira, 1987).
The low heritability probably arose because molecular related-
ness might underestimate genetic variance and standard error
(Bink et al., 2008). The residual of the PR method was lower than
that of the MR method, and more factors affected the accuracy of
the PR method. The standard error of MR was lower because the
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Fig. 3. Relationship between MR-based observed and predicted values.
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Fig. 5. Distribution of Person correlation coefficients for 500
times cross validations. PR, pedigree reconstruction; MR, mo-
lecular relatedness; BW, body weight; BL, body length.

genetic relationships between individuals obtained by molecular
markers were continuously distributed, and heritability estim-
ates were more accurate (Lyu et al., 2017).

Lower heritability can be observed in both the MR and PR
methods. Some studies of the genetic evaluation of juvenile tur-
bot growth traits have been reported. Liu et al. (2011) and Guan

Table 6. Results of cross validation between observations and
predicted values

Pearson correlation Pearson correlation
coefficient of coefficient of

body weight body length
Molecular relatedness 0.717+0.045 0.629+0.058
Pedigree reconstruction 0.692+0.052 0.615+0.060

et al. (2016) assessed weight heritability of 100 d old turbot (0.22
and 0.19, respectively). Hu et al. (2016) evaluated the weight her-
itability of turbot using PR (0.55) and MR (0.52). Moreover, Lyu et
al. (2017) evaluated the heritability in turbot of BW and BL by us-
ing MR and PR, finding that heritability 0.33 (PR) and 0.23 (MR)
for BW and 0.24 (PR) and 0.23 (MR) for BL, respectively. In this
study, the results of the two methods were similar to those of
earlier studies. Here, the heritability estimated by the two meth-
ods using the same model was relatively similar, which is consist-
ent with previous studies (Lyu et al., 2017; Hu et al., 2016). The
Pearson correlation coefficient of the relationship obtained us-
ing PR and MR was 0.54 (BW), which was slightly lower than 0.55
of Lyu et al. (2017) and lower than 0.8 of Blonk et al. (2010). The
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lower Pearson correlation coefficient in the current study may
have been due to the relatively small number of SSRs and only
one generation included in the calculation.

4.3 Common environmental effects

In the breeding process of aquatic animals, separated breed-
ing is used because the animal bodies cannot be physically
labeled in the early growth stage, which introduces common en-
vironmental effects and causes difficulties in accurately calculat-
ing the variance components. For an accurate estimation of her-
itability, it is important to remove non-hereditary variance from
the total phenotypic variance, which would otherwise confound
the analysis of variance components (Guan et al., 2016).

Therefore, to accurately estimate the genetic parameters of
individuals, the early mixed family culture mode was adopted to
remove common environmental effects and effectively remove
non-genetic variance from the total phenotypic variance. In this
study, the significant fixed effect of the tank could have led to un-
derestimating the additive genetic variance, which may have
been caused by the large environmental differences between the
tanks, finally affecting the genetic evaluation process. The results
indicated that family breeding separately may be more condu-
cive to the genetic assessment process, or all families could be
mixed in a tank large enough to avoid common environmental
effects, perhaps making the assessment results more accurate.

4.4 Cross validation

In this study, the results of the cross validation were credible
based on 500 times cross validation and the prediction of each
individual phenotypic value multiple times. The cross validation
results showed that the Pearson correlation coefficient of PR
(0.692) for the predicted BW and the observed value was lower
than that of MR (0.717). The Pearson correlation coefficient of the
predicted BL and observed value based on PR (0.615) was also
lower than that of MR (0.629). The t-test showed that the accur-
acy of the two methods was significantly different (p<0.01), which
further proved that estimating the breeding value using MR was
more accurate than using PR when the physical pedigree was
shallow. The Pearson correlation coefficients obtained by MR
were higher than those of PR, indicating that MR was more ac-
curate for estimating the genetic parameters and breeding val-
ues. Compared with the BL data, the results showed a stronger
predictive ability for cross validation for the weight data, which
was not consistent with the results of Lyu et al. (2017). This differ-
ence likely appeared because the population used in the current
study consisted of juveniles, and BW data is more credible com-
pared with BL in the early stage.

This study cannot determine which method estimated the ge-
netic relationship closer to the true value due to the lack of pedi-
gree data for comparison, but the predictive ability of phenotypic
data through cross validation can reflect the accuracy of the
breeding value estimation. Therefore, it is feasible to estimate the
breeding value using MR when the genetic background of the
parent population is unknown, and this method can be highly
useful when introducing a population with an unknown foreign
genetic background to construct a breeding population.
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